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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 under some circumstances. 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. 

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 carcino-
genic risk of an agent to humans is encouraged to make this information available to the 
Carcinogen Identification and Evaluation Group, 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 Carcinogen 
Identification and Evaluation Group, so that corrections can be reported in future 
volumes. 
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IARC MONOGRAPHS ON THE EVALUATION OF 
CARCINOGENIC RISKS TO HUMANS 

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 ade-
quately 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 Eva-
luation 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 
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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 demo-
graphics and exposure, the cancer burden has been shifting from high-resource countries 
to low- and medium-resource countries. As a result of Monographs evaluations, national 
health agencies have been able, on scientific grounds, to take measures to reduce human 
exposure to carcinogens in the workplace and in the environment. 

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 specifica-
tion 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, predomi-
nantly, 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 eva-
luations of evidence on the carcinogenicity of a wide range of human exposures. The 
Monographs represent the first step in carcinogen risk assessment, which involves exami-
nation of all relevant information in order 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 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 circum-
stances, 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 expo-
sures could engender risks that are significantly higher. 
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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 ‘neo-
plasm’ 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 under-
lying 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 on how specific mechanistic data can be used in an evaluation of human carcino-
genicity. 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 judge-
ments 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. 
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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 prog-
ramme website (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 deter-
mination that a mechanism does not operate in humans, see Part B, Section 6) are more 
appropriately addressed by a full review. 

4. Data for the Monographs 

Each Monograph reviews all pertinent 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 neces-
sarily 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, 
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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 re-
viewed. 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. 

5. Meeting participants 

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

(c) 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 may be admitted to a meeting by 
IARC in limited numbers. Attention will be given to achieving a balance of Observers 
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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 sub-
group chair, draft any part of a Monograph, or participate in the evaluations. At the meet-
ing, 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 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 Secre-
tariat, completes the WHO Declaration of Interests to report financial interests, employ-
ment 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 website (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 Mon-
ographs. 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 
website (http://monographs.iarc.fr) and participants are selected by IARC staff in consult-
ation 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 preliminary working papers for specific sections are expected to supplement the 
IARC literature searches with their own searches. 

For most chemicals and some complex mixtures, the major collection of data and the 
preparation of working papers for the sections on chemical and physical properties, on 
analysis, on production and use, and on occurrence are carried out under a separate 
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contract funded by the US National Cancer Institute. 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, prior to 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 plen-
ary session to review the subgroup drafts and develop the evaluations. As a result, the 
entire volume is the joint product of the Working Group, and there are no individually 
authored sections. 

IARC Working Groups strive to achieve a consensus evaluation. Consensus reflects 
broad agreement among Working Group Members, but 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 Mono-
graphs programme website 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 com-
parison. 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 
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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, life-
style factors and other potentially carcinogenic exposures. Over time, the structure of a 
Monograph has evolved to include the following sections: 

 1. Exposure data 
 2. Studies of cancer in humans 
 3. Studies of cancer in experimental animals 
 4. Mechanistic and other relevant data 
 5. Summary 
 6. 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 eval-
uations. 

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 in-
formation 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 dimen-
sions are indicated. 
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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, 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, in-
cluding 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 
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present. For processes, industries and occupations, a historical description is also given, 
noting variations in chemical composition, physical properties and levels of occupational 
exposure with date and place. For biological agents, the epidemiology of infection is 
described. 

(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 de-
scribed. 

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 carcino-
genicity 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 
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 cor-
relation 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 sus-
picion, 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 
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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 esti-
mates of effect. 

In evaluating the extent to which these factors have been minimized in an individual 
study, consideration is given to a number of 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. 

Firstly, 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. 

Secondly, 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 those with national rates. Internal comparisons of 
frequency of disease among individuals at different levels of exposure are also desirable 



20 IARC MONOGRAPHS VOLUME 97  

 

in cohort studies, since they minimize the potential for confounding related to the differ-
ence in risk factors between an external reference group and the study population. 

Thirdly, 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 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 measure-
ment 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 Mono-
graph 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 im-
portant 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. 
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(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 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 increas-
ingly 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 indi-
vidual 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, epi-
genomics and other emerging technologies. 

Molecular epidemiological data that identify associations between genetic poly-
morphisms and interindividual differences in susceptibility to the agent(s) being evaluated 
may contribute to the identification of carcinogenic hazards to humans. If the poly-
morphism 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 com-
parisons 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 infer-
ences. 

(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 con-
siders 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 
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different circumstances of exposure are more likely to represent a causal relationship than 
isolated observations from single studies. If there are inconsistent results among investig-
ations, 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. 

A number of 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 multiple 
tumour types. Temporality, precision of estimates of effect, biological plausibility and co-
herence 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 firstly 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 out-
come 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. 

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 
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(Wilbourn et al., 1986; Tomatis et al., 1989). For several agents (e.g. aflatoxins, diethyl-
stilbestrol, solar radiation, vinyl chloride), carcinogenicity in experimental animals was 
established or highly suspected before epidemiological studies confirmed their carcino-
genicity 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 long-term studies of cancer in experimental 
animals with the agent under review (see Part A, Section 4). In all experimental settings, 
the nature and extent of impurities or contaminants present in the agent being evaluated 
are given when 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 (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 adminis-
tered 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 relation-
ships. 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 
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understanding of the process of carcinogenesis in humans and may strengthen the bio-
logical 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 im-
portance, 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 pre-
neoplastic 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 should never-
theless 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 
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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 non-linearity 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; 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 differ-
ences 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 Mantel-
Haenzel test for changes in tumour prevalence. Because tumour lethality is often difficult 
to determine, methods such as the Poly-K test that do not require such information can 
also be used. When results are available on the number and size of tumours seen in 
experimental animals (e.g. papillomas on mouse skin, liver tumours observed through 
nuclear magnetic resonance tomography), other more complicated statistical procedures 
may be needed (Sherman et al., 1994; Dunson et al., 2003). 

Formal statistical methods have been 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 when historical controls show high between-study variability and 
are, thus, of little relevance to the current experiment. In analysing results for uncommon 
tumours, however, the 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 
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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 toxico-
kinetics, mechanisms of carcinogenesis, susceptible individuals, populations and life-
stages, other relevant data and other adverse effects. When data on biomarkers are in-
formative 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 toxico-
kinetics, mechanisms and individual susceptibility if it also exists as an inherited poly-
morphism. 

(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 de-
toxification. Studies that indicate the metabolic fate of the agent in humans and in experi-
mental 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 sum-
marized. Attention is given to gaps in the data and to data that suggests that more than one 
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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. 

(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 described for every possible level and 
mechanism discussed above. 

Genotoxicity data are discussed here to illustrate the key issues involved in the eval-
uation 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 accord-
ing to the end-points detected, which may include DNA damage, gene mutation, 
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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 inter-
cellular 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 greater relevance than that in other organisms. The demon-
stration 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 
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various kinds, and poorly soluble fibres, dusts and particles of various sizes, the patho-
genic effects of which are a result of their physical presence in tissues or body cavities. 
Other relevant data for such materials may include characterization of cellular, tissue and 
physiological reactions to these materials and descriptions of pathological conditions 
other than neoplasia with which they may be associated. 

(c) Other data relevant to mechanisms 

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

High-output data, such as those derived from gene expression microarrays, and high-
throughput data, such as those that result from testing hundreds of agents for a single end-
point, pose a unique problem for the use of mechanistic data in the evaluation of a car-
cinogenic 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 con-
sidering 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 mechan-
isms 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. 

(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 poly-
morphisms 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 re-
pair 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. 
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(e) Data on other adverse effects 

Data on acute, subchronic and chronic adverse effects relevant to the cancer eval-
uation 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 repro-
ductive 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. 

5. Summary 

This section is a summary of data presented in the preceding sections. Summaries can 
be found on the Monographs programme website (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 carcino-
genicity 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 pre-
neoplastic 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. 

(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-
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stages is summarized. This section also reports on other toxic effects, including repro-
ductive 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 mech-
anistic 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. 
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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 risk of 1.0). Bias and confounding 
should be ruled out with reasonable confidence, and the studies should have an 
adequate length of follow-up. A conclusion of evidence suggesting lack of carcino-
genicity is inevitably limited to the cancer sites, conditions and levels of exposure, 
and length of observation covered by the available studies. In addition, the possibility 
of a very small risk at the levels of exposure studied can never be excluded. 

In some instances, the above categories may be used to classify the degree of evi-
dence 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 avail-
able data on exposure and other aspects permit. 

(b) Carcinogenicity in experimental animals 

Carcinogenicity in experimental animals can be evaluated using conventional bio-
assays, 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 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. 
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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 carcino-
genicity is restricted to a single experiment; (b) there are unresolved questions regard-
ing 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 demon-
strate 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. 

(c) Mechanistic and other relevant data 

Mechanistic and other evidence judged to be relevant to an evaluation of carcino-
genicity 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 para-
meters 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 experi-
mental animals and whether a unique mechanism might operate in a susceptible group. 
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The possible contribution of alternative mechanisms must be considered before con-
cluding that tumours observed in experimental animals are not relevant to humans. An 
uneven level of experimental support for different mechanisms may reflect that dis-
proportionate resources have been focused on investigating a favoured mechanism. 

For complex exposures, including occupational and industrial exposures, the chem-
ical 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, in order 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. 

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 carcino-
genicity 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. 
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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 carcino-
genicity 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 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 carcino-
genicity in humans and less than sufficient evidence of carcinogenicity in experi-
mental animals. It may also be used when there is inadequate evidence of carcino-
genicity 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, 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 



36 IARC MONOGRAPHS VOLUME 97  

 

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 in-
cludes concise statements of the principal line(s) of argument that emerged, the con-
clusions 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 Mem-
bers, 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 ninety-seventh volume of IARC Monographs contains evaluations of the 
carcinogenic hazard to humans of 1,3-butadiene, ethylene oxide and some vinyl halides 
(vinyl fluoride, vinyl chloride and vinyl bromide). The most recent previous evaluations 
of these industrial gases were published in Supplement 7 (IARC, 1987) for vinyl chloride, 
Volume 60 (IARC, 1994) for ethylene oxide, Volume 63 (IARC, 1995) for vinyl fluoride 
and Volume 71 (IARC, 1999) for 1,3-butadiene and vinyl bromide. Newer 
epidemiological and mechanistic studies have since been published and are evaluated in 
this volume. 

Numbers of exposed workers 

No estimates of numbers of exposed workers worldwide are available. National 
estimates have been reported for the USA (National Occupational Exposure Survey, 
NOES) and for the member states of the European Union (CAREX information system 
on occupational exposure to carcinogens). 

NOES was a nationwide observational survey that was conducted in a sample of 4490 
establishments from 1981 to 1983. The target population was defined as employees 
working in establishments or job sites in the USA that employed eight or more workers in 
a category defined in the list of Standard Industrial Classifications. Generally, these 
classifications mainly covered construction, manufacturing, transportation, private and 
business services and hospital industries. The NOES sampled little or no activity in 
agriculture, mining, wholesale/retail trade, finance/real estate or government operations. 
NOES addressed recordable potential exposure that had to meet two criteria: (1) a 
chemical, physical or biological agent or trade-name product had to be observed in 
sufficient proximity to an employee such that one or two physical phases of that agent or 
product probably came into contact or entered the body of the employee; and (2) the 
duration of the potential exposure had to meet the minimal duration guidelines, i.e., it 
must have presented a potential exposure for at least 30 min per week (on an annual 
average) or be used at least once per week for 90% of the weeks or the work year (NOES, 
1997).  

The CAREX information system was designed to provide selected exposure data and 
documented estimates of the number of workers exposed to carcinogens by country, 
carcinogen and industry for 15 Member States of the European Union. CAREX includes 
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data on agents that have been evaluated by the IARC (all agents in Groups 1 and 2A as of 
February 1995, and selected agents in Group 2B) and on ionizing radiation that were 
displayed across 55 industrial classes. The minimal criterion for exposure was defined 
agent by agent. In general, workers were considererd to have been exposed if a specified 
background level was exceeded. Occupational exposures for 1990–93 were estimated in 
two phases. Firstly, estimates were generated by the CAREX system on the basis of data 
from national labour forces and estimates of exposure prevalence from two reference 
countries (Finland and the USA) that had the most comprehensive data available on 
exposures to these agents. Thereafter, these estimates were refined for selected countries 
(Finland, France, Germany, Italy, the Netherlands, Spain, Sweden, the United Kingdom) 
by national experts with regard to the perceived exposure patterns in their own countries 
compared with those of the reference countries (Kauppinen et al., 2000).  

The figures of NOES and CAREX are not comparable because definitions of 
exposure, data collection and estimation methods were different. The inclusion or 
exclusion of workers exposed only occasionally, or to very low levels that were close to 
the background levels, may strongly influence the estimates. The NOES estimates (from 
1981 to 1983) and CAREX estimates (from 1990 to 1993) are also fairly old and the 
extent of exposure may have changed considerably since then.  

Classification of lymphomas 

The diagnosis and classification of haematopoietic and lymphopoietic malignancies 
are extremely complex and have undergone successive changes over the course of time. 
The original classification was based largely on morphology of the tumour cells and this 
was reflected in the 9th International Classification of Diseases (ICD-9) categories 200–
208 (WHO, 1975). The more recent WHO classification (Jaffe et al., 2001) considers 
more recent developments in cytogenetics and molecular biology and has little overlap 
with the ICD-9 classification (WHO, 1975). Also a distinction between ICD-9 200 and 
202 is probably not meaningful in the light of the WHO re-classification. It has to be 
noted that this WHO classification was superseded in 2008 (Swerdlow et al., 2008). 

The major change in the WHO classification is that lymphocytic leukaemias and 
lymphomas are no longer considered to be different diseases. Rather, the essential feature 
of the definition is the tumour cells, and a neoplasm of a particular lymphoid cell type 
may present as either leukaemia or a solid tumour mass (lymphoma) in a given patient. 
This has a bearing on the assessment of associations with exposures in epidemiological 
studies, which previously considered leukaemias (all types combined, or specific 
categories such as acute lymphocytic leukaemia) separately from non-Hodgkin 
lymphomas. The WHO classification indicates that the previous practice is no longer 
appropriate and that lymphomas and leukaemias should be combined in tabulations of the 
incidence of disease, at least for leukaemias and lymphomas of the same cell type, e.g. 
chronic lymphocytic leukemia/small lymphocytic lymphoma. However, this 
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reclassification is difficult or impossible to achieve in epidemiological studies that rely on 
death certificates issued many years ago. 
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1,3-BUTADIENE 

This substance was considered by previous Working Groups in June 1985 (IARC, 
1986; see also correction, IARC, 1987a), March 1987 (IARC, 1987b), October 1991 
(IARC, 1992) and February 1998 (IARC, 1999). Since that time, new data have become 
available, and these have been incorporated into the monograph and taken into con-
sideration in the present evaluation. 

One of the metabolites of 1,3-butadiene, 1,2:3,4-diepoxybutane, was also evaluated 
previously by an IARC Working Group (IARC, 1976), and its re-evaluation by the 
present Working Group is included in this monograph. 

1.    Exposure Data 

1.1 Chemical and physical data 

Butadiene 

1.1.1 Nomenclature (IARC, 1999; IPCS-CEC, 2000; O’Neil, 2006) 

Chem. Abstr. Serv. Reg. No.: 106-99-0 
Chem. Abstr. Name: 1,3-Butadiene 
IUPAC Systematic Name: 1,3-Butadiene 
RTECS No.: EI9275000 
UN TDG No.: 1010 (stabilized)  
EC No.: 601-013-00-X 
Synonyms: Biethylene; bivinyl; butadiene; buta-1,3-diene; α,γ-butadiene; trans-
butadiene; divinyl; erythrene; pyrrolylene; vinylethylene 

1.1.2 Structural and molecular formulae and relative molecular mass 

H2C CH2CHCH
 

C4H6     Relative molecular mass: 54.09 
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1.1.3 Chemical and physical properties of the pure substance 

From IARC (1999), IPCS-CEC (2000), Lide (2005) and O’Neil (2006) unless 
otherwise specified 
(a) Description: Colourless gas 
(b) Boiling-point: –4.4 °C 
(c) Melting-point: –108.9 °C 
(d) Density: d2

4  
0 0.6149 

(e) Spectroscopy data: Ultraviolet (Grasselli & Ritchey, 1975), infrared (Sadtler 
Research Laboratories, 1995; prism [893a], grating [36758]), nuclear magnetic 
resonance and mass spectral data (NIH/EPA Chemical Information System, 
1983) have been reported. 

(f) Solubility: Slightly soluble in water (1 g/L at 20 °C); soluble in ethanol, diethyl 
ether, benzene and organic solvents; very soluble in acetone (see also 
Verschueren, 1996) 

(g) Vapour pressure: 120 kPa at 0 °C; 273 kPa at 25 °C (Grub & Löser, 2005) 
(h) Relative vapour density (air = 1): 1.87 (Verschueren, 1996) 
(i) Stability: As a result of flow and agitation, electrostatic charges can be gen-

erated. The vapours are uninhibited and may form polymers in vents or flame 
arresters of storage tanks, and result in the blockage of vents. On exposure to 
air, the substance can form peroxides and initiate explosive polymerization. It 
may also polymerize due to warming by fire or an explosion. It decomposes 
explosively on rapid heating under pressure and may react vigorously with 
oxidants and many other substances, causing fire and explosion hazards (IPCS-
CEC, 2000). 

(j) Flash-point: –76 °C (IPCS-CEC, 2000) 
(k) Auto-ignition temperature: 414 °C (IPCS-CEC, 2000) 
(l) Explosive limits: Lower, 1.1%; upper, 12.3% (IPCS-CEC, 2000) 
(m) Octanol/water partition coefficient: log Pow, 1.99 (IPCS-CEC, 2000)  
(n) Odour threshold: 1–1.6 ppm [2.2–3.5 mg/m3] (recognition) (ACGIH, 2001)  
(o) Henry’s law constant (calculated at 25 °C and 101.325 kPa): 7460 Pa × 

m3/mol (Health Canada, 1999) 
(p) Organic carbon partition coefficient: log Koc, 1.86–2.36 (Health Canada, 1999) 
(q) Conversion factor: mg/m3 = 2.21 × ppm1 

Diepoxybutane 

Diepoxybutane is the racemic mixture of four different isomers, with the following 
Chem. Abstr. Serv. Reg. Nos: 1464-53-5, diepoxybutane; 298-18-0, (±)-diepoxybutane; 

                                                      
1 Calculated from: mg/m3 = (molecular weight/24.47) × ppm, assuming normal temperature (25 °C) and 
pressure (101.3 kPa) 
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564-00-1, meso-diepoxybutane; 30419-67-1, D-diepoxybutane; 30031-64-2, L-diepoxy-
butane.  

1.1.1 Nomenclature 

Chem. Abstr. Name: 2,2′-Bioxirane 
IUPAC Systematic Name: 1,2:3,4-Diepoxybutane 
Synonyms: Butadiene dioxide (diepoxybutane); 1,3-butadiene diepoxide ((±)-di-
epoxybutane); D-1,2:3,4-diepoxybutane (D-diepoxybutane): L-1,2:3,4-diepoxybutane; 
(5,5)-1,2:3,4-diepoxybutane (L-diepoxybutane) 

1.1.2 Structural and molecular formulae and relative molecular mass 

O

C

H

H2C CH2

H

C

O  
C4H6O2     Relative molecular mass: 86.10 

1.1.3 Chemical and physical properties  

From O’Neil (2006) 
(a) Description: Colourless liquid 
(b) Boiling-point: 138 °C 
(c) Melting-point: –19 °C 
(d) Solubility: Miscible with water (hydrolyses) 
(e) Vapour pressure: 918 Pa at 25 °C  

1.1.4 Technical products and impurities 

In the production of polymers such as styrene–butadiene copolymer resins, the 
polymerization catalysts used are sensitive to some impurities such as oxygen and 
moisture. Butadiene that is used for polymerization is 99.9% pure. Up to 22 different 
volatile components of light molecular mass were detected as impurities with the ASTM 
method D2593-93 (reapproved in 2004; ASTM, 2004). 

1.1.5 Analysis 

Selected methods for the analysis of butadiene in various matrices are listed in 
Table 1. Those for the analysis of butadiene in air have been evaluated; there appears to 
be no single preferred method, but more recent ones give a higher performance. Thermal 
desorption provides high levels of accuracy and precision (Bianchi et al., 1997). 
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Several gas detector tubes are used in conjunction with common colorimetric 
reactions to detect butadiene. The reactions include the reduction of chromate or di-
chromate to chromous ion and the reduction of ammonium molybdate and palladium 
sulfate to molybdenum blue (Saltzman & Harman, 1989). 

Passive dosimeters that use different techniques (thermal desorption and gas 
chromatography, colorimetric reactions) are also available for the detection of butadiene. 

Table 1. Selected methods for the analysis of butadiene in various matrices 

Sample matrix Sample preparation Assay 
procedure 

Limit of 
detection 

Reference 

Air Adsorb (charcoal); extract 
(carbon disulfide) 

GC/FID 200 µg/m3 Occupational 
Safety and 
Health 
Administration 
(1990a) 

 Adsorb (charcoal); extract 
(dichloromethane) 

GC/FID 0.2 µg/sample Eller (1994) 

 Adsorb on Perkin-Elmer 
ATD 400 packed with 
polymeric or synthetic 
adsorbent material; thermal 
desorption 

GC/FID 200 µg/m3 Health and 
Safety 
Executive 
(1992) 

 3M passive monitoring GC/FID 0.029 mg/m3 

for a 20.5-L 
sample 

Anttinen-
Klemetti et al. 
(2004) 

Foods and 
plastic food-
packaging 
material 

Dissolve (N,N-
dimethylacetamide) or melt; 
inject headspace sample 

GC/MS–SIM ~1 µg/kg Startin & 
Gilbert (1984) 

Plastics, liquid 
foods 

Dissolve in ortho-
dichlorobenzene; inject 
headspace sample 

GC/FID 2–20 µg/kg Food and Drug 
Administration 
(1987) 

Solid foods Cut or mash; inject 
headspace sample 

GC/FID 2–20 µg/kg Food and Drug 
Administration 
(1987) 

GC/FID, gas chromatography/flame ionization detection; GC/MS–SIM, gas chromatography/mass 
spectrometry with single-ion monitoring 
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1.2 Production and use 

1.2.1 Production 

Butadiene was first produced in the late nineteenth century by pyrolysis of various 
organic materials. Commercial production began in the 1930s (Sun & Wristers, 2002). 

 (a) Manufacturing processes  

(i) Ethylene co-production 

Butadiene is manufactured primarily as a co-product of the steam cracking of hydro-
carbon streams to produce ethylene. This process accounts for over 95% of global buta-
diene production (White, 2007). 

Steam cracking is a complex, highly endothermic pyrolysis reaction, during which a 
hydrocarbon feedstock is heated to approximately 800 °C and 34 kPa for less than 1 sec 
and the carbon–carbon and carbon–hydrogen bonds are broken. As a result, a mixture of 
olefins, aromatic compounds, tar and gases is formed. These products are cooled and 
separated into specific boiling-range cuts of C1, C2, C3 and C4 compounds. The C4 fraction 
contains butadiene, isobutylene, 1-butene, 2-butene and some other minor hydrocarbons. 
The overall yields of butadiene during the process depend on both the parameters of the 
process and the composition of feedstocks. Generally, heavier steam-cracking feedstocks 
produce greater amounts of butadiene. Separation and purification of butadiene from 
other components is carried out mainly by an extractive distillation process. The most 
commonly used solvents are acetonitrile and dimethylformamide; dimethylacetamide, 
furfural and N-methyl-2-pyrrolidinone have also been used to this end (Sun & Wristers, 
2002; Walther, 2003). 

(ii) Dehydrogenation 

The intentional dehydrogenation of n-butane or n-butenes also yields butadiene. This 
is achieved by the Houdry process for dehydrogenation of n-butane or by oxidative 
dehydrogenation of n-butenes (Walther, 2003). 

(iii) Ethanol-based production 

A plant in India produces butadiene in a two-step process from ethanol. Initial de-
hydrogenation is achieved through a copper catalyst, and the resulting mixture is then 
dehydrated at atmospheric pressure in the presence of a zirconium oxide or tantalum 
oxide–silica gel catalyst at 300–350 °C. Overall yields of butadiene in the second reaction 
are about 70%. This process is very similar to the adol condensation of acetaldehyde 
(Walther, 2003). 

(b) Butadiene extraction processes 

Regardless of the production process, final purification of butadiene requires removal 
of any butane, butene or acetylene impurities. Currently, seven different commercial 
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processes exist for the extraction of butadiene that employ different extraction solvents. 
The processes, identified by the licencer and type of solvent, are: BASF Aktiengesellshaft 
— N-methylpyrrolidone; Lyondell Petrochemical Company — acetonitrile; Zeon Corp-
oration — dimethylformamide; ConocoPhillips — furfural; Shell Chemical Company — 
acetonitrile; Solutia — β-methoxyproprionitrile with 15% furfural; Dow (formerly Union 
Carbide Corporation) — dimethylacetamide; and (no licencer) — cuprous ammonium 
acetate solution (Walther, 2003).  

(c) Production volume 

An estimated 9.3 million tonnes of butadiene were produced worldwide in 2005 
(CMAI, 2006). Production volumes for different regions for the years 2004 and 2006 are 
given in Table 2. 

World capacity grew by 3.5% per year between 1997 and 2002. During that period, 
most of the increase in capacity occurred in Asia, South America and the Middle East. 
Asia is now the largest producer of butadiene, and accounts for one-third of the world 
capacity (Walther, 2003). 

Diepoxybutane is not believed to be produced commercially except in small quan-
tities for research purposes (National Library of Medicine, 2008). 

Table 2.  Butadiene production (in tonnes) by world region 
from 1981 to 2006  

Region 1981 1990 1996 2004 2006 

North America 1480 1593 1956 2862 2878 
South America – – –  377  377 
Western Europe  636a 1256 1017b 1902 2232 
Eastern Europe – – – 1170  736 
Middle East/Africa – – –  180  340 
Asia/Pacific  518c 1253 1755d 3104 4405 

From IARC (1999), CMAI (2004, 2006)  
a No data available for Germany 
b No data available for the United Kingdom or Italy 
c Value for Japan only 
d No data available for China 

1.2.2 Use 

Butadiene is used primarily in the production of synthetic rubbers and polymers. 
These polymers are used in a wide variety of industrial and consumer products, to im-
prove their functionality, performance and safety and lower their costs. Butadiene-based 
products are important components of automobiles, construction materials, appliance 
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parts, computers and telecommunications equipment, clothing, protective clothing, pack-
aging and household articles (White, 2007). 

The synthetic rubbers that are produced from butadiene include styrene–butadiene 
rubber, polybutadiene rubber, styrene–butadiene latex, chloroprene rubber and nitrile 
rubber. Important plastics that contain butadiene as a monomeric component are shock-
resistant polystyrene, a two-phase system that consists of polystyrene and polybutadiene; 
polymers that consist of acrylonitrile, butadiene and styrene; and a copolymer of methyl 
methacrylate, butadiene and styrene, which is used as a modifier for poly(vinyl)chloride. 
Butadiene is also used as an intermediate in the production of chloroprene, adiponitrile 
and other basic petrochemicals (White, 2007).  

Diepoxybutane has been proposed for use in curing polymers and cross-linking textile 
fibres (National Library of Medicine, 2008). 

1.3 Occurrence 

1.3.1 Natural occurrence 

Butadiene is not known to occur as a natural product. 

1.3.2 Occupational exposure 

According to the 1990–93 CAREX database (see General Remarks) for 15 countries 
of the European Union (Kauppinen et al., 2000) and the 1981–83 US National 
Occupational Exposure Survey (NOES, 1997), approximately 31 500 workers in Europe 
and 50 000 workers in the USA were potentially exposed to butadiene. 

Based on data from CAREX, the major categories of industrial exposure to butadiene 
in 15 European countries are the manufacture of industrial chemicals (8000 persons), 
rubber products (7000 persons), plastic products (7000 persons), petroleum refining (2200 
persons) and building construction (1600 persons) (Kauppinen et al., 2000). 

In the studies presented below, the accuracy of the levels of exposure to butadiene 
measured with the methods used until the mid-1980s may have been affected by the 
inability to distinguish between butadiene and other C4 compounds, low desorption 
efficiency at low concentrations, possible sample breakthrough in charcoal tubes and 
possible loss during storage (Lunsford et al., 1990; Bianchi et al., 1997). 

(a) Petroleum refining and butadiene monomer production 

Detailed industrial hygiene surveys were conducted in the USA by the National 
Institute for Occupational Safety and Health in 1985 in four of 10 facilities where 
butadiene was produced by solvent extraction of C4 fractions that originated from 
ethylene co-product streams (Krishnan et al., 1987). Levels of butadiene to which 
workers in various job categories were exposed are summarized in Table 3. Jobs that 
required workers to handle or transport containers, such as emptying sample cylinders or 
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loading and unloading tank trucks or rail cars, presented the greatest potential exposure. 
Geometric means of full-shift exposure levels for other job categories were below 1 ppm 
[2.2 mg/m3]. Short-term samples showed that activities such as open-loop sampling and 
emptying cylinders were associated with peak exposures of 100 ppm [220 mg/m3]. Full-
shift area samples indicated that ambient concentrations of butadiene were greatest in the 
rail car terminals (geometric mean, 1.8 ppm [3.9 mg/m3]) and in the tank storage farm 
(2.1 ppm [4.7 mg/m3]). 

Table 3. Eight-hour time-weighted average exposure levels in personal 
breathing zone samples at four butadiene monomer production faci-
lities in the USA, 1985 

Job category No. of  
samples 

Exposure level (ppm [mg/m3]) 

  Arithmetic 
mean 

Geometric 
mean 

Range 

Process technician 
    

 Control room 10 0.45 [1.0] 0.09 [0.2] < 0.02–1.87 [< 0.04–4.1] 
 Process area 28 2.23 [4.9] 0.64 [1.4] < 0.08–34.9 [< 0.18–77] 
 Loading area     
  Rail car  9 14.6 [32.4] 1.00 [2.2] 0.12–124 [0.27–273] 
  Tank truck  3 2.65 [5.9] 1.02 [2.3] 0.08–5.46 [0.18–12.1] 
  Tank farm  5 0.44 [0.97] 0.20 [0.44] < 0.04–1.53 [< 0.09–3.4] 
Laboratory technician     
  Analysis 29 1.06 [2.3] 0.40 [0.88] 0.03–6.31 [0.07–14.0] 
  Cylinder emptying  3 126 [277] 7.46 [16.5] 0.42–374 [0.93–826] 

From Krishnan et al. (1987) 

Monitoring in a plant in Finland generally indicated ambient air levels of butadiene of 
less than 10 ppm [22 mg/m3] at different sites (33 samples; mean sampling time, 5.3 h). In 
personal samples for 16 process workers, the concentrations ranged from < 0.1 to 
477 ppm [< 0.22–1050 mg/m3] (mean, 11.5 ppm [25 mg/m3]; median, < 0.1 ppm 
[< 0.22 mg/m3]; 46 samples; mean sampling time, 2.5 h). The highest concentrations were 
measured during the collection of samples, for which protective clothing and respirators 
were used (Work Environment Fund, 1991). 

A study of biological monitoring for the mutagenic effects of exposure to butadiene 
reported estimated average exposures of 1 ppm [2.2 mg/m3] for workers in a butadiene 
monomer plant. Ambient air concentrations in production areas averaged 3.5 ppm 
[7.7 mg/m3], while average concentrations of 0.03 ppm [0.07 mg/m3] were reported for 
the control area (Ward, J.B. et al., 1996).  

Levels of exposure to butadiene of workers in various job groups in the production 
and distribution of gasoline (see IARC, 1989) are shown in Table 4. Table 5 shows 
exposures in 1984–87 of workers in different areas of petroleum refineries and 
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Table 4. Personal exposures to butadiene associated with gasoline in   
1984–85 in 13 European countriesa (540 measurements) 

Activity Exposure level (mg/m3) 

 
Arithmetic 
mean 

Range Duration 
(TWA) 

Production on-site (refining) 0.3 ND–11.4 8 h 
Production off-site (refining) 0.1 ND–1.6 8 h 
Loading ships (closed system)  6.4 ND–21.0 8 h 
Loading ships (open system) 1.1 ND–4.2 8 h  
Loading barges 2.6 ND–15.2 8 h 
Jetty man 2.6 ND–15.9 8 h 
Bulk loading road tankers    
 Top loading < 1 h 1.4 ND–32.3 < 1 h 
 Top loading > 1 h 0.4 ND–4.7 8 h 
 Bottom loading < 1 h 0.2 ND–3.0 < 1 h 
 Bottom loading > 1 h 0.4 ND–14.1 8 h 
Road tanker delivery (bulk plant to service station) ND   
Rail car top loading 0.6 ND–6.2 8 h 
Drumming ND   
Service station attendant (dispensing fuel) 0.3 ND–1.1 8 h 
Self-service station (filling tank) 1.6 ND–10.6 2 min 

From CONCAWE (1987) 
ND, not detected; TWA, time-weighted average 
a Countries included not reported 

Table 5. Eight-hour time-weighted average concentrations 
of butadiene to which workers in different jobs in petroleum 
refineries and petrochemical facilities were exposed in the 
USA, 1984–87 

Job area No. of  
facilities 

Arithmetic meana Range 

  ppm mg/m3 ppm mg/m3 

Production 7 0.24 0.53 0.008–2.0 0.02–4.4 
Maintenance 6 0.11 0.24 0.02–0.37 0.04–0.82 
Distribution 1 2.90 6.41 – – 
Laboratory 4 0.18 0.40 0.07–0.4 0.16–0.88 

From Heiden Associates (1987) 
a Weighted by number of exposed workers 
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petrochemical facilities where crude butadiene was produced (usually a C4 stream 
obtained as a by-product of ethylene production). Table 6 shows more recent data on 
crackers at butadiene production plants for the years 1986–93 (ECETOC, 1997). 

Exposure data from 15 monomer extraction sites for the years 1984–93 showed that 
less than 10% of the measured concentrations exceeded 5 ppm [11 mg/m3] (Table 7); in 
1995 (Table 8), personal exposure levels in general were below 5 ppm [11 mg/m3] 
(ECETOC, 1997). 

In 1998, personal exposure to butadiene was measured for 24 workers in a monomer 
production facility in the Czech Republic. The mean (± standard deviation [SD]) 
concentration of butadiene, calculated from 217 individual time-weighted average (TWA) 
measurements, was 0.6 ± 2.1 mg/m3 [0.27 ± 0.95 ppm]. The personal TWA measure-
ments from all monomer production workers ranged from undetectable to 19.9 mg/m3. 
The mean concentration for the control group was 0.03 ± 0.03 mg/m3 [0.01 ± 0.01 ppm], 
calculated from 28 personal TWA exposure measurements (Albertini et al., 2003a). 

Personal exposure to butadiene of 10 workers who held different jobs in a 
petrochemical plant in Finland was assessed using passive monitors shortly after the 
threshold limit value (TLV) of 1 ppm had come into force. A total of 119 personal 
breathing zone samples were taken and 117 were analysed. Of these, 32 (27%) samples 
were under the limit of quantification (0.029 mg/m3 [0.013 ppm] in a 20.5-L sample), 81 
samples (69%) were between the limit of quantification and 1 ppm [2.2 mg/m3] and four 
samples (3%) were over the Finnish occupational exposure limit of 1 ppm. The mean 
value of all samples was 0.17 ppm [0.38 mg/m3] and the mean value of the samples that 
exceeded the Finnish occupational exposure limit was 1.75 ppm [3.87 mg/m3]. The mean 
level of exposure varied significantly (p = 0.03) between the 10 workers. Smoking did not 
significantly affect the values, but the seasonal effect was significant (p = 0.02) (Anttinen-
Klemetti et al., 2004). 

The occupational exposure of 42 workers in a petrochemical plant in Italy where 
butadiene was produced and used to prepare polymers was assessed by biomonitoring. 
The control group originated from the same industrial complex and included 43 workers 
who had no significant occupational exposure to butadiene. Active sampling from the 
breathing zone of the workers was performed during a full shift. Each exposed worker 
was assessed three to four times over a period of 6 weeks during different shifts. The 
mean exposure level of the control group was 0.9 µg/m3 [0.4 ppb] (SD, 1.0) and the 
lowest and highest values were < 0.1 and 3.8 µg/m3 [< 0.05 and 1.7 ppb], respectively. 
The mean exposure level of the exposed group was 11.5 µg/m3 [5.2 ppb] (SD, 35.8) and 
the lowest and highest values were < 0.1 and 220.6 µg/m3 [< 0.04 and 99.8 ppb], 
respectively (Fustinoni et al., 2004). 

An exposure assessment was carried out in southern Taiwan, China, on a 120-acre 
[486 000 m2] petrochemical complex that comprised 11 different manufacturing plants. 
Butadiene was produced in two of the plants, which had an annual production of about 
156 000 tonnes per year. Using the Fourier transform infrared spectroscopy technique, data 
were collected on 77 days during the period 1997–99. The relative number of samples that 
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Table 6. Personal exposures to butadiene of crackers in butadiene production plants in the European 
Union 

Job category Exposure level (ppm) 

 

Year of 
measurement 

No. of 
workers 

No. of 
samples 

< 1  1–2 2–3 3–4 4–5 5–10 10–25 ≥ 25 

Unloading, loading, 
 storage 

1986–92  210   92   82  3 3 2 0 0 1 0 

Distillation (hot) 1986–93  394   92  382  0 3 1 2 0 2 2 

Laboratory, 
 sampling 

1986–93  132  184  178  2 1 2 1 0 0 0 

Maintenance 1986–92  282  371  364  5 0 1 0 0 1 0 

Other 1990–92  467  509  487 18 2 1 1 ND 0 0 

Total 1986–93 1485 1548 1493 28 9 8 4 0 4 2 

From ECETOC (1997) 

ND, not detected [limit of detection not stated] 
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Table 7. Personal exposures to butadiene in extraction unitsa of butadiene production plants in the 
European Union 

Job category Year of 
measurement 

No. of 
workers 

No. of 
samples 

Exposure level (ppm) 

    < 1 1–2 2–3 3–4 4–5 5–10 10–25 ≥ 25 

Unloading, loading, 
 storage 

1986–93 392  224 178  9  8  7  2 11 22  7 

Distillation (hot) 1985–93 256  626 535 20 19  6 11  8 12 15 

Laboratory, sampling 1985–93  45   48  29  4  2  2  2  3  5  1 

Maintenance 1986–93 248  127  93 14  3  2  1  3  4  7 

Other 1984–92  45   10   8  2  0  0  0  0  0  0 

Total 1984–93 986 1035 843 49 32 17 16 25 23 30 

From ECETOC (1997) 
a Isolation of butadiene from C4 stream 
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Table 8. Personal exposures to butadiene 
at 15 monomer extraction sites in the 
European Union in 1995 

Job category Exposure level (ppm) 

 
Time-weighted 
averages 

Range of 
values 

Production 
 Extraction 
 Derivationa 

 
< 0.01–2 
1.4–3.4 

 
0–14 
0.07–60 

Storage and filling < 0.02–5 0–18.1 
Transport < 0.1–0.7 0.02–1.2 
Laboratory 0.03–1 0–13.1 

From ECETOC (1997) 
a Integrated monomer extraction and styrene–butadiene 
production on same site 

were above the detection limit was 15.2% and the mean value of the measurements was 
10.5 ± 36.7 ppb [23.2 ± 81.1 µg/m3]. The maximum concentration measured was 3.1 ppm 
[6.8 mg/m3] (Chan et al., 2006). [Measurements were area samples and may under-
estimate exposure of the workers.] 

In the monomer industry, potential exposure to compounds other than butadiene 
includes exposure to extraction solvents and components of the C4 feedstock. Extraction 
solvents differ between facilities: common solvents include dimethylformamide, di-
methylacetamide, acetonitrile, β-methoxypropionitrile (Fajen, 1985a), furfural and 
aqueous cuprous ammonium acetate (Occupational Safety and Health Administration, 
1990b). Stabilizers are commonly used to prevent the formation of peroxides in air and 
during polymerization. No information was available on these exposures or on exposure 
to chemicals other than butadiene that are produced in some facilities such as butylenes, 
ethylene, propylene, polyethylene and polypropylene resins, methyl-tert-butyl ether and 
aromatic hydrocarbons (Fajen, 1985b,c). 

(b) Production of polymers and derivatives 

In samples taken at a styrene–butadiene rubber plant in the USA in 1976 (Table 9), 
levels of butadiene above 100 ppm [220 mg/m3] were encountered by technical services 
personnel (115 ppm [253 mg/m3]) and an instrument man (174 ppm [385 mg/m3]; 
Meinhardt et al., 1978). At another styrene–butadiene rubber manufacturing plant in the 
USA in 1979, the only two departments in which levels were greater than 10 ppm 
[22 mg/m3] were the tank farm (53.4 ppm [118 mg/m3]) and maintenance (20.7 ppm [46 
mg/m3]; Checkoway & Williams, 1982). Overall mean 8-h TWA exposure levels differed  
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Table 9. Eight-hour time-weighted average exposure levels of butadiene 
measured in two styrene–butadiene rubber manufacturing plants in the 
USA 

Reference Year of 
sampling 

Job classification or 
department 

No. of  
samples 

Exposure level 

    ppm mg/m3 

Meinhardt 1976 Instrument man  3 58.6 130 
et al. (1978)  Technical services personnel 12 19.9  43.9 
  Head production operator  5 15.5  34.3 
  Carpenter  4  7.80  17.2 
  Production operator 24  3.30   7.29 
  Maintenance mechanic 17  3.15   6.96 
  Common labourer 17  1.52   3.36 
  Production foreman  1  1.16   2.56 
  Operator helper  3  0.79   1.75 
  Pipe fitter  8  0.74   1.64 
  Electrician  5  0.22   0.49 

Checkoway & 1979 Tank farm  8 20.0  44.3 
Williams (1982)  Maintenance 52  0.97   2.1 
  Reactor recovery 28  0.77   1.7 
  Solution 12  0.59   1.3 
  Factory service 56  0.37   0.82 
  Shipping and receiving  2  0.08   0.18 
  Storeroom  1  0.08   0.18 

 
considerably between the two plants: 13.5 ppm [30 mg/m3] and 1.24 ppm [2.7mg/m3], 
respectively (Meinhardt et al., 1982). 

Detailed industrial hygiene surveys were conducted in 1986 in five of 17 facilities in 
the USA where butadiene was used to produce styrene–butadiene rubber, nitrile–
butadiene rubber, polybutadiene rubber, neoprene and adiponitrile (Fajen, 1988). Levels 
of butadiene to which workers in various job categories were exposed are summarized in 
Table 10. Process technicians in unloading, in the tank farm and in the purification, 
polymerization and reaction areas, laboratory technicians and maintenance technicians 
were exposed to the highest levels. Short-term sampling showed that activities such as 
sampling a barge and laboratory work were associated with peak exposures of more than 
100 ppm [220 mg/m3]. Full-shift area sampling indicated that geometric mean ambient 
concentrations of butadiene were less than 0.5 ppm [1.1 mg/m3] and usually less than 0.1 
ppm [0.22 mg/m3] in all locations measured at the five plants. 

A biological monitoring study that used personal sampling reported average levels of 
butadiene of 0.30, 0.21 and 0.12 ppm [0.66, 0.46 and 0.27 mg/m3] for the high-, inter-
mediate- and low-exposure groups, respectively, in a styrene–butadiene rubber plant in 
Texas, USA (Ward, J.B. et al., 1996).  
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Table 10. Eight-hour time-weighted average exposure levels in personal 
breathing zone samples at five plants that produced butadiene-based 
polymers and derivatives in the USA, 1986 

Job category No. of 
samples 

Exposure level (ppm [mg/m3]) 

  Arithmetic 
mean 

Geometric 
mean 

Range 

Process technician     
 Unloading area  2 14.6 [32.27] 4.69 [10.37] 0.770–28.5 [1.7–63.0] 
 Tank farm 31 2.08 [4.60] 0.270 [0.60] < 0.006–23.7 [< 0.01–2.4] 
 Purification 18 7.80 [17.24] 6.10 [13.48] 1.33–24.1 [3.0–53.3] 
 Polymerization or reaction 81 0.414 [0.92] 0.062 [0.14] < 0.006–11.3 [< 0.01–5.0] 
 Solutions and coagulation 33 0.048 [0.11] 0.029 [0.06] < 0.005–0.169 [< 0.01–4] 
 Crumbing and drying 35 0.033 [0.07] 0.023 [0.05] < 0.005–0.116 [< 0.01–0.26] 
 Packaging 79 0.036 [0.08] 0.022 [0.05] < 0.005–0.154 [< 0.01–0.34] 
 Warehouse 20 0.020 [0.04] 0.010 [0.02] < 0.005–0.068 [< 0.01–0.15] 
 Control room  6 0.030 [0.07] 0.019 [0.04] < 0.012–0.070 [< 0.03–0.16] 
Laboratory technician 54 2.27 [5.02] 0.213 [0.47] < 0.006–37.4 [< 0.01–82.65] 
Maintenance technician 72 1.37 [3.02] 0.122 [0.27] < 0.006–43.2 [< 0.01–95.47] 
Utilities operator  6 0.118 [0.26] 0.054 [0.12] < 0.006–0.304 [< 0.01–0.67] 

From Fajen (1988) 

In 13 of 27 European sites where styrene–butadiene rubber and styrene–butadiene 
latex were produced, less than 10% of the concentrations measured exceeded 5 ppm 
(Table 11; ECETOC, 1997). 

Data from the Netherlands are available from 1976 onwards, but the measurement 
methods used in the early surveys are unknown (Kwekkeboom, 1996; Dubbeld, 1998). 
No clear trend can be seen for the years 1990–97, but average exposures were relatively 
low (arithmetic mean < 3 ppm [6.6 mg/m3]) (Table 12). 

Exposure of 38 workers was measured in a butadiene polymer production facility in 
China. Personal full-shift measurements established that workers in butadiene operations 
were exposed to a median level of 2.0 ppm [4.4 mg/m3]. Short-term breathing zone 
measurements of butadiene showed great extremes in exposure; DMF [dimethyl-
formamide] analysts had a median exposure of 54 ppm [119 mg/m3] (range, below detec-
tion to 3090 ppm [6829 mg/m3]; 50 samples), polymer analysts had a median exposure of 
6.5 ppm [14.4 mg/m3] (range, below detection to 1078 ppm [2382 mg/m3]; 41 samples) 
and maintenance-recovery workers had a median exposure of 7.0 ppm [15.5 mg/m3] 
(range, below detection to > 12 000 ppm [> 26 520 mg/m3]; 24 samples) (Hayes et al., 
2001). 

A biomonitoring study carried out in a styrene–butadiene rubber plant in Southeast 
Texas, in which 37 workers were monitored during their entire work shift using passive 
samplers, demonstrated that levels in the tank area exceeded the current Occupational 
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Table 11. Eight-hour time-weighted average personal exposures to butadiene in styrene–butadiene rubber 
plants in the European Union (1984–93) 

Job category Exposure level (ppm) 

 

No. of 
workers 

No. of 
samples 

< 0.5 0.51–1 1.01–2 2.01–3 3.01–4 4.01–5 5.01–10 10.01–25 ≥ 25  

Unloading, 
 loading and 
 storage 

 132  77  47  1  8  6  3  0  5  5 2 

Polymerization  324 147  61 23 25 18  6  4  7  3 0 

Recovery  103 165 113  9  9 14  7  4  5  4 0 

Finishing  247 120  90 16  3  4  5  1  1  0 0 

Laboratory 
 sampling 

 115 113  68 13 12  6  4  2  3  5 0 

Maintenance  141  39  28  1  2  1  1  2  1  2 1 

Total 1062 661 407 63 59 49 26 13 22 19 3 

From ECETOC (1997) 
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Table 12. Eight-hour time-weighted average exposure levels of butadiene in 
personal breathing zone samples at a plant that produced styrene–butadiene 
polymer in the Netherlands, 1990–97 

Year No. of 
samples 

Exposure level (mg/m3 [ppm]) 

  Arithmetic 
mean 

Range Methoda 

1990 27 5.45 [2.47] 0.35–69.06 [0.16–31.24] 3M 3500 
1991 19 1.11 [0.50] 0.09–2.88 [0.04–1.30] NIOSH 1024 
1992 23 2.79 [1.26] 0.13–11.78 [0.06–5.33] 3M 3520 
1993 38 2.87 [1.30] 0.15–13.13 [0.07–5.94] 3M 3520/ 

NIOSH 1024 
1996/97 process operators 20 2.77 [1.25] 0.13–46.62 [0.06–21.10] 3M 3520 
1996/97 maintenance workers 14 0.54 [0.24] 0.12–9.89 [0.05–4.48] 3M 3520 

From Kwekkeboom (1996); Dubbeld (1998) 
a Analytical methods used are described by Bianchi et al. (1997). Methods 3M 3500 and 3M 3520 
involve absorption onto butadiene-specific activated charcoal, followed by desorption with carbon 
disulfide or with dichloromethane, respectively, and analysis by direct-injection gas chromato-
graphy with flame ionization detection.  

Safety and Health Administation permissible exposure limit for butadiene. However, the 
workers wore protective equipment on this particular job. TWA values in various work 
areas are summarized in Table 13 (Ward et al., 2001). 

In 1998, 319 personal workshift TWA measurements of exposure to butadiene were 
obtained for 34 workers in a polymer production plant in the Czech Republic. The mean 
(± SD) concentration of butadiene was 1.8 ± 4.7 mg/m3 [0.8 ± 2.1 ppm]. The individual 
TWA measurements from all polymer production workers ranged from 0.002 to 39.0 
mg/m3 [0.001–17.6 ppm]. The level of exposure of the control group was 0.03 ± 0.03 
mg/m3 [0.01 ± 0.01 ppm], calculated from 28 personal TWA measurements (Albertini et 
al., 2003a). 

A Finnish study assessed personal exposure to butadiene in three plants that manu-
factured styrene–butadiene latex. Full-shift air samples were collected from the breathing 
zone of 28 workers using passive samplers over 4 months. A total of 885 samples were 
collected and the number of samples per participant ranged from 19 to 39. Samples were 
collected at the same time in all three plants. The data showed that 624 (70.5%) of the 
samples were below the limit of quantification; 240 (27.1%) samples were between the 
limit of quantification and 1 ppm [2.2 mg/m3] and 21 (2.4%) were over the Finnish 
occupational exposure limit of 1 ppm [2.2 mg/m3]. Mean butadiene concentrations in the 
three plants were 0.068, 0.125 and 0.302 ppm [0.15, 0.28 and 0.67 mg/m3], respectively.
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Table 13. Time-weighted average exposures to butadiene in a styrene–butadiene 
rubber plant in the USA, 1998 

Work area Subjects Detectable 
samples 

Samples below 
the LODa 

Exposure level (mean ± SD) 
(ppm [mg/m3])  

Tank farm  6 17  0 4.04 ± 3.45 [8.9 ± 7.6]  
Recovery  6 17  0 1.09 ± 2.35 [2.41 ± 5.19] 
Reactor  9 17  3 0.64 ± 1.26 [1.41 ± 2.78] 
Low areasb 14 22 19 0.05 ± 0.06 [0.11 ± 0.13] 
Laboratory  1  2  0 0.29 ± 0.33 [0.64 ± 0.73] 
Blending  1  3  0 0.49 ± 0.24 [1.08 ± 0.53] 

From Ward et al. (2001) 
LOD, limit of detection; SD, standard deviation 
a Half of the 0.002 ppm detection limit was used to calculate exposure to butadiene for the samples 
b Coagulation, baling, packing, water paint, shipping, warehouse and control room 

Statistical analysis of the data did not indicate any significant difference between the 
plants when all results were considered (Anttinen-Klemetti et al., 2006). 

In a Czech study that included 26 female control workers, 23 female butadiene-
exposed workers, 25 male control workers and 30 male butadiene-exposed workers, 10 
personal full-shift (8-h) measurements per worker over a 4-month period showed mean 
8-h TWA exposure levels of 0.008 mg/m3 and 0.4 mg/m3 [0.004 and 0.18 ppm] for 
control and exposed women, respectively. The highest single 8-h TWA value among 
exposed women was 9.8 mg/m3 [4.5 ppm]. Mean 8-h TWA exposure levels were 0.007 
mg/m3 and 0.8 mg/m3 [0.003 and 0.36 ppm] for control and exposed men, respectively; 
personal single 8-h TWA values of up to 12.6 mg/m3 [5.7 ppm] were measured in the 
exposed group. The concentrations for butadiene-exposed workers were significantly 
higher than those for the controls for both men and women; the concentrations for 
butadiene-exposed workers were significantly higher for men than for women (Albertini 
et al., 2007). [The difference in exposure levels may be due to differences in tasks 
performed by men and women.] 

Data from a Canadian styrene–butadiene rubber plant indicate a clear decrease in 
exposure from 1977 to 1991 (Sathiakumar & Delzell, 2007; Table 14). The data were 
used to validate the estimates of historical exposure to butadiene (Macaluso et al., 1996, 
2004; Sathiakumar et al., 2007). 

The manufacture of butadiene-based polymers and butadiene derivatives implies 
potential exposure to a number of other chemical agents that vary according to product 
and process and include other monomers (styrene, acrylonitrile, chloroprene), solvents, 
additives (e.g. activators, antioxidants, modifiers), catalysts, mineral oils, carbon black, 
chlorine, inorganic acids and caustic solutions (Fajen, 1986a,b; Roberts, 1986). Styrene, 
benzene and toluene levels were measured in 1979 in various departments of a plant that 
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manufactured styrene–butadiene rubber in the USA: mean 8-h TWA levels of styrene 
were below 2 ppm [8.4 mg/m3], except for tank-farm workers (13.7 ppm [57.5 mg/m3], 
eight samples); mean benzene levels did not exceed 0.1 ppm [0.3 mg/m3], and those of 
toluene did not exceed 0.9 ppm [3.4 mg/m3] (Checkoway & Williams, 1982). Meinhardt 
et al. (1982) reported that the mean 8-h TWA levels of styrene in two styrene–butadiene 
rubber manufacturing plants were 0.94 ppm [3.9 mg/m3] (55 samples) and 1.99 ppm [8.4 
mg/m3] (35 samples) in 1977; the average level of benzene measured in one of the plants 
was 0.1 ppm [0.3 mg/m3] (three samples). Average levels of styrene, toluene, benzene, 
vinyl cyclohexene and cyclooctadiene were reported to be below 1 ppm in another 
styrene–butadiene rubber plant in 1977 (Burroughs, 1977). Dimethyldithiocarbamate has 
been used in some plants and dermal exposure to this compound potentially exists 
(Delzell et al., 2001). 

Table 14. Exposure levels of butadiene in a styrene–butadiene rubber plant 
in Canada 

Year No. of jobs 
monitored 

No. of 
measurements 

Exposure level (meana ± SD ) (ppm 
[mg/m3])  

1977  3  56 24.8 ± 69.9 [54.8 ± 154.5] 
1978 11 527 16.0 ± 166.6 [35.4 ± 368.2] 
1979 13 274 10.6 ± 153.2 [23.4 ± 338.6] 
1980 13 301 14.5 ± 137.8 [32.0 ± 304.5] 
1981 15 307 4.8 ± 38.4 [10.6 ± 84.9] 
1982 21 406 3.8 ± 28.2 [8.4 ± 62.3] 
1983 13 113 3.9 ± 19.4 [8.6 ± 42.9] 
1984 27 658 2.5 ± 20.3 [5.5 ± 44.9] 
1985 27 482 2.6 ± 18.4 [5.7 ± 40.7] 
1986 30 504 2.3 ± 16.2 [5.08 ± 35.8] 
1987 26 310 0.85 ± 6.3 [1.9 ± 13.9] 
1988 28 417 1.0 ± 5.2 [2.2 ± 11.5] 
1989 27 238 1.5 ± 5.5 [3.3 ± 12.2] 
1990 27 223 0.63 ± 3.3 [1.4 ± 7.3] 
1991 25 162 0.34 ± 0.61 [0.75 ± 1.35] 

From Sathiakumar et al. (2007) 
SD, standard deviation 
a Weighted by the number of measurements for job/year combinations in a year 

(c) Manufacture of rubber and plastics products  

In a tyre and tube manufacturing plant in the USA in 1975, a cutter man/Banbury 
operator was reported to have been exposed to 2.1 ppm [4.6 mg/m3] butadiene (personal 
6-h sample) (Ropert, 1976). 

Personal 8-h TWA measurements taken in 1978 and 1979 in companies where 
acrylonitrile–butadiene–styrene moulding operations were conducted showed levels of 
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< 0.05–1.9 mg/m3 [< 0.11–4.2 ppm] (Burroughs, 1979; Belanger & Elesh, 1980; Ruhe & 
Jannerfeldt, 1980).  

In a polybutadiene rubber warehouse, levels of 0.003 ppm [0.007 mg/m3] butadiene 
were found in area samples; area and personal samples taken in tyre plants revealed levels 
of 0.007–0.05 ppm [0.016–0.11 mg/m3] butadiene (Rubber Manufacturers’ Association, 
1984). 

Unreacted butadiene was detected as a trace (0.04–0.2 mg/kg) in 15 of 37 bulk 
samples of polymers and other chemicals synthesized from butadiene and analysed in 
1985–86. Only two samples contained measurable amounts of butadiene: tetrahydro-
phthalic anhydride (53 mg/kg) and vinylpyridine latex (16.5 mg/kg) (JACA Corp., 1987).  

Detailed industrial hygiene surveys were conducted in 1984–87 in the USA at a 
rubber tyre plant and an industrial hose plant where styrene–butadiene rubber, poly-
butadiene and acrylonitrile–butadiene rubber were processed. No butadiene was detected 
in any of 124 personal full-shift samples from workers in the following job categories that 
were identified as involving potential exposure to butadiene: Banbury operators, mill 
operators, extruder operators, curing operators, conveyer operators, calendering operators, 
wire winders, tube machine operators, tyre builders and tyre repair and buffer workers 
(Fajen et al., 1990). 

Occupational exposures to many other agents in the rubber goods manufacturing 
industry have been reviewed previously (IARC, 1982). 

(d) Comparison of exposure levels in monomer and styrene–butadiene 
rubber production facilities 

Exposures measured in monomer production facilities in the USA demonstrated 
overall mean levels of 3.5 ppm [7.7 mg/m3] (measured in 1979–92; number not reported; 
stationary sampling; Cowles et al., 1994) and 7.1 ppm [15.7 mg/m3] (measured in 1985; 
87 samples; personal sampling; Krishnan et al., 1987). Recently reported values from the 
Czech Republic and Finland were 0.64 ppm [1.41 mg/m3] (measured in 1998; 217 
samples; personal sampling) and 0.17 ppm [0.38 mg/m3] (measured in 2002; 117 
samples; personal sampling) (Albertini et al., 2003a; Anttinen-Klemetti et al., 2004). 

Measurement of butadiene concentrations in a styrene–butadiene rubber plant in 
Canada demonstrated a decrease in exposure during the 14 years of monitoring. The 
levels dropped from 24.8 ppm in 1977 [54.8 mg/m3] to 0.34 ppm [0.75 mg/m3] in 1991 
(Table 14) (Sathiakumar et al., 2007).  

The decreasing trend of exposure was apparent in both monomer and styrene–
butadiene rubber production; however, the lack of data from the 1940s to the 1970s does 
not allow comparison between the two processes. 

1.3.3 Environmental occurrence 

According to the Environmental Protection Agency Toxic Chemical Release 
Inventory in the USA, industrial releases of butadiene to the atmosphere from industrial 
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facilities in the USA were 4425 tonnes in 1987, 2360 tonnes in 1990 and 1385 tonnes in 
1995. According to the same database, fugitive air emissions were 157 973 kg and point 
source air emissions were 450 926 kg in 2005 (Environmental Protection Agency Toxic 
Release Inventory, 2005; National Library of Medicine, 2008). 

Under laboratory conditions, non-catalyst vehicles emitted butadiene at a rate of 20.7 
± 9.2 mg/kg. Vehicles that had a functioning catalyst–emission control device had an 
average emission rate of 2.1 ± 1.5 mg/km. Based on these numbers, the authors concluded 
that vehicle emissions of butadiene have been substantially underestimated (Ye et al., 
1997). Based on an average of 20 000 km per year per car and approximately 243 million 
registered cars in the USA in 2004, and considering the average emission rates estimated 
by Ye et al. (1997), emissions of butadiene from automobile exhausts can be estimated to 
amount to approximately 106 770 tonnes per year. 

Butadiene is also released to the atmosphere from the smoke of bush fires, the thermal 
breakdown or burning of plastics and by volatization from gasoline (Agency for Toxic 
Substances and Disease Registry, 1992; see IARC, 1992).  

Kim et al. (2001, 2002) measured the concentrations of 15 volatile organic com-
pounds, including butadiene, in a wide range of urban micro-environments in the United 
Kingdom (Table 15) and estimated the personal exposure of 12 urban dwellers directly 
and indirectly via static monitoring combined with a personal activities diary (Table 16). 

Table 15. Mean concentrations of butadiene in micro-
environments in the United Kingdom 

Environment No. of samples Concentration 
(mean ± SD) (µg/m3) 

Home 64 1.1 ± 1.9 
Office 12 0.3 ± 0.2 
Restaurant  6 1.5 ± 0.8 
Public house  6 3.0 ± 2.0 
Department store  8 0.6 ± 0.4 
Cinema  6 0.6 ± 0.3 
Perfume store  3 0.9 ± 0.1 
Library  6 0.4 ± 0.2 
Laboratory  8 0.2 ± 0.1 
Train station 12 2.2 ± 1.7 
Coach station 12 0.9 ± 0.7 
Road with traffic 12 1.8 ± 0.9 
Car 35 7.9 ± 4.7 
Train 18 1.0 ± 0.6 
Bus 18 1.7 ± 0.9 
Smoking home 32 1.7 ± 2.5 
Nonsmoking home 32 0.5 ± 0.3 

From Kim et al. (2001) 
SD, standard deviation 
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Table 16. Daytime and night-time concentrations (µg/m3) of butadiene recorded 
during personal exposure monitoring in the United Kingdom, 1999–2000 

Period No. of 
samples 

Mean Standard 
deviation 

Minimum Maximum 

Daytime 473 1.1 0.4 ND 26.3 
Night-time  99 0.8 0.4 ND  7.9 

From Kim et al. (2002) 
ND, not detected 

Environmental exposure to emissions, including butadiene, was compared between 
bus and cycling commuters on a route in Dublin. Samples were collected during both 
morning and afternoon rush-hour periods using continuous sampling. The average 
concentrations experienced by the cyclist and the bus passenger for all journeys were 
0.47 ppb [103 µg/m3] (SD, 0.19; min., 0.24; max., 0.81) and 0.78 ppb [1.7 µg/m3] (SD, 
0.34; min., 0.34; max., 1.49), respectively (O’Donoghue et al., 2007). 

In the United Kingdom, the estimated emission of butadiene in 1996 was 10.6 
thousand tonnes. Road vehicle exhaust emissions dominated and comprised 68% of the 
total emissions, while emissions from off-road vehicles and machinery accounted for 
14%. The remaining emissions arose from the chemical industry, during the manufacture 
of butadiene and its use in the production of various rubber compounds. These two 
processes accounted for 8 and 10%, respectively, of total emissions in the United King-
dom in 1996 (Dollard et al., 2001). 

Municipal structural fires are a source of butadiene, and the mean level of butadiene 
from nine fires ranged from 0.03 to 4.84 ppm [0.07–9.9 mg/m3] (Austin et al., 2001). 
Domestic wood burning also has an impact on levels of butadiene in homes. Wood 
burners had a significantly higher personal exposure to butadiene (median, 0.18 µg/m3) 
than the reference group. Similarly, significantly higher indoor levels were reported 
(median, 0.23 µg/m3) in homes of wood burners than in the homes of the reference group 
(Gustafson et al., 2007). 

The intake of butadiene that results from exposure to environmental tobacco smoke 
for a person who lives with one or more smokers in homes where smoking is permitted 
was estimated to be in the range of 16–37 µg per day (Nazaroff & Singer, 2004). The 
levels of butadiene in public houses in Dublin were assessed before and after the smoking 
ban in 2004. The average level before the ban was 4.15 µg/m3 [1.87 ppb]. The levels of 
butadiene recorded in the same establishments when cigarettes were no longer being 
smoked dropped significantly to 0.22 µg/m3 [0.1 ppb], which is still higher than the 
average ambient level (0.12 µg/m3 [0.05 ppb]) (McNabola et al., 2006). 

In the metropolitan area of Mexico City, three persons who were simultaneously 
monitored for butadiene inside the home and outdoors had median levels of 2.1 µg/m3 
[1 ppb] (max., 11.5 µg/m3 [5.2 ppb]), 2.0 µg/m3 [0.9 ppb] (max., 8.3 µg/m3 [3.7 ppb]) and 
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0.8 µg/m3 [0.4 ppb] (max., 4.6 µg/m3 [2.1 ppb]) for personal, indoor and outdoor ex-
posure, respectively (Serrano-Trespalacios et al., 2004). 

Ambient concentrations of butadiene were measured in Japan during the years 1997–
2003 at general environmental stations, roadside stations and industrial vicinity stations. 
The mean levels in 1998 were 0.28, 0.56 and 0.37 µg/m3 [0.13, 0.25 and 0.17 ppb] for the 
general environment, roadside and industrial vicinity, respectively. The overall level was 
0.36 µg/m3 [0.16 ppb]. In 2003, corresponding levels were 0.22, 0.42 and 0.31 µg/m3 
[0.10, 0.19 and 0.14 ppb], with an overall level of 0.29 µg/m3 [0.13 ppb] (Higashino et al., 
2006). 

Mainstream and sidestream cigarette smoke contain approximately 20–40 µg and 80–
130 µg butadiene per cigarette, respectively; levels of butadiene in smoky indoor environ-
ments are typically 10–20 µg/m3 [5–9 ppb] (IARC, 2004). 

Based on its physical and chemical properties, butadiene is unlikely to be detected in 
water or in soil (Agency for Toxic Substances and Disease Registry, 1992). 

1.4 Regulations and guidelines 

Occupational exposure limits and guidelines for butadiene in several countries, 
regions or organizations are given in Table 17. 

The government of the United Kingdom has imposed an air quality standard for 
butadiene of 2.25 µg/m3 [1.00 ppb] to be achieved by December 2003 (running annual 
mean) (AEA Energy & Environment, 2002). 

Table 17. Occupational exposure limits and guidelines for butadiene in several 
countries/regions or organizations 

Country/region or 
organization 

TWA 
(ppm)a 

STEL 
(ppm)a 

Carcinogenicityb 
 

Notes 

Belgium 2  Ca  
Brazil 780    
Canada  
 Alberta 

 
2 

   
Schedule 2 

 British Columbia 2  2 K2 
 Ontario 5    
 Quebec 2  A2  
China (mg/m3) 5 12.5  STEL based on the 

‘ultra limit coefficient’ 
China, Hong Kong SAR 2  A2  
Czech Republic (mg/m3) 10 20   
Finland 1    
Germany-MAK   1  
Ireland 1  Ca2  
Japan-JSOH   1  
Malaysia 2    
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Table 17 (contd) 

Country/region or 
organization 

TWA 
(ppm)a 

STEL 
(ppm)a 

Carcinogenicityb 
 

Notes 

Mexico 1000 1250 A2  
Netherlands 21  Ca  
New Zealand 10  A2  
Norway 1  Ca   
Poland-MAC (mg/m3) 10 40   
South Africa-DOL CL 10    
Spain 2  Ca1  
Sweden 0.5 5 Ca  
United Kingdom 10  R45  
USA 
 ACGIH (TLV) 

 
2 

  
A2 

 
Cancer 

 NIOSH IDLH (ceiling)  2000 Ca  
 OSHA PEL 1 5   

From ACGIH® Worldwide (2005) 
ACGIH, American Conference of Governmental Industrial Hygienists; DOL CL, Department of 
Labour – ceiling limits; IDLH, immediately dangerous to life or health; JSOH, Japanese Society of 
Occupational Health; MAC, maximum acceptable concentration; MAK, maximum allowed concen-
tration; NIOSH, National Institute for Occupational Safety and Health; OSHA, Occupational Safety 
and Health Administration; PEL, permissible exposure limit; STEL, short-term exposure limit; TLV, 
threshold limit value; TWA, time-weighted average 

a Unless otherwise specified 

b Ca (Belgium, Netherlands, Sweden, NIOSH), carcinogen/substance is carcinogenic; Ca (Norway), 
potential cancer-causing agent; 2, considered to be carcinogenic to humans; A2, suspected human 
carcinogen/carcinogenicity suspected in humans; 1, substance which causes cancer in man/carcino-
genic to humans; Ca2, suspected human carcinogen; Ca1, known or presumed human carcinogen; 
R45, may cause cancer 

2.    Studies of Cancer in Humans 

2.1 Background 

Over the last 30 years, the relationship between exposure to butadiene and cancer in 
human populations has been investigated in numerous studies. The most relevant 
investigations focused on working populations who were employed in butadiene 
monomer and styrene–butadiene rubber production. 

Three independent cohorts of monomer production workers in the USA have been 
studied: at two Union Carbide plants in West Virginia (Ward et al., 1995), at a Texaco 
plant in Texas (Divine & Hartman, 2001) and at a Shell plant in Texas (Tsai et al., 2001). 
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Two independent groups of styrene–butadiene rubber production workers have been 
studied. One was studied by the National Institute of Occupational Safety and Health 
(NIOSH) in a two-plant complex in Ohio, USA (McMichael et al., 1974, 1976; 
Meinhardt et al., 1982), and the other comprised workers from eight facilities in the USA 
and Canada who were studied by researchers from the Johns Hopkins’ University 
(Matanoski & Schwartz, 1987; Matanoski et al., 1990, 1993). 

Subsequently, researchers from the University of Alabama at Birmingham (Delzell et 
al. 1996) studied the two-plant complex originally investigated by NIOSH plus seven of 
the eight plants studied by the Johns Hopkins’ University. The Johns Hopkins’ researchers 
also conducted nested case–control studies within this working population (Santos-
Burgoa et al., 1992; Matanoski et al., 1997). The University of Alabama at Birmingham 
group recently updated the follow-up of the cohort and revised and refined their assess-
ment of exposures both to butadiene and to possible confounding co-exposures (Macaluso 
et al., 2004). A number of largely overlapping publications from these groups have been 
reviewed. The most recent results were published by Graff et al. (2005), Sathiakumar et 
al. (2005), and Cheng et al. (2007). 

In addition to industry-based studies, a population-based case–control study in 
Canada (Parent et al., 2000) and a cohort study of students at a high school adjacent to a 
styrene–butadiene rubber production plant in the USA (Loughlin et al., 1999) are also 
reviewed here. 

Overall, the available studies focused consistently on a possible increased risk for 
neoplasms of the lymphatic and haematopoietic system from exposure to butadiene. 

Epidemiological studies of cancer and exposure to butadiene are summarized in 
Table 18. 

2.2 Industry-based studies 

2.2.1 Monomer production 

A cohort mortality study included men who were assigned to any of three butadiene 
production units located within several chemical plants in the Kanawha Valley of West 
Virginia, USA. Of the 364 men included in the study, 277 (76%) were employed in a 
‘Rubber Reserve’ plant that operated during the Second World War (Ward et al., 1995). 
The plants produced butadiene from ethanol or from olefin cracking. The butadiene 
production units included in this study were selected from an index of chemical 
departments that was developed by the Union Carbide Corporation and included only 
departments where butadiene was a primary product and neither benzene nor ethylene 
oxide was present. The cohort studied was part of a large cohort of 29 139 chemical 
workers whose mortality experience had been reported earlier, although without regard to 
specific exposures (Rinsky et al., 1988). Three subjects were lost to follow-up (0.8%). 
Mortality from all cancers was not increased (48 deaths; standardized mortality ratio 
[SMR], 1.1; 95% confidence interval [CI], 0. 8–1.4). Seven deaths from lymphatic and 
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Table 18. Epidemiological studies of exposure to 1,3-butadiene and the risk for lympho-haematopoietic neoplasms 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Butadiene monomer production 

Ward, E.H. et al. 
(1995, 1996), 
USA 

364 male 
workers in 
three units  

Employment 
in butadiene 
departments; 
no benzene 
or ethylene 
oxide present 

 
All (140–208) 
Lymphatic and 
 haematopoietic 
Lymphosarcoma and 
 reticulosarcoma (200) 
Leukaemia (204–208) 

  
  48 
   7 
 
   4 
 
   2 

SMR 
1.1 (0.8–1.4) 
1.8 (0.7–3.6) 
 
5.8 (1.6–14.8) 
 
1.2 (0.2–4.4) 

Age, time 
period; 
county 
reference 
rates 

All 4 cases of 
lympho/reticulo-
sarcomas had been 
employed ≥ 2 years 
(SMR, 8.3; 95% CI, 
1.6–14.8), as had 
those of stomach 
cancer (SMR, 6.6; 
95% CI, 2.1–15.3); 
all occurred in the 
rubber reserve plant. 

Divine & 
Hartman (2001), 
USA 

2800 male 
workers 
employed 
≥ 6 months 
in 1943–96  

Industrial 
hygiene 
sampling 
data 

 
All cancers (140–209) 
 
 
 
Lymphohaematopoietic 
 (200–209) 
 
 
 
 
 
 
 
 

 
Employed  
 < 5 years 
 5–19 years 
 ≥ 20 years 
Employed  
 < 5 years 
 5–19 years 
 ≥ 20 years 
High exposure 
 < 5 years 
 ≥ 5 years 
First employed 
 1942–49 
 ≥ 1950 

 
 333 
 170 
  55 
 108 
  50 
  26 
   8 
  16 
 
  20 
  14 
 
  46 
   4 

SMR 
0.9 (0.8–1.0) 
1.0 (0.8–1.1) 
0.8 (0.6–1.1) 
0.8 (0.7–1.0) 
1.4 (1.1–1.9) 
1.6 (1.0–2.3) 
1.2 (0.5–2.4) 
1.3 (0.8–2.2) 
 
1.8 (1.1–2.8) 
1.5 (0.8–2.5) 
 
1.5 (1.1–2.1) 
0.7 (0.2–1.8) 

Age, time 
period, age 
at hire  

No increasing trend 
by duration of 
employment; no 
increasing trend by 
exposure group; 
lymphatic 
haematopoietic 
cancers and 
lymphosarcoma 
significantly 
increased in the 
highest exposure 
category; elevations 
were found in 
workers employed 
< 1950, and were 
highest in short-term 
workers. 
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Table 18 (contd) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Divine & 
Hartman (2001) 
(contd) 

  Non-Hodgkin lymphoma 
 (200, 202) 
 
 
 
 
 
 
 
 
Leukaemia (204–207) 
 
 
 
 
 
 
 
 

Employed  
 < 5 years 
 5–19 years 
 ≥ 20 years 
High exposure 
 < 5 years 
 ≥ 5 years 
First employed 
 1942–49 
 ≥ 1950 
Employed  
 < 5 years 
 5–19 years 
 ≥ 20 years 
High exposure 
 < 5 years 
 ≥ 5 years 
First employed 
 1942–49 
 ≥ 1950 

  19 
  12 
   3 
   4 
 
   8 
   4 
 
  17 
   2 
  18 
   9 
   2 
   7 
 
   8 
   5 
 
  18 
   0 

1.5 (0.9–2.3) 
1.3 (0.3–3.7) 
0.9 (0.3–2.3) 
2.0 (0.9–3.9) 
 
1.1 (0.3–2.9) 
1.6 (0.9–2.6) 
 
1.6 (0.9–2.6) 
0.9 (0.1–3.2) 
1.3 (0.8–2.0) 
1.4 (0.6–2.6) 
0.7 (0.1–2.6) 
1.5 (0.6–3.1) 
 
1.9 (0.8–3.7) 
1.4 (0.4–3.2) 
 
1.5 (0.9–2.4) 
0 (0–178) 

  

 

 

 

Tsai et al. (2001), 
USA 

614 male 
workers  

Employed 
≥ 5 years in 
butadiene 
production; 
most 8-h 
TWAs for 
butadiene 
< 10 ppm  

 
All cancers 
Lymphatic and 
 haemopoietic (200–209) 

  
  16 
   3 

SMR 
0.6 (0.3–0.9) 
1.1 (0.3–1.5) 

Age, race, 
calendar 
year; 
reference 
county-
specific 
rates 

A concurrent 
morbidity study 
failed to show 
differences in 
haematological 
values between 
butadiene-exposed 
and unexposed 
workers within the 
complex.   
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Table 18 (contd) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Styrene–butadiene rubber (SBR) production 

McMichael et al. 
(1976), USA 

Case–cohort 
of 6678 
male rubber 
workers 

Employment 
for > 2 years 
in SBR 
production 
based on 
work 
histories 

All lymphatic and 
 haematopoietic (200–9) 
Lymphatic leukaemia 
 (204) 

≥ 5 years in 
synthetic plant 
 

  51 
 
  14 

6.2 (4.1–12.5)a 
 
3.9 (2.6–8.0)a 

Age No information on 
exposure to specific 
agents 

Meinhardt et al. 
(1982), USA 
(overlapping with 
Delzell et al., 
1996) 

2756 white 
men 
employed 
for at least 6 
months 
(Plant A, 
1662 men; 
Plant B, 
1094 men) 

Duration and 
time of 
employment 

 
Lymphatic and 
 haematopoietic (200–5) 
Lymphosarcoma and 
 reticulosarcoma 
 
 
Leukaemia (204) 

 
Plant A 
 
Plant A, total 
Plant A, working 
1943–45 
Plant B, total 
Plant A, total 
Plant A, working 
1943–45 
Plant B, total 

 
   9 
 
   3 
   3 
 
   1 
   5 
   5 
 
   1 

SMR 
1.6 
 
1.8 
2.1 
 
1.3 
2.0 
2.8 
 
1.0 

Age, time 
period, race 
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Table 18 (contd) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Delzell et al. 
(1996), USA and 
Canada 
(includes data 
from Meinhardt 
et al. (1982); 
Matanoski & 
Schwartz, 1987; 
Lemen et al., 
1990; Matanoski 
et al., 1990, 
Santos-Burgoa et 
al., 1992; 
Matanoski et al., 
1993, 1997) 

15 649 
workers 
employed 
for at least 1 
year in eight 
production 
plants in 
1943–91 

8281 unique 
combinations 
of work 
area/job title, 
grouped in 
308 work 
areas with 
similar 
exposure  

All cancers (140–208) 
Lymphosarcoma (200) 
Other lymphopoietic (202) 
Leukaemia (204–208) 

 

 

 

Five main 
process groups 
and seven sub-
groups 
Polymerization 
 Maintenance 
 Labour 
 Laboratories  

 950 
  11 
  42 
  48 
 
  15 
  13 
  10 

0.93 (0.87–0.99) 
0.8 (0.4–1.4) 
1.0 (0.7–1.5) 
1.3 (1.0–1.7) 
 
2.5 (1.4–4.1) 
2.7 (1.4–4.5) 
4.3 (2.1–7.9) 

Age, race, 
calendar 
time 

Among ‘ever hourly 
paid’ workers, 45 
leukaemia deaths 
(SMR, 1.4;  95% CI, 
1.0–1.9); SMR for 
hourly workers 
having worked for 
> 10 years and hired 
≥ 20 years ago, 2.2 
(95% CI, 1.5–3.2) 
based on 28 
leukaemia deaths 

Macaluso et al. 
(1996), USA and 
Canada (over-
lapping with 
Delzell et al., 
1996)  

12 412 
subjects 

Retrospective 
quantitative 
estimates of 
exposure to 
butadiene, 
styrene and 
benzene by 
work area  

Leukaemia (204–208) ppm–years 
0 
< 1 
1–19 
20–79 
≥ 80 
p-trend 
 
0 
< 1 
1–19 
20–79 
≥ 80 
p-trend 

 
   8 
   4 
  12 
  16 
  18 

SMR 
0.8 (0.3–1.5) 
0.4 (0.4–1.1) 
1.3 (0.7–2.3) 
1.7 (1.0–2.7) 
2.6 (1.6–4.1) 
= 0.01 
Mantel-Haenszel 
1.0 
2.0 (NR) 
2.1 (NR) 
2.4 (NR) 
4.5 (NR) 
0.01 

Age, race, 
co-exposure 
to styrene 
and 
benzene; 
Mantel-
Haenszel 
rate ratios 
adjusted by 
race, 
cumulative 
exposure to 
styrene 

Including 7 
decedents for whom 
leukaemia was listed 
as contributory 
cause of death  
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Table 18 (contd) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Matanoski et al. 
(1997), USA and 
Canada (over-
lapping with 
Delzell et al., 
1996) 

Nested case–
control study 
from a 
cohort of 
12 113 
employees at 
SBR plant 

Estimated 
cumulative 
exposure and 
average 
intensity of 
exposure to 
butadiene 

Hodgkin lymphoma (201) 
Leukaemia 

Average 
intensity of 
exposure to 
butadiene, 
1 ppm compared 
with 0 ppm 
 

   8 
  26 
 

1.7 (0.99–3.0) 
1.5 (1.1–2.1) 

Birth year, 
age at hire 
before 1950, 
race, length 
of employ-
ment 

Additional results 
from the same 
cohort are presented 
in the text 
(Matanoski & 
Schwartz, 1987; 
Matanoski et al., 
1990; Santos-Burgoa 
et al., 1992); non-
Hodgkin lymphoma 
and multiple 
myeloma were not 
associated with 
exposure to 
butadiene. 

Sathiakumar et 
al. (1998), USA 
and Canada 
(same as Delzell 
et al., 1996)  

12 412 
subjects 

See 
Macaluso 
et al. (1996) 

Non-Hodgkin lymphoma 
 (202) 
 
 
 
 

Hourly workers 
≥ 10 years 
worked and 
≥ 20 years since 
hire 

 
  15 
 
 

SMR 
1.4 (0.8–2.3) 

Age, race, 
calendar 
time 

No pattern by 
duration of 
employment, time 
since hire, period of 
hire or process group 

 



 
1

,3
-B

U
T

A
D

IE
N

E
 

7
5 

 

 

Table 18 (contd) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Delzell et al. 
(2001), USA and 
Canada 

13 130 men 
employed 
for at least 1 
year during 
1943–91 at 6 
SBR plants 

Quantitative 
estimates 

Leukaemia (204–208) 

 

Butadiene ppm–
years 
0 
> 0–< 86.3 
86.3–< 362.2 
≥ 362.2  
p-trend 
Butadiene ppm–
years 
0 
> 0–< 86.3 
86.3–< 362.2 
≥ 362.2 
p-trend 

 
 
   7 
  17 
  18 
  17 
 
 
 
   7 
  17 
  18 
  17 
 

Poisson regression 
 
1.0 
1.2 (0.5–3.0) 
2.0 (0.8–4.8) 
3.8 (1.6–9.1) 
< 0.001 
 
 
1.0 
1.3 (0.4–4.3) 
1.3 (0.4–4.6) 
2.3 (0.6–8.3) 
= 0.250 

Age, years 
since hire 
 
 
 
 
 
Age, years 
since hire, 
co-exposure 
to other 
agents 

The association of 
risk for leukaemia 
with butadiene was 
stronger for ppm–
years due to 
exposure intensities 
> 100 ppm. 
 

    Butadiene ppm–
years exposure 
intensity < 100 
ppm 
0 
> 0–< 37.8 
37.8–< 96.3 
≥ 96.3 
p-trend 
Butadiene ppm–
years exposure 
intensity > 100 
ppm 
0 
> 0–< 46.5 
46.5–< 234.3 
≥ 234.3  
p-trend 

 
 
 
 
   7 
  17 
  17 
  18 
 
 
 
 
 
   7 
  17 
  17 
  18 

 
 
 
 
1.0 
1.1 (0.5-2.7) 
2.8 (1.2-6.8) 
3.0 (1.2-7.1) 
= 0.25 
 
 
 
 
1.0 
2.1 (0.9–5.1) 
2.8 (1.2–6.7) 
5.8 (2.4–13.8) 
 = 0.01 

Age, years 
since hire 
 
 
 
 
 
 
 
Age, years 
since hire 
 

 

 



7
6 

IA
R

C
 M

O
N

O
G

R
A

P
H

S
 V

O
L

U
M

E
 9

7 
 

 

Table 18 (contd) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Graff et al. 
(2005), USA and 
Canada 

16 579 men 
working at 6 
plants ≥ 1 
year by 1991 
and followed 
up through 
to 1998 

Same as 
Delzell et al. 
(2001); 
cumulative 
exposure 
estimates for 
butadiene, 
styrene and 
DMDTC 

   

Leukaemia (204–208) 
 
 
 
 
 
 
 
 
 
Leukaemia (204–208) 

Butadiene ppm–
years 
0 
> 0–< 33.7 
33.7–< 184.7 
184.7–< 425.0 
≥ 425.0 
p-trend 
Butadiene ppm–
years 
0 
> 0–< 33.7 
33.7–< 184.7 
184.7–< 425.0 
≥ 425.0 
p-trend 

 
 
  10 
   7 
  18 
  18 
  18 
 
 
 
  10 
  17 
  18 
  18 
  18 
 

Poisson regression 
 
1.0 
1.4 (0.7–3.1) 
1.2 (0.6–2.7) 
2.9 (1.4–6.4) 
3.7 (1.7–8.0) 
< 0.001 
 
 
1.0 
1.4 (0.5–3.9) 
0.9 (0.3–2.6) 
2.1 (0.7–6.2) 
3.0 (1.0–9.2) 
= 0.028 

Age, years 
since hire 
 
 
 
 
 
 
Age, years 
since hire, 
other agents 

SMR analyses with 
external reference 
rates (national and 
state-specific) also 
conducted and 
results for leukaemia 
consistent with those 
of internal analysis 
using Poisson 
regression models. 

   
Chronic lymphocytic 
 leukaemia (204.1) 
 
 
Chronic myelogenous 
 leukaemia (205.1) 
 
 
Other leukaemia  
 
 

< 33.7 
33.7–< 425.0 
≥ 425.0 
p-trend 
 < 33.7 
33.7–< 425.0 
≥ 425.0 
p-trend 
 < 33.7 
33.7–< 425.0 
≥ 425.0 
p-trend 

   7 
  11 
   7 
 
   3 
   8 
   5 
 
   5 
   5 
   4 

1.0  
1.5 (0.6–4.0) 
3.9 (1.3–11.0) 
= 0.014 
1.0 
2.7 (0.7–10.4) 
7.2 (1.7–30.5) 
= 0.007 
1.0 
1.1 (0.3–3.9) 
4.0 (0.3–15.0) 
= 0.060 

  

 



 
1

,3
-B

U
T

A
D

IE
N

E
 

7
7 

 

 

Table 18 (contd) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Sathiakumar et 
al. (2005), USA 
and Canada 

17 924 male 
workers 
employed 
≥ 1 year 
before 1992 
followed 
through to 
1998  

Same as 
Delzell et al. 
(1996) 

 
Non-Hodgkin lymphoma 
 (200, 202) 
All cancer 
Lymphohaematopoietic 
 (200–208) 
Hodgkin lymphoma 
Multiple myeloma (203) 
Leukaemia (204–208) 
 
 
 
 
 
 
 
 
 
 
 
 
Chronic lymphocytic 
 leukaemia (204.1) 

 
All workers 
Hourly workers 
 
 
 
 
 
All workers 
Hourly workers 
Hourly workers  
≥ 20 years since 
hire –10 years 
worked 
Production 
 Polymerization 
 Coagulation 
 Finishing 
 Labour 
 maintenance 
 Laboratories 
All workers 
Hourly workers 

 
  53 
  49 
1608 
 162 
 
  12 
  26 
  71 
  63 
  19 
 
 
 
 
  18 
  10 
  19 
  15 
 
  14 
  16 
  15 

SMR 
1.0 (0.8–1.3) 
1.1 (0.8–1.5) 
0.92 (0.88–0.97) 
1.06 (0.9–1.2) 
 
1.1 (0.6–2.0) 
0.95 (0.62–1.4) 
1.2 (0.9–1.5) 
1.2 (0.9–1.6) 
2.6 (1.6–4.0) 
 
 
 
 
2.0 (1.2–3.2) 
2.3 (1.1–4.3) 
1.6 (0.9–2.4) 
2.0 (1.1–3.4) 
 
3.3 (1.8–5.5) 
1.5 (0.9–2.5) 
1.7 (0.96–2.8) 

Age, race, 
calendar 
period 

Leukaemia excesses 
in production mainly 
due to chronic 
lymphatic 
leukaemia: polymer-
ization (8 cases; 
SMR, 4.97; 95% CI, 
2.15–9.80), 
coagulation (5 cases; 
SMR, 6.07; 95% CI, 
1.97–14.17) and 
finishing (7 cases; 
SMR, 3.44; 95% CI, 
1.38–7.09); myelo-
genous leukaemia 
particularly high in 
maintenance labour 
(acute, 5 cases; 
SMR, 2.95; 95% CI, 
0.96–6.88) and 
laboratory (total, 6 
cases; SMR, 3.31; 
95% CI, 1.22–7.20; 
chronic, 3 cases; 
SMR, 5.22; 95% CI, 
1.08–15.26) 
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Table 18 (contd) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Delzell et al. 
(2006), USA and 
Canada 

   
 
Non-Hodgkin lymphoma 
 (200, 202) 
 
 
 
Non-Hodgkin lymphoma 
 and chronic lympho- 
 cytic leukaemia 
 combined (200, 202, 
 204.1) 
Lymphoid neoplasms 
 (200–204) 
 
 
 
Myeloid neoplasms 
 (205, 206), 
 (erythroleukaemia, 
 myelofibrosis, 
 myelosdysplasia, 
 polycythemia vera, 
 myeloproliferative 
 disease) 

Butadiene ppm–
years 
0 
> 0–< 33.7 
33.7–< 184.7 
184.7–< 425.0 
≥ 425.0 
 0 
> 0–< 33.7 
33.7–< 184.7 
184.7–< 425.0 
≥ 425.0 
 0 
> 0–< 33.7 
33.7–< 184.7 
184.7–< 425.0 
≥ 425.0 
 < 33.7 
33.7–< 184.7 
184.7–< 425.0 
≥ 425.0 

 
 
  11 
  16 
  10 
  12 
   9 
  12 
  18 
  14 
  17 
  14 
  24 
  28 
  25 
  21 
  22 
  19 
  15 
  11 
  11 

 
 
1.0 
1.0 (0.4–2.6) 
0.4 (0.1–1.2) 
0.9 (0.3–2.7) 
0.7 (0.2–2.3) 
1.0 
0.9 (0.4–2.1) 
0.4 (0.2–1.1) 
1.0 (0.4–2.7) 
0.9 (0.3–2.7) 
1.0 
0.9 (0.5–2.0) 
0.7 (0.3–1.6) 
1.3 (0.6–3.1) 
1.5 (0.6–3.8) 
1.0 
0.8 (0.3–1.7) 
1.6 (0.6–4.1) 
2.4 (0.9–6.8) 

Age, years 
since hire, 
other agents  
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Table 18 (contd) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Cheng et al. 
(2007), USA and 
Canada 

Same as 
Sathiakumar 
et al. (2005)  

Same as 
Delzell et al. 
(2001) 

Leukaemia (204–208) Cumulative 
ppm–years 
 
 
Continuous 
 
 
Mean scored 
deciles  
 
Total number of 
peaks  
Continuous 
 
 
Mean scored 
deciles  
 
Average 
intensity 
Continuous 
 
 
Mean scored 
deciles  

  81 Cox regression 
coefficient (ββββ) for 
exposure–response 
SE, p-value 
β = 3.0*10–4  
SE 1.4*10–4, p = 0.04 
(0.1*10–4–5.8*10–4) 
β = 5.8*10-4  
SE 2.7*10–4, p = 0.03 
(0.5*10–4–11.1*10–4) 
 
 
β = 5.6*10–5  
SE 2.4*10–5, p = 0.02 
(0.8*10–5–10.4*10–5) 
β = 7.5*10–5  
SE 3.7*10–5, p = 0.04 
(0.3*10–5–14.7*10–5) 
 
 
β = 3.6*10–3  
SE 2.1*10–3, p = 0.09 
(–0.5*10–3–7.7*10–3) 
β = 3.8*10–3  
SE 3.7*10–3, p = 0.40 
(–3.5*10–3–11.0*10–3) 

Age, year of 
birth, race, 
plant, years 
since hire, 
DMDTC 

Lymphoid neo-
plasms associated 
with butadiene ppm–
years and myeloid 
neoplasms with 
butadiene peaks; 
neither trend 
significant after 
adjusting for 
covariates; DMDTC 
as a continuous 
variable not 
associated with 
leukaemia; risk 
estimates for 
quartiles of exposure 
to DMDTC 
significantly 
increased without 
monotonic trend. 

 

CI, confidence interval; DMDTC, dimethyldithiocarbamate; ICD, International Classification of Diseases; NR, not reported; SE, standard error; SMR, standardized 
mortality ratio; TWA, time-weighted average 
a 99.9% confidence interval 
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haematopoietic cancers occurred (SMR, 1.8; 95% CI, 0.7–3.6), including four cases of 
lymphosarcoma and reticulosarcoma (SMR, 5.8; 95% CI, 1.6–14.8). Three cases had a 
duration of employment of 2 years or more (SMR, 8.3; p < 0.05). Two cases of leukaemia 
(SMR, 1.2; 95% CI, 0.2–4.4) also occurred. A non-significant excess of mortality from 
stomach cancer was observed (SMR, 2.4; 95% CI, 0.8–5.7). All five cases of stomach 
cancer occurred among the subset of workers who had been employed in the ‘Rubber 
Reserve’ plant for 2 years or more (SMR, 6.6; 95% CI, 2.1–15.3).  

The mortality of a cohort of workers who manufactured butadiene monomer in Texas, 
USA (Downs et al., 1987), has been investigated repeatedly with updated and extended 
follow-up (Divine, 1990; Divine et al., 1993; Divine & Hartman, 1996). The latest avail-
able update, that included 5 additional years of follow-up up to 31 December 1999, was 
reported by Divine and Hartman (2001). The cohort at that time included 2800 male 
workers (of whom 216 were non-white and 10 were of unknown race) who had been 
employed for at least 6 months between 1943 and 1996. Exposure assessment was based 
on job history and industrial hygiene sampling data for the years after 1981. Each job was 
assigned a score for exposure to butadiene that took into account calendar period and type 
of operation. No information was reported on exposure to chemicals other than butadiene. 
The number of workers lost to follow-up was 192 (6.7%), all but 17 (< 1%) of whom 
were known to be alive at the end of 1998. A total of 1422 deaths were identified through 
to 1999, and death certificates were obtained for all but 19 (1.3%) of the deaths. SMRs 
were calculated using mortality rates for the US population as the reference. The SMR for 
all causes of death was 0.9 (95% CI, 0.8–0.9) and that for all cancers (333 deaths) was 0.9 
(95% CI, 0.8–1.0). Fifty deaths from lymphatic and haematopoietic cancers (International 
Classification of Diseases [ICD]-8, 200–209; SMR, 1.4; 95% CI, 1.1–1.9), nine deaths 
from lymphosarcoma and reticulosarcoma (ICD-8, 200; SMR, 2.0; 95% CI, 0.9–3.9), 19 
deaths from non-Hodgkin lymphoma (ICD-8, 200, 202; SMR, 1.5; 95% CI, 0.9–2.3), four 
deaths from Hodgkin lymphoma (ICD-8, 201; SMR, 1.6; 95% CI, 0.4–4.1), 18 deaths 
from leukaemia (ICD-8, 204–207; SMR, 1.3; 95% CI, 0.8–2.0), seven deaths from mul-
tiple myeloma (ICD-8, 203; SMR, 1.3; 95% CI, 0.5–2.6) and 18 deaths from cancer of 
other lymphatic tissue (ICD-8, 202, 203, 208; SMR, 1.3; 95% CI, 0.8–2.1) were observed. 
However, the latter category overlapped with non-Hodgkin lymphoma and multiple 
myeloma. The SMRs for the lymphatic and haematopoietic cancers did not increase with 
length of employment. Analysis by date of employment showed an increased risk for 
lymphatic and haematopoietic cancers among those first employed between 1942 and 
1949. A separate mortality analysis for non-whites showed lower than expected mortality 
for all malignant neoplasms (17 observed, 19 expected) and a single death from lymphatic 
and haematopoietic cancer. Subcohort analyses were made for groups that were classified 
as having background, low and varied exposure. The background-exposure group in-
cluded persons in offices, transportation, utilities and warehouses; the low-exposure group 
had spent some time in operating units; and the varied-exposure group included those 
with greatest potential exposure in operating units, laboratories and maintenance. In the 
background-exposure group, four deaths from lymphatic and haematopoietic cancers 
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(ICD-8, 200–209) were observed among those employed for < 5 years (SMR, 1.9; 95% 
CI, 0.5–4.7) and four among those exposed for > 5 years (SMR, 1.7; 95% CI, 0.5–4.3). 
Eleven deaths from lymphatic and haematopoietic cancers (ICD-8, 200–209) were 
observed in the low-exposure group, seven of which were among those with < 5 years of 
employment (SMR, 0.9; 95% CI, 0.4–1.9) and four among those employed for > 5 years 
(SMR, 0.6; 95% CI, 0.2–1.6). In the varied-exposure group, with the highest potential for 
exposure to butadiene, 34 deaths from lymphatic and haematopoietic cancers (ICD-8, 
200–209) were observed, 20 of which were among those employed for < 5 years (SMR, 
1.8; 95% CI, 1.1–2.8) and 14 among those exposed for > 5 years (SMR, 1.5; 95% CI, 
0.8–2.5). In all groups, the SMRs for lymphatic and haematopoietic cancer decreased 
with duration of employment. For lymphosarcoma and reticulosarcoma, two deaths 
occurred in the low-exposure group (one among those employed < 5 years and one 
among those employed > 5 years) and seven deaths were observed in the varied-exposure 
group, five of which were among those employed for < 5 years (SMR, 3.7; 95% CI, 1.2–
8.7) and two among those employed for > 5 years (SMR, 1.87; 95% CI, 0.23–6.76). 
Three deaths from leukaemia occurred (SMR, 0.7; 95% CI, 0.1–2.0) in the low-exposure 
subgroup and 13 cases were observed in the varied-exposure group, eight of which were 
among those employed for < 5 years (SMR, 1.9; 95% CI, 0.8–3.7) and five among those 
employed > 5 years (SMR, 1.4; 95% CI, 0.4–3.2). Six deaths from non-Hodgkin 
lymphoma were observed in the low-exposure group, four among short-term employees 
(SMR, 1.5; 95% CI, 0.4–3.8) and two among those employed for > 5 years (SMR, 0.9; 
95% CI, 0.1–3.2), and 12 deaths occurred in the varied-exposure group, eight of which 
were among those employed for < 5 years (SMR, 2.0; 95% CI, 0.9–3.9) and four among 
long-term employees (SMR, 1.1; 95% CI, 0.3–2.9). The ‘varied-exposure’ group with 
high potential for exposure to butadiene showed elevated SMR estimates for all 
subcategories of lymphatic and haematopoietic cancers, but the increase was statistically 
significant only for lympho/reticulosarcoma among those employed for < 5 years. 
Slightly elevated SMRs were also found in the low-exposure group for cancer of the 
kidney (three cases; SMR, 1.6; 95% CI, 0.3–4.6; and three cases; SMR, 1.9; 95% CI, 0.4–
5.4; among short- and long-term employees, respectively). In the varied-exposure group, 
a suggestive excess incidence of kidney cancer was only present among those employed 
for > 5 years (four cases; SMR, 1.65; 95% CI, 0.45–4.22). Survival analysis by Cox 
regression was carried out using a cumulative exposure score as a time-dependent 
explanatory variable for all lymphohaematopoietic neoplasms, non-Hodgkin lymphoma 
and leukaemia. None of these cancers was significantly associated with the cumulative 
exposure score. The elevated risk for all the lymphohaematopoietic cancers and their 
subcategories occurred among persons who were first employed before 1950. [The 
Working Group noted that although there was no evidence of an exposure–response 
relationship, it is probable that many workers during the years of the Second World War 
would have had short but relatively intense exposures, and thus duration of exposure may 
not be the most relevant dose metric.] 
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Another relatively small retrospective mortality study, together with a prospective 
morbidity survey, was performed on male employees at the Shell Deer Park 
Manufacturing Complex in the USA (Cowles et al., 1994) and was updated with a 9-year 
extension of the follow-up (Tsai et al., 2001). Butadiene monomer production took place 
in the facility between 1941 and 1948 and from 1970 onwards. The cohort comprised 614 
eligible male employees who had worked for 5 years or more in jobs that entailed 
potential exposure to butadiene. Also eligible were employees who had worked for at 
least half of their total duration of employment during 1948–89 in a job that entailed 
potential exposure to butadiene (with a minimum 3-month period in such jobs). Female 
employees were excluded because of the small number (35) who met the eligibility 
criteria. Industrial hygiene data from 1979 to 1992 showed that few exposures to buta-
diene exceeded 10 ppm [22 mg/m3] as an 8-h TWA and that most were below 1 ppm [2.2 
mg/m3]; the arithmetic mean exposure was 3.5 ppm [7.7 mg/m3]. Only one study member 
had unknown vital status at the end of the follow-up. Person–years were accrued after 
1 April 1948 from the time that a person first met the eligibility criteria. Death certificates 
were obtained for all known decedents. SMRs adjusted for age, race and calendar year 
were calculated using county-specific mortality rates as the reference. Six hundred and 
fourteen cohort members contributed a total of 12 391 person–years during the expanded 
study period, during which 61 deaths were identified. The SMR for all causes of death 
was 0.55 (95% CI, 0.42–0.70) and that for all malignant neoplasms was 0.6 (16 deaths; 
95% CI, 0.3–0.9). Eight deaths were due to lung cancer (SMR, 0.7; 95% CI, 0.2–3.1) and 
three to cancer of the lymphatic and haematopoietic tissues (SMR, 1.1; 95% CI, 0.3–1.5). 
No deaths from leukaemia were observed, whereas one death was expected. The 
morbidity study included 289 of the 614 cohort members who were actively employed at 
some time between 1 January 1992 and 31 December 1998. The morbidity experience of 
this group was compared with that of an internal comparison group of 1386 active 
employees during the same period who had had no exposure to butadiene. A morbidity 
event was defined as an absence from work of > 5 days during 1992–98 that resulted from 
a specific diagnosed disorder. No meaningful differences in morbidity events between the 
butadiene-exposed and unexposed employees in the rest of the Shell Deer Park Manu-
facturing Complex were observed. [The Working Group noted that one criteria for in-
clusion in the cohort (at least half of total employment during 1948–89 in a potentially 
exposed job) was a potential source of bias, and that the SMR for all causes was un-
usually low.] 

2.2.2 Styrene–butadiene rubber production  

The 9-year mortality experience of a cohort of 6678 male rubber workers from a 
single, large tyre manufacturing plant in Ohio, USA, approximately 4% of whom worked 
in the manufacture of synthetic rubber, was investigated during 1964–72 (McMichael et 
al., 1974, 1976). Death rates from various specific causes were increased and included 
lymphatic and haematopoietic cancers in general (43 observed deaths; SMR, 1.36), 
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lymphosarcoma and Hodgkin lymphoma (15 observed; SMR, 1.64) and leukaemia (17 
observed; SMR, 1.26). A case–cohort study was nested within the cohort to investigate 
the association of excesses of mortality with specific jobs within the rubber industry to 
compare workers who died from cancers in the 10-year period 1964–73 with a sample of 
members of the whole cohort and to elucidate differences in work histories (McMichael et 
al., 1976). A 6.2-fold increase in risk for lymphatic and haematopoietic cancers (99.9% 
CI, 4.1–12.5) and a 3.9-fold increase in risk for lymphatic leukaemia (99.9% CI, 2.6–8.0) 
were found in association with more than 5 years of work in manufacturing units that 
produced mainly styrene–butadiene rubber during 1940–60. [The Working Group noted 
that no information was provided on exposure to specific substances including potentially 
confounding chemicals such as benzene.]  

Meinhardt et al. (1982) studied the mortality experience of white male workers who 
had been employed for at least 6 months in a two-plant complex styrene–butadiene rubber 
facility in the USA. A total of 1662 workers employed in Plant A between 1943 and 1976 
and 1094 workers employed in Plant B between 1950 and 1976 were followed up through 
to 31 March 1976. Nine deaths from cancer of the lymphatic and haematopoietic tissues 
(ICD-7, 200–205) were seen in workers in Plant A (SMR, 1.6). The SMR among those 
from Plant A who were first employed between January 1943 and December 1945 was 
2.1. Five deaths from leukaemia (ICD-7, 204) were observed in Plant A among workers 
employed between 1943 and 1945 (SMR, 2.8). In Plant B, two deaths from lymphatic and 
haematopoietic neoplasms (one lymphosarcoma/reticulosarcoma and one leukaemia) 
were observed.  

Matanoski et al. (1990) investigated mortality patterns from 1943 (synthetic rubber 
production began in 1942) through to 1982 among 12 113 employees at styrene–buta-
diene rubber plants in Canada and the USA who had previously been followed up through 
to 1979 by Matanoski and Schwartz (1987). Overall, there were no increases in mortality 
from lymphatic and haematopoietic cancers. When employees were classified according 
to their longest-held job, production workers (presumed by the authors to be those with 
highest exposures to butadiene) had a significant excess of ‘other lymphatic cancer’ (nine 
deaths; SMR, 2.60; 95% CI, 1.19–4.94). When mortality among production workers was 
examined by race, a significant excess for leukaemia was seen in blacks (three deaths; 
SMR, 6.56; 95% CI, 1.35–19.06). Of 92 deaths among black production workers, six 
were from all lymphohaemopoietic cancers (SMR, 5.07; 95% CI, 1.87–11.07).  

Nested case–control studies were conducted within the styrene–butadiene rubber 
cohort in the USA and Canada (Santos-Burgoa et al., 1992; Matanoski et al., 1997). In 
the study by Santos-Burgoa et al. (1992), 59 cases of lymphatic and haematopoietic 
cancer in male workers (1943–82) were matched to 193 controls by plant, age, year of 
hire, duration of employment and survival to time of death of the case. Each job was 
assigned an estimated rank of exposure to butadiene and styrene, and cumulated exposure 
for each worker was calculated using employment histories. A strong association was 
identified for both butadiene (odds ratio, 9.4; 95% CI, 2.1–22.9) and styrene (odds ratio, 
3.1; 95% CI, 0.8–11.2). After controlling for the other exposure, the odds ratio for 
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exposure to butadiene remained high and significant (odds ratio, 7.4; 95% CI, 1.3–41.3) 
whereas the relative risk estimate for styrene was approximately unity (odds ratio, 1.1; 
95% CI, 0.23–4.95). 

Matanoski et al. (1997) conducted a second case–control study that was nested in the 
styrene–butadiene cohort and included as cases most of the same lymphatic and haemato-
poietic cancer decedents studied by Santos-Burgoa et al. (1992). In this study, hospital 
records obtained for 55 of the 59 cases studied by Santos-Burgoa et al. (1992) were re-
viewed to confirm death certificate reports of lymphatic and haematopoietic cancer. The 
review confirmed all leukaemias, eliminated two cases and added one case of non-
Hodgkin lymphoma and confirmed all cases of Hodgkin lymphoma and multiple 
myeloma. The final case groups included 58 total lymphatic and haematopoietic cancers, 
12 non-Hodgkin lymphomas (seven lymphosarcomas and five other non-Hodgkin 
lymphomas), eight Hodgkin lymphomas, 26 leukaemias and 10 multiple myelomas. 
Controls were 1242 employees who were chosen to reflect the distribution of the cohort 
by plant and age, who had to have lived at least as long as cases and who represented 
approximately 1% of the cohort, but were not matched individually to cases. Quantitative 
exposure estimates for butadiene and styrene were developed by using exposure 
measurements for work areas and jobs, when available, and a modelling procedure to 
obtain estimates for jobs that had no measurements. Plant- and work area-specific 
exposure estimates were linked to work histories to obtain indices of cumulative exposure 
(ppm–months) and average intensity of exposure (ppm). Odds ratios for an average 
intensity of exposure of 1 ppm compared with 0 ppm and for ppm–months as a con-
tinuous variable were estimated using logarithmically transformed exposure data in 
unconditional logistic regression models that controlled for year of birth, period of hire, 
age at hire, race and length of employment. Leukaemia and Hodgkin lymphoma were 
associated positively with average intensity of exposure to butadiene (odds ratio at 1 ppm: 
leukaemia, 1.50; 95% CI, 1.07–2.10; Hodgkin lymphoma, 1.7; 95% CI, 0.99–3.02) and 
with ppm–months of exposure to butadiene. Non-Hodgkin lymphoma and multiple 
myeloma were associated positively with average intensity of exposure and cumulative 
exposure to styrene but not with indices of exposure to butadiene. Further analyses 
indicated that, in models that included both average intensity of exposure to butadiene and 
an indicator for longest employment in service, labour and laboratory work areas, both 
variables were statistically significantly, positively associated with leukaemia. Separate 
analyses of lymphoid leukaemia (10 cases) and myeloid leukaemia (15 cases) found that 
the average intensity of exposure to butadiene, but not work area, was significantly 
associated with lymphoid leukaemia. Average intensity of exposure to butadiene and 
work area were both associated positively with myeloid leukaemia, but the association 
was significant only for work area. Matanoski et al. (1997) suggested that misclassi-
fication of quantitative indices of exposure to butadiene could explain the latter results.  

Delzell et al. (1996) and Sathiakumar et al. (1998) evaluated the mortality experience 
of 15 649 men (87% white and 13% black) who had been employed for at least 1 year at 
any of eight styrene–butadiene rubber plants in the USA and Canada and who had 
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worked in styrene–butadiene rubber-related operations in these plants. Seven of the plants 
had been studied previously by Matanoski and Schwartz (1987), Matanoski et al. (1990), 
Santos-Burgoa et al. (1992) and Matanoski et al.(1993, 1997); the two-plant complex 
studied earlier by Meinhardt et al. (1982) and Lemen et al. (1990) was also included. 
Complete work histories were available for 97% of the subjects: about 75% was exposed 
to butadiene and 83% was exposed to styrene. A list was developed to identify every 
combination of work area and job title, for a total of 8281 unique combinations. Using 
information from the plant on processes and operations and on jobs and tasks within each 
type of operation, 308 groups of work area were specified, and comprised processes and 
jobs that were considered to be similar. For analysis, these were further classified into five 
main process groups and seven process subgroups. During 1943–91, the cohort had a total 
of 386 172 person–years of follow-up and 734 individuals were lost to follow-up (5%). A 
total of 3976 deaths were observed compared with 4553 deaths expected on the basis of 
general population mortality rates for the USA or (for the Canadian subcohort) Ontario 
(SMR, 0.87; 95% CI, 0.85–0.90). Mortality from cancer was slightly lower than expected 
(950 deaths; SMR, 0.93; 95% CI, 0.87–0.99). Eleven lymphosarcomas were observed 
(SMR, 0.80; 95% CI, 0.40–1.40) and 42 ‘other lymphopoietic cancers’ (SMR, 0.97; 95% 
CI, 0.70–1.52) which included 17 non-Hodgkin lymphomas, eight Hodgkin lymphomas, 
14 multiple myelomas, one polycythaemia vera and two myelofibroses. In addition, 48 
deaths from leukaemia were observed in the full cohort (SMR, 1.31; 95% CI, 0.97–1.74), 
including 45 among ‘ever hourly paid’ (86% of the cohort) subjects (SMR, 1.43; 95% CI, 
1.04–1.91). The excess was fairly consistent across plants and was concentrated among 
‘ever hourly paid’ subjects with 10 or more years of employment and 20 or more years 
since hire (28 deaths; SMR, 2.24; 95% CI, 1.49–3.23) and among polymerization workers 
(15 deaths; SMR, 2.51; 95% CI, 1.40–4.14), maintenance labourers (13 deaths; SMR, 
2.65; 95% CI, 1.41–4.53) and laboratory workers (10 deaths; SMR, 4.31; 95% CI, 2.07–
7.93). Polymerization workers and maintenance labourers had potentially high exposure 
to butadiene but only low-to-moderate exposure to styrene. Sathiakumar et al. (1998) 
reported that, among subjects with ≥ 10 years of employment and ≥ 20 years since hire, 
moderately non-significantly increased mortality from non-Hodgkin lymphoma was also 
apparent (15 deaths; SMR, 1.37; 95% CI, 0.77–2.26), but without any consistent pattern 
by duration of employment, time since hire, period of hire or process group. Mortality 
from other types/sites of cancer was not significantly elevated in this cohort. 

Macaluso et al. (1996) reported an additional analysis, with more detailed exposure 
assessment, of mortality from leukaemia among 16 610 subjects (12 412 exposed to 
butadiene) employed at six of the eight North American styrene–butadiene rubber manu-
facturing plants investigated by Delzell et al. (1996) [14 295 workers were included but a 
further 2350 workers from the same plants who were not employed in styrene–butadiene 
rubber operations at those plants were not included in Delzell et al. (1996)]. A total of 
418 846 person–years of follow-up through 1991 and 58 leukaemia deaths, seven of 
which were reported to be the contributory (‘underlying’) cause of death, were included 
only in analyses that used internal comparisons. Retrospective quantitative estimates of 
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exposure to butadiene, styrene and benzene were developed and the estimation procedure 
identified work areas within each manufacturing process, historical changes in exposure 
potential and specific tasks that involved exposure. Mathematical models were then used 
to calculate job- and time period-specific average exposures. The resulting estimates were 
linked with work histories to obtain cumulative exposure estimates that were employed in 
stratified and Poisson regression analyses of mortality rates. Mantel-Haenszel rate ratios 
adjusted by race, age and cumulative exposure to styrene increased with cumulative 
exposure to butadiene from 1.0 in the unexposed category through to 2.0, 2.1, 2.4 and 4.5 
in the estimated exposure categories 0, < 1, 1–19, 20–79 and ≥ 80 ppm–years, respec-
tively (p for trend = 0.01). The trend of increasing risk with exposure to butadiene was 
still significant after exclusion of the unexposed category (p = 0.03). The risk pattern was 
less clear and statistically non-significant for exposure to styrene (rate ratios, 0.9, 5.4, 3.4 
and 2.7 in the estimated exposure categories of < 5, 5–9, 10–39 and ≥ 40 ppm–years, 
respectively; p for trend = 0.14) and the association with benzene disappeared after 
controlling for exposure to butadiene and styrene.  

Irons and Pyatt (1998) suggested that apparently different patterns of risk for 
leukaemia between workers employed in butadiene monomer production and those 
involved in styrene–butadiene rubber production might be linked to a class of chemicals 
with haematotoxic and immunotoxic potential (dithiocarbamates) that were present in 
styrene–butadiene rubber but not butadiene monomer production. In particular, they 
suggested that dimethyldithiocarbamate, which was used between the early 1950s and 
1965 in the majority of styrene–butadiene rubber plants as a stopping agent in the cold 
polymerization reaction, might confound an association between butadiene and leukaemia 
in exposed workers. 

A further analysis was then conducted among the North American synthetic rubber 
industry workers to evaluate the relative relevance of butadiene, styrene and dimethyl-
dithiocarbamate in the statistically significantly increased risk for mortality from 
leukaemia (Delzell et al., 2001). The analysis included 13 130 men who had been 
employed for at least 1 year during 1943–91 at any of six synthetic rubber plants (of the 
eight previously studied by Delzell et al. (1996) and Sathiakumar et al. (1998)) that had 
sufficient information for quantitative exposure estimation. Revised exposure estimates 
for butadiene and styrene and new quantitative estimates for dimethyldithiocarbamate 
were developed (Macaluso et al., 2004). Quantitative estimates of cumulative exposure 
were obtained by (a) identifying work area/job groups (‘jobs’) that consisted of homo-
geneous work activities; (b) identifying the tasks that comprised each job; (c) identifying 
historical changes in exposure potential for each task; (d) computing time period-specific 
average exposure concentrations in parts per million for tasks and jobs; (e) compiling the 
job-specific estimates into a job–exposure matrix for each plant; and (f) linking the 
resulting job–exposure matrices with work histories to obtain cumulative exposure 
estimates. The job–exposure matrix contained plant-specific estimates of 8-h TWA 
exposure concentrations for butadiene and other chemicals for each job and for each year 
from 1943 through to 1991. Mathematical models were used to calculate plant-, task-, 
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work area/job group- and time period-specific average exposures. The revised TWA 
exposure estimates, compared with the original estimates, were about four to six times 
higher for butadiene and two times higher for styrene. Estimates of the annual number of 
peaks of exposure in each job (i.e. for each job, the number of component tasks in which 
intensity exceeded 100 ppm for butadiene and 50 ppm for styrene) were also computed. 
Vital status at the end of 1991 was known for over 99% of subjects. A total of 234 416 
person–years of observation (average, 18 person–years per subject) were accrued during 
the follow-up period and included in the analysis. Information from death certificates was 
available for 3813 (98%) of 3892 decedents; the death certificates of 58 decedents 
mentioned leukaemia as the underlying or contributing cause of death. For 48 of these, 
medical records confirmed that they had had leukaemia; for 10, medical records were not 
available and these were retained in the case group. An additional decedent had medical 
records that indicated leukaemia but the death certificate mentioned myelodysplasia: he 
was added to the case group (total, 59 decedents). Poisson regression analysis was used to 
estimate relative rates of mortality from leukaemia and their 95% CIs for a particular 
agent/exposure category compared with the category of workers who were unexposed or 
had low exposure; regression models for each agent took into account the level of 
exposure, age, years since hire and, in some models, co-exposure to one or both of the 
other chemicals. In some analyses, exposure was lagged under the assumption that 
exposures that occurred within 5 or 10 years before death were etiologically irrelevant. 
Mortality from leukaemia showed a consistently positive association with increasing 
exposure to butadiene (relative rate, 1.0; 1.2; 95% CI, 0.5–3.0; 2.0; 95% CI 0.8–4.8; and 
3.8; 95% CI, 1.6–9.1; for exposure to 0, 0–86.3, 86.3–362.2 and ≥ 362.2 ppm–years, 
respectively) [p for trend < 0.001] and to styrene (relative rate, 1.0; 1.2; 95% CI, 0.5–3.3; 
2.3; 95% CI, 0.9–6.2; and 3.2; 95% CI, 1.2–8.8; for exposure to 0, 0–20.6, 20.6–60.4 and 
≥ 60.4 ppm–years, respectively) [p for trend = 0.001]. Exposure to dimethyldithio-
carbamate also showed consistently increased relative rates, but with no monotonic trend. 
After controlling for exposure to styrene and dimethyldithiocarbamate as well as for age 
and years since hire, exposure to butadiene remained consistently but not statistically 
significantly associated with increasing mortality from leukaemia (relative rate, 1.0; 1.3; 
95% CI, 0.4–4.3; 1.3; 95% CI, 0.4–4.6; and 2.3; 95% CI, 0.6–8.3) [p for trend = 0.250]. 

When exposure to total peaks (> 100 ppm for butadiene and > 50 ppm for styrene) 
was used in the analysis, a positive association of exposure to butadiene and styrene with 
mortality from leukaemia was again apparent; adjustments for other agents made the 
associations irregular and imprecise. Lagging for a 5- or 10-year exposure period did not 
alter the results materially. Models were also run to estimate relative rates for leukaemia 
for exposures to butadiene calculated at intensities of < 100 ppm and > 100 ppm. In the 
former analysis, a statistically non-significant trend of increasing relative rate with 
increasing number of butadiene ppm–years was found (relative rate, 1.0; 1.1; 95% CI, 
0.5–2.7; 2.8; 95% CI, 1.2–6.8; and 3.0; 95% CI, 1.2–7.1; for exposure to 0, 0–37.8, 37.8–
96.3 and ≥ 96.3 ppm–years, respectively; p for trend = 0.25), whereas the trend for 
exposure to > 100 ppm was statistically significant (relative rate, 1.0; 2.1; 95% CI, 0.9–
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5.1; 2.8; 95% CI, 1.2–6.7; and 5.8; 95% CI, 2.4–13.8; for exposure to 0, 0–46.5, 46.5–
234.3 and ≥ 234.3 ppm–years, respectively; p for trend = 0.01). Analyses based on 
quartiles or quintiles of exposure yielded patterns of results similar to those seen in the 
analyses based on tertiles shown above. Exposure to butadiene and dimethyldithio-
carbamate was further categorized to study interaction, but no clear interaction between 
the two agents was apparent. The analysis confirmed a significant, although weaker, 
association with exposure to butadiene even after controlling for dimethyldithio-
carbamate: the relative rate for leukaemia for exposure to 0–38.7, 38.7–287.3 and 
≥ 287.3 ppm–years of butadiene was, respectively, 1.0, 1.5 (95% CI, 0.8–2.9) and 3.4 
(95% CI, 1.8–6.4) when unadjusted for exposure to dimethyldithiocarbamate (p for trend 
= 0.0001) and 1.0, 1.0 (95% CI, 0.5–2.1) and 2.0 (95% CI, 0.9–4.3) when adjusted for 
exposure to dimethyldithiocarbamate (p for trend = 0.007). Dimethyldithiocarbamate was 
associated with a non-monotonically increasing risk and the trend was statistically non-
significant after controlling for butadiene. The relative rate for exposure to 0–342.4, 
342.4–1222.6 and ≥ 1222.6 mg–years/cm of dimethyldithiocarbamate was, respectively, 
1.0, 3.6 (95% CI, 1.9–6.7) and 2.9 (95% CI, 1.5–5.3) when unadjusted for exposure to 
butadiene (p for trend = 0.003) and 1.0, 3.2 (95% CI, 1.6–6.3) and 2.1 (95% CI, 1.0–4.4) 
when adjusted for exposure to butadiene (p for trend = 0.196). A similar analysis was 
conducted for co-exposure to butadiene and styrene. The marginal trend was consistent 
and statistically significant for exposure to butadiene adjusted for styrene (p for trend = 
0.006), but not for styrene adjusted for butadiene (p for trend = 0.763). Analyses by 
specific subgroups of leukaemia were conducted but sparse data rendered the results 
largely uninformative. [The Working Group noted the difficulties in estimating exposures 
to dimethyldithiocarbamate, which are primarily dermal, and that substantial mis-
classification of exposure to this chemical was possible. Furthermore, the assessment of 
exposure to dimethyldithiocarbamate was performed with the knowledge of which 
departments had excess mortality from leukaemia and could conceivably have been 
biased by this knowledge.]  

Mortality from lymphatic and haematopoietic cancer in the updated North American 
cohort was studied in relation to exposure to butadiene, styrene and 
dimethyldithiocarbamate (Graff et al., 2005). Two of the US plants were not included in 
this analysis because information on work area/job group was not sufficient for 
quantitative exposure estimation for all substances. Included were 16 579 men who had 
worked at any of the six study plants for at least 1 year by the end of 1991 and who were 
followed up between 1944 and 1998. All work histories and exposure data came from the 
previous study of Delzell et al. (2001), and exposure estimation procedures were those 
described by Macaluso et al. (2004). Information on vital status through to 1998 was 
established for 97% of the study group. Cause of death was ascertained through death 
certificates, the national death index and a search of medical records. Most analyses used 
Poisson regression models to obtain maximum likelihood estimates of the relative rate for 
the contrast between categories of one agent, adjusting for other agents and for additional 
potential confounders. SMR analyses by level of exposure to the agent were also made 
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using state-specific US and Canadian male mortality rates as the comparison group and 
data from death certificates and the national death index only to determine causes of 
death. During the observation period, 500 174 person–years were accrued. Based on a 
review of medical records where possible, 81 deaths from leukaemia, 58 from non-
Hodgkin lymphoma, 27 from multiple myeloma and 13 from Hodgkin disease were 
ascertained. Single-agent analyses, adjusting for age and years since hire, indicated a 
positive association between exposure to butadiene and leukaemia (relative risk, 1.0; 1.4; 
95% CI, 0.7–3.1; 1.2; 95% CI, 0.6–2.7; 2.9; 95% CI, 1.4–6.4; and 3.7; 95% CI, 1.7–8.0; 
for exposure to 0, 0–33.7, 33.7–184.7, 184.7–425.0 and ≥ 425.0 ppm–years, respectively) 
[p for trend < 0.001] and between exposure to styrene and leukaemia (relative risk, 1.0, 
1.3; 95% CI, 0.6–3.2; 1.6; 95% CI, 0.7–3.9; 3.0; 95% CI, 1.2–7.1; and 2.7; 95% CI, 1.1–
6.4; for exposure to 0, 0–8.3, 8.3–31.8, 31.8–61.1 and ≥ 61.1 ppm–years, respectively) 
[p for trend = 0.001]. Exposure to dimethyldithiocarbamate was also positively 
associated, but with no monotonic increase (relative risk, 1.0; 2.5; 95% CI, 1.2–5.0; 3.0; 
95% CI, 1.5–5.9; 4.9; 95% CI, 2.5–9.7; and 2.7; 95% CI, 1.4–5.4; for exposure to 0, 0–
185.3, 185.3–739.4, 739.4–1610.3 and ≥ 1610.3 mg–years/cm, respectively) [p for trend 
= 0.001]. Similar results were obtained for butadiene and styrene when total peaks were 
used as exposure metrics. Exposures to butadiene, styrene and dimethyldithiocarbamate 
were found to be highly correlated. In the models that also controlled for other agents, the 
estimated relative rates for the increasing categories of butadiene ppm–years were 1.0, 1.4 
(95% CI, 0.5–3.9), 0.9 (95% CI, 0.3–2.6), 2.1 (95% CI, 0.7–6.2) and 3.0 (95% CI, 1.0–
9.2) [p for trend = 0.028]; for styrene, the association appeared to be negative [p for trend 
= 0.639]; and for dimethyldithiocarbamate, a positive association was still apparent with 
no monotonic exposure–response pattern (relative risk, 1.0, 2.6; 95% CI, 1.2–5.8; 3.1; 
95% CI, 1.4–7.1; 4.4; 95% CI, 1.9–10.2; and 2.0; 95% CI, 0.8–4.8) [p for trend = 0.066]. 
Individual adjustment for one or both of the other main exposure factors yielded similar 
results: the positive increasing association between exposure to butadiene and leukaemia 
was slightly reduced; no association remained for styrene; dimethyldithiocarbamate still 
exhibited a positive association with leukaemia but with no dose–response. Leukaemia 
was positively associated with butadiene ppm–years accrued at exposure intensities 
> 100 ppm and < 100 ppm. There was no evidence of an interaction between butadiene 
and dimethyldithiocarbamate or between butadiene and styrene. Analyses by histological 
type clearly showed an association of butadiene ppm–years with chronic lymphocytic 
leukaemia (relative risk, 1.0; 1.5; 95% CI, 0.6–4.0; 3.9; 95% CI, 1.3–11.0) [p for trend = 
0.014], chronic myelogenous leukaemia (relative risk, 1.0; 2.7; 95% CI, 0.7–10.4; 7.2; 
95% CI, 1.7–30.5) [p for trend = 0.007] and other leukaemia (relative risk, 1.0; 1.1; 95% 
CI, 0.3–3.9; 4.0; 95% CI, 1.0–15.0) [p for trend = 0.060] for exposures to 0–33.7, 33.7–
425.0 and ≥ 425.0 ppm–years, respectively. No associations were found for non-Hodgkin 
lymphoma, multiple myeloma or acute myelogenous leukaemia. Results for a case series 
comprised of chronic lymphocytic leukaemia and non-Hodgkin lymphoma combined 
were similar to those for non-Hodgkin lymphoma alone (Delzell et al., 2006). External 
analyses that compared mortality rates of workers in each cumulative exposure category 
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to the rate in the general population and controlled for age, race and calendar year 
provided consistent results. 

The mortality follow-up of North American synthetic rubber industry workers who 
had been employed for at least 1 year before 1 January 1992 at any of seven US and one 
Canadian styrene–butadiene rubber plants was later extended for a further 7 years from 
1991 through to the end of 1998 (Sathiakumar et al., 2005) and included 17 924 subjects 
(15 583 white and 2341 non-white). Work histories provided information on each job 
held, a description of the work area and job and payroll classification. Analyses of data by 
work area were restricted to 15 612 subjects who had been employed in styrene–
butadiene rubber-related operations in the eight plants and classified into five major work 
areas: production, maintenance, labour, laboratories and other operations. For six of the 
eight plants (a total of 14 273 subjects), work histories were sufficiently detailed to permit 
further specification of three subgroups of work area in production, two in maintenance 
and two in labour. Vital status was updated through to 1998 and ascertained for 97% of 
the study group. In total, 570 (3%) subjects were lost to follow-up. A total of 540 586 
person–years of observation were accrued. SMRs were calculated using mortality rates of 
the male population in Ontario (Canada) and in the three US states where the plants were 
located. The update added 83 401 person–years (18% increase), 1578 deaths (34%), 492 
deaths from cancer (44%) and 20 deaths from leukaemia (39%) to those of the previous 
study. Mortality from all causes was lower than that expected (6237 deaths; SMR, 0.86; 
95% CI, 0.84–0.88) as was mortality from all cancers (1608 deaths; SMR, 0.92; 95% CI, 
0.88–0.97). Mortality from lymphatic and haematopoietic cancer was slightly elevated 
(162 deaths; SMR, 1.06; 95% CI, 0.90–1.23); 12 deaths from Hodgkin lymphoma yielded 
an SMR of 1.11 (95% CI, 0.58–1.95) and 71 deaths from leukaemia represented a modest 
excess above expectation (SMR, 1.16; 95% CI, 0.91–1.47). Mortality from non-Hodgkin 
lymphoma was as expected (53 deaths; SMR, 1.00; 95% CI, 0.75–1.30) and that from 
multiple myeloma was lower than expected (26 deaths; SMR, 0.95; 95% CI, 0.62–1.40). 
No consistent patterns were observed when mortality was analysed by ever/never hourly 
paid, by years since hire or by years worked. In the overall study group, the excess 
mortality from leukaemia was concentrated among men who had been hired in the 1950s 
(31 deaths; SMR, 1.50; 95% CI, 1.01–2.11). The excess mortality from all leukaemias 
was highest among hourly paid workers (63 deaths; SMR, 1.23; 95% CI, 0.94–1.57), 
especially among those who had 20–29 years since hire and ≥ 10 years worked (19 
deaths; SMR, 2.58; 95% CI, 1.56–4.03). Analysis by specific histological type was 
possible for 65 of the 71 leukaemias and for the 1968–98 time period only. For all 
subjects included in this analysis, the SMR for all forms of leukaemia (65 deaths) was 
1.26 (95% CI, 0.97–1.61), that for lymphocytic leukaemia (19 deaths) was 1.28 (95% CI, 
0.77–2.00) and that for myelogenous leukaemia (28 deaths) was 1.27 (95% CI, 0.84–
1.83). In the SMR analysis restricted to 1968–98, hourly paid workers had an overall 
SMR for leukaemia (65 deaths) of 1.35 (95% CI, 1.03–1.75), and the excess mortality 
was particularly marked among those who had 20–29 years since hire and ≥ 10 years 
worked (SMR, 2.84; 95% CI, 1.68–4.49); a non-significant increase was seen for 
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lymphocytic leukaemia (four deaths; SMR, 2.33; 95% CI, 0.65–5.97), whereas the excess 
for myelogenous leukaemia was significant (nine deaths; SMR, 3.20; 95% CI, 1.46–6.07) 
and was stronger for the chronic myelogenous form (six deaths; SMR, 6.55; 95% CI, 
2.40–14.26). Analysis by production work areas in the whole cohort, with follow-up 
between 1944 and 1998, showed an association between mortality from leukaemia and 
working in the following areas: polymerization (18 deaths; SMR, 2.04; 95% CI, 1.21–
3.22), coagulation (10 deaths; SMR, 2.31; 95% CI, 1.11–4.25) and finishing (19 deaths; 
SMR, 1.56; 95% CI, 0.94–2.44); in maintenance labour (15 deaths; SMR, 2.03; 95% CI, 
1.14–3.35); and in laboratories (14 deaths; SMR, 3.26; 95% CI, 1.78–5.46). The excesses 
of mortality in production were mainly due to chronic lymphatic leukaemia: 
polymerization (eight deaths; SMR, 4.97; 95% CI, 2.15–9.80), coagulation (five deaths; 
SMR, 6.07; 95% CI, 1.97–14.17) and finishing (seven deaths; SMR, 3.44; 95% CI, 1.38–
7.09), whereas mortality from myelogenous leukaemia was particularly high in 
maintenance labour (acute, five deaths; SMR, 2.95; 95% CI, 0.96–6.88) and in laboratory 
workers (total, six deaths; SMR, 3.31; 95% CI, 1.22–7.20; chronic, three deaths; SMR, 
5.22; 95% CI, 1.08–15.26).  

Cheng et al. (2007) used Cox proportional hazard models on the set of data analysed 
by Graff et al. (2005) to examine further the exposure–response relations between several 
butadiene exposure indices and leukaemia (81 decedents), and to assess exposure–
response relations between butadiene and all lymphoid neoplasms (120 decedents from 
lymphatic leukaemia, non-Hodgkin lymphoma, Hodgkin lymphoma and multiple 
myeloma) and all myeloid neoplasms (56 decedents from myeloid and monocytic 
leukaemia, myelofibrosis, myelodysplasia, myeloproliferative disorders and polycythemia 
vera). Cox regression techniques were considered to permit estimation of the exposure–
response relations throughout the exposure range, to provide optimal control of 
confounding by age and to be less affected by intercorrelations among exposure variables. 
A subset of 488 subjects was excluded because they dropped out from follow-up at ages 
below that of the youngest leukaemia decedent. Potential confounders for which the 
analyses controlled included dimethyldithiocarbamate, race, plant, years since hire and 
year of birth. The butadiene exposure indices used in these analyses were: cumulative 
exposure in ppm–years, total number of exposures to peaks (> 100 ppm) and average 
intensities of exposure in parts per million. All three exposure indices were associated 
positively with the risk for leukaemia. Penalized spline regression indicated that the 
natural logarithm of the hazard ratio for leukaemia increased in a fairly linear fashion in 
the exposure range below the 95th percentile for all three indices. Analysis by decile of 
exposure to butadiene showed an irregular pattern of estimated rate ratios. After 
controlling for all co-variates, estimated relative rates by decile range of values exhibited 
a non-monotonic trend that was of borderline statistical significance for ppm–years [p for 
trend = 0.049], but not for exposure to peaks [p for trend = 0.071] or average intensity of 
exposure [p for trend = 0.433]. Models that used continuous exposure variables indicated 
that, for butadiene ppm–years, the exposure–response relation with leukaemia was 
positive and statistically significant in all but two of the eight models evaluated. After 
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adjustment for all co-variates, the regression coefficient β that estimated the slope of the 
exposure–response relation was 3.0 × 10–4 (95% CI, 0.1 × 10–4–5.8 × 10–4; p = 0.04) in 
models that used continuous, untransformed ppm–years, 5.8 × 10–4 (95% CI, 0.5 × 10–4–
11.1 × 10–4; p = 0.03) in models that used mean scored deciles and 6.1 × 10–4 (p = 0.04) in 
models that used mean scored quintiles. The exposure–response trend for butadiene peaks 
and leukaemia was positive and statistically significant in all eight models. The regression 
coefficient β was 5.6 × 10–5 (95% CI, 0.8 × 10–5–10.4 × 10–5; p = 0.02) in models that 
used continuous, untransformed butadiene peaks and 7.5 × 10–5 (95% CI, 0.3 × 10–5–14.7 
× 10–5; p = 0.04) in models that used mean scored deciles of butadiene peaks, after 
controlling for all covariates. The association of average intensity of exposure to 
butadiene with leukaemia was statistically significant only in the model that used the 
square-root transformation of parts per million butadiene. Lagging of exposure had a 
small impact on the value of the coefficients for the three exposure variables. Lymphoid 
neoplasms were associated with the ppm–years exposure index and myeloid neoplasms 
with exposure to peaks. However, neither of the relations was statistically significant after 
control for covariates. Cumulative exposure to dimethyldithiocarbamate, when treated as 
a continuous variable, was not associated with leukaemia in any of the models. The risk 
estimates for each quartile of cumulative exposure to dimethyldithiocarbamate were 
significantly increased, even after adjustment for cumulative exposure to butadiene, 
without, however, a monotonic trend. Relative rate estimates were, respectively, 2.4 (95% 
CI, 1.2–5.0), 2.9 (95% CI, 1.4–5.8), 4.5 (95% CI, 2.2–8.9) and 2.1 (95% CI, 1.0–4.4) 
[p for trend = 0.458]. 

[The Working Group noted that, given the strong correlation between original and 
revised estimates (Spearman’s r = 0.9) reported, the validation of the exposure estimates 
in one plant during 1977–91 (Sathiakumar & Delzell, 2007) showed that estimates from 
the most recent measurements were in general very close to measured exposures, 
especially for the styrene–butadiene rubber-related job titles. The ranking of jobs had 
hardly changed from the first estimates (Macaluso et al., 1996) to the adjusted estimates 
(Macaluso et al., 2004). However, it is uncertain to what extent this validation can be 
extrapolated to the other plants.] 

2.2.3 Other rubber production 

Bond et al. (1992) reported a mortality study of 2904 male workers engaged in the 
development and manufacture of styrene-based products, including styrene–butadiene 
latex, who were potentially exposed to styrene and related chemicals [including 
butadiene] for at least 1 year between 1937 and 1971. The number of person–years of 
follow-up during 1970–86 for workers in this production was 11 754. In comparison with 
USA mortality rates, the SMR for all causes of death among styrene–butadiene latex 
workers was 0.9, based on 82 deaths. A total of 13 cancers were observed (22.0 expected; 
SMR, 0.6), and no site had an SMR that exceeded unity. One death from lymphatic and 
haematopoietic cancers occurred, which was due to leukaemia (ICD-8 204–207) versus 
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0.9 expected. [The Working Group noted the limited information relating to exposure to 
butadiene.] 

2.3 Population-based studies 

The risk for lymphatic and haematopoietic cancers was evaluated among students of a 
high school in eastern Texas, USA, that was bound at the rear by facilities that had 
produced synthetic styrene–butadiene rubber since 1943 (Loughlin et al., 1999). A cohort 
of 15 043 students who had attended the school for at least 3 consecutive months during a 
school year between 1963 and 1993 was constructed. In total, 338 graduates (241 men 
and 97 women) had died during the follow-up period of 1963–95, which were fewer than 
expected. The SMR for all lymphatic and haematopoietic cancer was 1.64 (95% CI, 0.85–
2.87) for men (12 observed deaths) and 0.47 (95% CI, 0.06–1.70) for women (two 
observed deaths). The SMR was higher for 1530 men who had attended the school for ≤ 2 
years than for the 6352 who had attended for ≥ 2 years. For the former group, the SMR 
for all lymphatic and haematopoietic cancer was 3.20 (95% CI, 0.87–8.20). 

A population-based case–control study in the Montréal area, Canada (Parent et al., 
2000), assessed the association between renal-cell carcinoma and a large number of 
occupational exposures among men aged 35–70 years between 1979 and 1985. Cases 
were identified at all large hospitals in the area and were histologically confirmed; case 
ascertainment was 95% complete. Comparison was carried out with two sets of controls: 
subjects with other types of cancer and people selected from the general population. 
Questionnaires on cancer risk factors that included lifetime occupational history were 
administered. Relative risks were estimated by odds ratios from unconditional logistic 
regression models. In the analysis, 142 cases, 533 population controls and 1900 other 
cancer controls were available. The odds ratio for exposure to ‘styrene–butadiene rubber’ 
was 2.1 (10 exposed cases; 95% CI, 1.1–4.2) after controlling for age, family income, 
tobacco smoke and body mass index and 1.8 (95% CI, 0.9–3.7) after controlling for other 
occupational exposures. [The Working Group noted that it was unclear what was meant 
by exposure to styrene–butadiene rubber.]  

3.    Studies of Cancer in Experimental Animals 

3.1 Inhalation exposure 

3.1.1 Mouse 

Groups of 50 male and 50 female B6C3F1 mice, 8–9 weeks of age, were exposed by 
whole-body inhalation to 625 or 1250 ppm [1380 or 2760 mg/m3] butadiene (minimum 
purity, > 98.9%) for 6 h per day on 5 days per week for 60 weeks (males) or 61 weeks 
(females). Equal numbers of animals were sham-exposed and served as controls. The 
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study was terminated after 61 weeks because of a high incidence of lethal neoplasms in 
the exposed animals. Deaths were mainly due to malignant lymphomas. The numbers of 
survivors at 61 weeks were: males — 49/50 control, 11/50 low-dose and 7/50 high-dose; 
females — 46/50 control, 15/50 low-dose and 30/50 high-dose. As shown in Table 19, 
butadiene induced haemangiosarcomas that originated in the heart and metastasized to 
various organs. The incidence of haemangiosarcomas of the heart in historical controls 
was extremely low (1/2372 males, 1/2443 females). Other types of neoplasm for which 
the incidence was significantly increased (Fisher’s exact test) in animals of each sex were 
malignant lymphomas, alveolar/bronchiolar adenomas or carcinomas of the lung and 
papillomas or carcinomas of the forestomach. Tumours that occurred with significantly 
increased incidence in females only included hepatocellular adenoma or carcinoma of the 
liver: 0/50 control, 2/47 (p = 0.232) low-dose and 5/49 (p = 0.027) high-dose; acinar-cell 
carcinoma of the mammary gland: 0/50 control, 2/49 low-dose and 6/49 (p = 0.012) high-
dose; and granulosa-cell tumours of the ovary: 0/49 control, 6/45 (p = 0.01) low-dose and 
12/48 (p < 0.001) high-dose. Gliomas were observed in the brain of one male mouse 
exposed to 1250 ppm and in two male mice exposed to 625 ppm butadiene (National 
Toxicology Program, 1984; Huff et al., 1985). 

Table 19. Incidence of tumours in B6C3F1 mice exposed to butadiene by 
inhalation at 625 and 1250 ppm for 61 weeks 

 Male Female 

 
0 625 ppm 1250 ppm 0 625 ppm 1250 ppm 

Haemangiosarcoma of 
 heart (with metastases) 

0/50 16/49 
(p < 0.001)a 

7/49 
(p = 0.006) 

0/50 11/48 
(p < 0.001) 

18/49 
(p < 0.001) 

Malignant lymphoma 0/50 23/50 
(p < 0.001) 

29/50 
(p < 0.001) 

1/50 10/49 
(p = 0.003) 

10/49 
(p = 0.003) 

Lung alveolar/bronchiolar 
 adenoma or carcinoma 

2/50 14/49 
(p < 0.001) 

15/49 
(p < 0.001) 

3/49 12/48 
(p = 0.01) 

23/49 
(p < 0.001) 

Forestomach papilloma or 
 carcinoma 

0/49 7/40 
(p = 0.003) 

1/44 
(p = 0.47) 

0/49 5/42 
(p = 0.018) 

10/49 
(p < 0.001) 

From National Toxicology Program (1984); Huff et al. (1985) 
a p values from Fisher’s exact test 

Because of the reduced survival of mice in the initial study, further studies were con-
ducted at lower exposure concentrations. In one study, groups of 70–90 male and 70–90 
female B6C3F1 mice, 6.5 weeks of age, were exposed by whole-body inhalation to 0, 
6.25, 20, 62.5, 200 or 625 ppm [0, 14, 44, 138, 440 or 1380 mg/m3] butadiene (purity, 
> 99%) for 6 h per day on 5 days per week for up to 2 years. Up to 10 animals per group 
were killed and evaluated after 40 and 65 weeks of exposure. Survival was significantly 
reduced (p < 0.05) in all groups of mice exposed to 20 ppm or higher; terminal survivors 
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were: males — 35/70 control, 39/70 at 6.25 ppm, 24/70 at 20 ppm, 22/70 at 62.5 ppm, 
3/70 at 200 ppm and 0/90 at 625 ppm; females — 37/70 control, 33/70 at 6.25 ppm, 24/70 
at 20 ppm, 11/70 at 62.5 ppm, 0/70 at 200 ppm and 0/90 at 625 ppm. As shown in Table 
20, exposure to butadiene produced increases in both sexes in the incidence of lympho-
mas, heart haemangiosarcomas, lung alveolar/bronchiolar adenomas and carcinomas, 
forestomach papillomas and carcinomas, Harderian gland adenomas and adenocarcino-
mas and hepatocellular adenomas and carcinomas. The incidence of mammary gland 
adenocarcinomas and benign and malignant ovarian granulosa-cell tumours was increased 
in females. Lymphocytic lymphomas were seen as early as after 23 weeks of exposure 
and were the principal cause of death in male and female mice exposed to 625 ppm 
butadiene (Melnick et al., 1990; National Toxicology Program, 1993).  

In the same study, a stop-exposure experiment was conducted in which groups of 50 
male B6C3F1 mice, 6.5 weeks of age, were exposed to butadiene (purity, > 99%) by 
whole-body inhalation for 6 h per day on 5 days per week at concentrations of 200 ppm 
[440 mg/m3] for 40 weeks, 312 ppm [690 mg/m3] for 52 weeks, 625 ppm [1380 mg/m3] 
for 13 weeks or 625 ppm [1380 mg/m3] for 26 weeks. The multiple of the exposure 
concentration and duration of exposure (ppm–weeks) was approximately 8000 ppm–
weeks or 16 000 ppm–weeks for the exposure groups. After the exposures were ter-
minated, the animals were placed in control chambers for up to 104 weeks after the 
beginning of treatment. A group of 70 males served as chamber controls (0 ppm). [The 
Working Group noted that this was the same control group as that used in the experiment 
described in the above paragraph.] Survival was reduced (p < 0.05) in all exposed groups; 
the numbers of survivors at the end of the study were 35 controls, nine exposed to 
200 ppm, one exposed to 312 ppm, five exposed to 625 ppm for 13 weeks and none 
exposed to 625 ppm for 26 weeks. As shown in Table 21, exposure to butadiene produced 
increases in the incidence of lymphomas, heart haemangiosarcomas, lung 
alveolar/bronchiolar adenomas and carcinomas, forestomach papillomas and carcinomas, 
Harderian gland adenomas and adenocarcinomas, preputial gland carcinomas and kidney 
tubular adenomas. This exposure protocol revealed additional tumour sites in males 
(preputial gland and renal cortex). The incidence of lymphocytic lymphoma was greater 
after exposure to higher concentrations of butadiene for a short time than after exposure to 
lower concentrations for an extended period (Melnick et al., 1990; National Toxicology 
Program, 1993). Brain neoplasms including two neuroblastomas and three gliomas were 
observed in mice exposed to 625 ppm for 13 or 26 weeks in the stop-exposure study 
(National Toxicology Program, 1993). Brain neoplasms are rare and had never been seen 
in historical National Toxicology Program controls at the time of the study. [The Working 
Group noted that brain tumours are rare in mice and were observed, although at a low 
incidence, in both National Toxicology Program bioassays (National Toxicology 
Program, 1984, 1993).] 

Follow-up studies were completed to test the hypothesis that the high incidence of 
lymphocytic lymphomas in mice exposed to concentrations of 200 ppm butadiene or 
higher was at least partially dependent on the activation of an endogenous retrovirus in 
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Table 20. Survival and incidence of tumours in mice exposed to butadiene by inhalation for up to 2 years 

Exposure concentration (ppm) 
 

0 6.25 20 62.5 200 625 

Males       
Initial numbera 70 70 70 70 70 90 
Number of survivors 35 39 24 22  3  0 
Lymphoma  4 (8%)b  3 (6%)  8 (19%) 11 (25%)c  9 (27%)c 69 (97%)c 
Heart haemangiosarcoma  0 (0%)  0 (0%)  1 (2%)  5 (13%)c 20 (57%)c  6 (53%)c 
Lung alveolar/bronchiolar adenoma and carcinoma  22 (46%) 23 (48%) 20 (45%)  33 (72%)c 42 (87%)c 12 (73%)c 
Forestomach papilloma and carcinoma   1 (2%)  0 (0%)  1 (2%)  5 (13%) 12 (36%)c 13 (75%)c 
Harderian gland adenoma and adenocarcinoma   6 (13%)  7 (15%) 11 (25%) 24 (53%)c 33 (77%)c  7 (58%)c 
Hepatocellular adenoma and carcinoma  31 (55%) 27 (54%) 35 (68%) 32 (69%) 40 (87%)c 12 (75%) 
Preputial gland adenoma or carcinoma  0 (0%)  0 (0%)  0 (0%)  0 (0%)  5 (17%)c  0 (0%) 

Females       
Initial numbera 70 70 70 70 70 90 
Number of survivors 37 33 24 11  0  0 
Lymphoma 10 (20%) 14 (30%) 18 (41%)c 10 (26%) 19 (58%)c 43 (89%)c 
Heart haemangiosarcoma  0 (0%)  0 (0%)  0 (0%)  1 (3%) 20 (64%)c  26 (84%)c 
Lung alveolar/bronchiolar adenoma and carcinoma   4 (8%) 15 (32%)c 19 (44%)c 27 (61%)c 32 (81%)c 25 (83%)c 

Forestomach papilloma and carcinoma   2 (4%)  2 (4%)  3 (8%)  4 (12%)  7 (31%)c 28 (85%)c 
Harderian gland adenoma and adenocarcinoma   9 (18%) 10 (21%)  7 (17%) 16 (40%)c 22 (67%)c  7 (48%)c 
Hepatocellular adenoma and carcinoma  17 (35%) 20 (41%) 23 (52%)c 24 (60%)c 20 (68%)c  3 (28%) 
Mammary gland adenocarcinoma   0 (0%)  2 (4%)  2 (5%)  6 (16%)c 13 (47%)c 13 (66%)c 
Ovarian benign and malignant granulosa-cell tumour   1 (2%)  0 (0%)  0 (0%)  9 (24%)c 11 (44%)c  6 (44%) 

From Melnick et al. (1990); National Toxicology Program (1993) 
a Initial numbers include animals removed from the study for interim sacrifices at 40 and 65 weeks of exposure. 
b Mortality-adjusted tumour rates are given in parentheses. 
c p < 0.05, based on logistic regression analysis with adjustment for intercurrent mortality 
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Table 21. Survival and incidence of tumours in male mice exposed to butadiene in stop-exposure studiesa 

Exposure  

0 ppm 200 ppm, 
40 weeks 

312 ppm, 
52 weeks 

625 ppm, 
13 weeks 

625 ppm, 
26 weeks 

Initial number 70 50 50 50 50 
Number of survivors 35  9  1  5  0 
Lymphoma  4 (8%)b 12 (35%)c 15 (55%)c 24 (61%)c 37 (90%)c 
Heart haemangiosarcoma  0 (0%) 15 (47%)c 33 (87%)c  7 (31%)c 13 (76%)c 
Lung alveolar/bronchiolar adenoma and carcinoma 22 (46%) 35 (88%)c 32 (88%)c 27 (87%)c 18 (89%)c 
Forestomach squamous-cell papilloma and carcinoma  1 (2%)  6 (20%)c 13 (52%)c  8 (33%)c 11 (63%)c 
Harderian gland adenoma and adenocarcinoma  6 (13%) 27 (72%)c 28 (86%)c 23 (82%)c 11 (70%)c 
Preputial gland adenoma and carcinoma  0 (0%)  1 (3%)  4 (21%)c  5 (21%)c  3 (31%)c 
Renal tubular adenoma  0 (0%)  5 (16%)c  3 (15%)c  1 (5%)  1 (11%) 

From Melnick et al. (1990); National Toxicology Program (1993) 
a After exposures were terminated, animals were placed in control chambers until the end of the study at 104 weeks. 
b Mortality-adjusted tumour rates are given in parentheses. 
c p < 0.05, based on logistic regression analysis with adjustment for intercurrent mortality 
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the strain of mouse used in the study. Groups of 60 male B6C3F1 and 60 male NIH Swiss 
mice, 4–6 weeks of age, were exposed to 0 or 1250 ppm [2760 mg/m3] butadiene 
(> 99.5% pure) by whole-body inhalation for 6 h per day on 5 days per week for 52 
weeks. An additional group of 50 male B6C3F1 mice was exposed similarly to butadiene 
for 12 weeks and held until termination of the experiment at 52 weeks. The incidence of 
thymic lymphomas was 1/60 control, 10/48 exposed for 12 weeks and 34/60 exposed for 
52 weeks in B6C3F1 mice and 8/57 in NIH Swiss mice exposed for 52 weeks. 
Haemangiosarcomas of the heart were observed in 5/60 B6C3F1 mice and 1/57 NIH 
Swiss mice exposed for 52 weeks. Exposure of B6C3F1 mice to 1250 ppm of butadiene 
for 6 h per day on 5 days per week for 3–21 weeks greatly increased the quantity of 
ecotropic retrovirus recovered from bone marrow, thymus and spleen. This was not the 
case for NIH Swiss mice in which proviral ecotropic sequences are truncated and the 
virus is not expressed. The authors suggested that the lack of retroviruses provides 
resistance to the induction of the lymphomas by butadiene (Irons et al., 1987a, 1989; 
Irons, 1990). [The Working Group noted that Swiss mice are less sensitive to the 
induction of haemangiosarcomas of the heart and lymphomas and that genetic factors 
may contribute to the development of these tumours.] 

One study addressed the question of whether a single, high level of exposure to 
butadiene was sufficient to induce neoplasia. Groups of 60 male and 60 female B6C3F1 
mice, 8–10 weeks of age, were exposed by whole-body inhalation for a single 2-h period 
to 0, 1000, 5000 or 10 000 ppm [0, 2200, 11 000 or 22 000 mg/m3] butadiene [purity 
unspecified]. The mice were then held for 2 years, at which time all survivors were killed 
and tissues and organs were examined histopathologically. Survival, weight gains and 
tumour incidence in exposed mice were not affected by exposure to butadiene (survival: 
males — 28/60 control, 34/60 low-dose, 44/60 mid-dose and 34/60 high-dose; females — 
45/60, 36/60, 38/60 and 48/60, respectively) (Bucher et al., 1993).  

3.1.2 Rat 

Groups of 100 male and 100 female Sprague-Dawley rats, 4–5 weeks of age, were 
exposed by whole-body inhalation to 0, 1000 or 8000 ppm [0, 2200 or 17 600 mg/m3] 
butadiene (minimal purity, 99.2%) for 6 h per day on 5 days per week for 111 weeks 
(males) or 105 weeks (females). Survival was reduced in low- (p < 0.05) and high-dose 
(p < 0.01) females and in high-dose males (p < 0.05); the numbers of survivors were: 
males — 45 control, 50 low-dose and 32 high-dose; females — 46 control, 32 low-dose 
and 24 high-dose. Tumours that occurred at a significantly increased incidence in males 
were pancreatic exocrine adenomas (control, 3/100; low-dose, 1/100; and high-dose, 
10/100, p ≤ 0.001) and interstitial-cell tumours of the testis (control, 0/100; low-dose, 
3/100; and high-dose, 8/100; p for trend ≤ 0.001). Those that occurred at a significantly 
increased incidence in females were follicular-cell adenomas of the thyroid gland 
(control, 0/100; low-dose, 2/100; and high-dose, 10/100; p for trend ≤ 0.01), sarcomas of 
the uterus (control, 1/100; low-dose, 4/100; and high-dose, 5/100; p for trend ≤ 0.05), 
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carcinomas of the Zymbal gland (control, 0/100; low-dose, 0/100; and high-dose, 4/100; 
p for trend ≤ 0.01) and benign and malignant mammary tumours (control, 50/100; low-
dose, 79/100; and high-dose, 81/100; p for trend ≤ 0.001). Mammary adenocarcinomas 
were found in 18/100 control, 15/100 low-dose and 26/100 high-dose female rats (Owen 
et al., 1987; Owen & Glaister, 1990). 

3.2 Carcinogenicity of metabolites 

3.2.1 1,2-Epoxy-3-butene (epoxybutene) 

Mouse 

A group of 30 male Swiss mice, 8 weeks of age, received dermal applications of 100 
mg undiluted epoxybutene, the initial monoepoxide metabolite of butadiene, three times 
per week for life. The median survival time was 237 days; three skin papillomas and one 
squamous-cell carcinoma were observed (Van Duuren et al., 1963). [The Working Group 
noted that this incidence was similar to that in control groups that were left untreated.] 

3.2.2 1,2:3,4-Diepoxybutane (diepoxybutane) 

(a) Mouse  

Two groups of 30 male Swiss mice, 8 weeks of age, received dermal applications of 
100 mg D,L-diepoxybutane (10% in acetone) or 100 mg meso-diepoxybutane (10% in 
acetone) three times a week for life. The median survival times were 78 and 154 weeks, 
respectively. Two skin papillomas and one squamous-cell carcinoma were observed 
following treatment with D,L-diepoxybutane and six skin papillomas and four squamous-
cell carcinomas were observed following treatment with meso-diepoxybutane. Eight skin 
papillomas and no carcinomas were observed in 120 acetone-treated controls (Van 
Duuren et al., 1963). 

D,L-Diepoxybutane induced one skin papilloma or 10 skin papillomas and six 
squamous-cell carcinomas when applied to the skin of two groups of 30 female Swiss 
mice, 8 weeks of age, at respective doses of 10 or 3 mg in 100 mg acetone three times per 
week for life. meso-Diepoxybutane induced five skin papillomas and four squamous-cell 
carcinomas or one skin papilloma when applied to the skin of two groups of 30 female 
Swiss mice at respective doses of 10 or 3 mg in 100 mg acetone three times per week for 
life. No tumours were observed in 60 acetone-treated control mice (Van Duuren et al., 
1965).  

Groups of 15 male and 15 female strain A mice, 4–6 weeks of age, received 12 thrice 
weekly intraperitoneal injections of L-diepoxybutane at total doses ranging from 1.7 to 
192 mg/kg bw (35–2200 µmol/kg bw) in water or tricaprylin. The experiment was 
terminated 39 weeks after the first injection. L-Diepoxybutane slightly increased the 
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incidence (40–78% versus 27–37% in controls) and multiplicity (0.5–1.5 tumour/mouse 
versus 0.29–0.48 tumours/mouse in controls) of lung tumours (Shimkin et al., 1966). 

Groups of male Swiss mice, 6 weeks of age, received subcutaneous injections of 0.1 
or 1.1 mg D,L-diepoxybutane in 0.05 mL tricaprylin once a week for 401–589 days. Five 
local fibrosarcomas and two adenocarcinomas of breast origin were observed in a group 
of 50 mice (0.1-mg dose) and five local sarcomas in a group of 30 mice (1.1-mg dose). 
No tumours were observed in three tricaprylin-treated control groups (total of 110 
animals) (Van Duuren et al., 1966). 

Groups of 56 female B6C3F1 mice [it is unclear whether the animals were 6 or 10–11 
weeks of age] were exposed by inhalation to 0, 2.5 or 5.0 ppm D,L-diepoxybutane for 6 h 
per day on 5 days per week for 6 weeks. Eight animals per group were examined for acute 
toxicity at the end of the exposures and most of the 48 remaining animals in each group 
were held for 18 months to observe tumour development (four animals were actually held 
for 6 months and four others for 12 months). The exposures resulted in nasal lesions that 
led to reduced survival. At the end of the experiment, neoplastic lesions were observed in 
the nasal mucosa, reproductive organs, lymph nodes, bone, liver, Harderian gland, 
pancreas and lung, but the only statistically significant increase was in the incidence of 
Harderian gland lesions. The incidence of total Harderian gland tumours was 0/40 
control, 2/42 low-dose and 5/36 high-dose animals (p < 0.05, χ2 test) (Henderson et al., 
1999, 2000). 

(b) Rat 

Subcutaneous injection of 1 mg D,L-diepoxybutane in 0.1 mL tricaprylin once a week 
for 550 days induced nine local fibrosarcomas and one adenocarcinoma of breast origin in 
50 female Sprague-Dawley rats that were 6 weeks of age at the beginning of the ex-
periment. One adenocarcinoma of breast origin was observed in 50 control animals (Van 
Duuren et al., 1966). 

A 5-mg/mL dose of diepoxybutane dissolved in 0.5 mL tricaprylin was administered 
once a week by a gastric feeding tube to five female Sprague-Dawley rats, 6 weeks of 
age, for 363 days. No gastric tumours were observed (Van Duuren et al., 1966). 

Groups of 56 female Sprague-Dawley rats [it is unclear whether the animals were 6 or 
10–11 weeks of age] were exposed by inhalation to 0, 2.5 or 5.0 ppm D,L-diepoxybutane 
for 6 h per day on 5 days per week for 6 weeks. Eight animals per group were examined 
for acute toxicity at the end of the exposures and most of the 48 remaining animals in 
each group were held for 18 months to observe tumour development (four animals were 
actually held for 6 months and four others for 12 months). The exposures resulted in nasal 
lesions that led to reduced survival. At the end of the experiment, the only significant 
increase was in the incidence of neoplasms of the nasal mucosa. The incidence of these 
tumours, principally squamous-cell carcinomas, was 0/47 control, 12/48 low-dose and 
24/48 high-dose animals. Three high-dose rats had multiple tumours (Henderson et al., 
1999, 2000). 
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4.    Mechanistic and Other Relevant Data 

The toxicokinetics and toxicology of butadiene have been comprehensively reviewed 
(IARC, 1999). No measured data on the pharmacokinetics of butadiene in exposed 
humans were available at that time. Data on a limited number of metabolites and 
haemoglobin adducts of butadiene in exposed humans and data on butadiene and its 
metabolites in experimental systems using human tissues were included. However, 
considerably more information is currently available regarding the metabolic pathways of 
butadiene and its major metabolites (see Figure 1).  

Figure 1. Metabolic pathways of butadiene deduced from findings in mammals 
in vitro and in vivo 
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A, B, U, metabolites in exhaled air, blood, urine, respectively; ADH, alcohol dehydrogenase; CYP, cyto-
chrome P450; DHB, 4-(N-acetyl-L-cystein-S-yl)-1,2-dihydroxybutane; EH, epoxide hydrolase; GST, gluta-
thione-S-transferase; HB, 4-(N-acetyl-L-cystein-S-yl)-1-hydroxy-2-butanone; HMVK, hydroxymethylvinyl 
ketone 
Solid frame, electrophilic metabolites that can form DNA or haemoglobin adducts; dashed lines, assumed 
pathways 
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4.1 Absorption, distribution, metabolism and excretion 

4.1.1 Humans 

(a) Butadiene 

Perbellini et al. (2003) determined the concentrations of butadiene in alveolar air, 
blood and urine in humans after non-occupational exposure. Breath, blood and urine 
samples were taken from 61 men who lived in small mountain villages of Northeast Italy. 
The mean age of the subjects was 44.5 years (range, 26–64 years); 15 were smokers and 
46 were nonsmokers (11 of these were exposed to secondhand tobacco smoke). Samples 
were collected after overnight rest and analysed by headspace and GC–MS methods. The 
median concentrations of butadiene were 1.2 ng/L (range, < 0.8–13.2 ng/L) in alveolar 
air, 2.2 ng/L (range, < 0.5–50.2 ng) in blood and 1.1 ng/L (range, < 1–8.9 ng/L) in urine. 
Concentrations were significantly higher (two to three times) in smokers compared with 
nonsmokers in all biological media. The ratio of the median butadiene concentration in 
blood to alveolar air was 1.8, which is consistent with published values for measured 
blood:air partition coefficients.  

Lin et al. (2001) conducted an inhalation study to identify influential physiological 
factors in the respiratory uptake of butadiene in humans. Healthy volunteers (71 men and 
62 women) were exposed to 2 ppm [4.42 mg/m3] butadiene for 20 min followed by 
purified air for 40 min. Exhaled breath samples were collected during exposure to 
determine the uptake of butadiene (micrograms per kilogram of body weight (bw) 
butadiene absorbed), which varied from 0.6 to 4.9 µg/kg bw. The blood:air partition 
coefficient and alveolar ventilation were most significant in determining uptake. Women 
had a slightly higher uptake than men; increasing age and cigarette smoking resulted in 
decreased uptake. The mean percentage of total inhaled butadiene that was absorbed was 
45.6% for men and 43.4% for women. 

Lin et al. (2002) developed an automated exposure system to study the toxicokinetics 
of inhaled gases in humans. Butadiene was used for system validation at three levels 
(0.08, 0.4 and 2.0 ppm [0.18, 0.88 and 4.42 mg/m3]) and the system was tested in three 
subjects who were exposed to 2.0 ppm butadiene for 20 min. Steady-state levels of 
butadiene in alveolar air were obtained before the end of the 20-min exposure. Levels 
ranged between approximately 1 and 1.9 ppm. By the end of the 40-min post-exposure 
period, levels of butadiene in alveolar air had fallen by at least 10-fold. 

Smith et al. (2001) assessed genetic and dietary factors that affect human metabolism 
of butadiene by monitoring exhaled breath during and after a 20-min exposure of 71 male 
and 62 female volunteers to 2 ppm [4.42 mg/m3] butadiene. Chlorzoxazone was admin-
istered following exposure and urine was collected to measure the cytochrome P450 
(CYP) 2E1 phenotype. A physiologically based pharmacokinetic model was fit to the 
exhaled breath measurements of each volunteer to estimate model parameters, including 
metabolic rate. No correlation was found between total butadiene uptake and any of the 
parameters (metabolic rate, oxidation rate and CYP2E1 phenotype or genotype). 
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Gordon et al. (2002) used real-time breath measurement methods to investigate the 
suitability of volatile organic compounds, including butadiene, as breath biomarkers for 
active and passive smoking. Five adult smoker/nonsmoker pairs were recruited into the 
study. During cigarette smoking, smokers exhaled into the breath analyser throughout a 
2–2.5-h smoking period. After smoking, the long-term decay in the breath of the smokers 
was recorded continuously for 15 min. Exhaled breath in nonsmokers, who were in the 
room with the smokers, was also monitored. The maximum breath concentration of 
butadiene was relatively constant among smokers and averaged 373 µg/m3 [169 ppm]. 
Following cessation of smoking, the mean residence time was 0.47 min. The average 
room air concentration of butadiene was 18.9 µg/m3 [42 ppm]. Many of the post-exposure 
measurements of the breath of nonsmokers were below the limit of quantitation. The 
average increase in breath concentration of butadiene in nonsmokers and smokers, 
respectively, was 14.4 and 353 µg/m3 [6.5 and 160 ppm]. 

(b) Metabolites 

Several investigators have quantified the presence of metabolites derived from 
butadiene in the urine of humans in controlled laboratory, environmental or workplace 
settings. A scheme that describes metabolic pathways of butadiene deduced from in-vitro 
and in-vivo findings in mammals is presented in Figure 1. Two urinary metabolites have 
been identified: 1,2-dihydroxybutyl mercapturic acid (DHBMA; also referred to as DHB, 
MI, M-I or M1) and monohydroxy-3-butenyl mercapturic acid (MHBMA; also referred 
to as MII, M-II or M2). Both metabolites are mercapturic acids and are derived from the 
glutathione (GSH) conjugates of electrophilic butadiene metabolites (Figure 1). MHBMA 
results from the enzyme-mediated reaction of 1,2-epoxy-3-butene (epoxybutene) with 
GSH. Two isomeric forms of MHBMA have been quantified in the urine of rats and mice 
(Elfarra et al., 1995). It should be noted, however, that some of the early studies may have 
not quantified both of these isomers. DHBMA results from the hydrolysis of epoxybutene 
by epoxide hydrolase (EH) followed by further enzymatic reaction by CYP or alcohol 
dehydrogenase (ADH) to yield hydroxymethylvinyl ketone (HMVK) before eventual 
conjugation with GSH (Sprague & Elfarra, 2004). The relative proportions of these 
metabolites that were measured depended on the species. Due to the higher concentrations 
of DHBMA in control subjects, DHBMA appears to be a less specific biomarker for ex-
posure than MHBMA, for which background levels are relatively low. However, both 
metabolites appear to be elevated in humans exposed to butadiene compared with un-
exposed controls. 

Sapkota et al. (2006) collected personal air and urine samples from individuals in 
traffic-dense environments in order to characterize exposure to butadiene in this setting. 
Urine samples were analysed for MHBMA and DHBMA. Exposure to butadiene differed 
among the groups; median values were 2.38, 1.62 and 0.88 µg/m3 [5, 3.6 and 1.9 ppm] for 
toll collectors (nine individuals), urban–weekday (seven individuals) and suburban–
weekend (seven individuals) groups, respectively. These groups represented high, 
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medium and low levels of exposure intensity. All individuals were nonsmokers in non-
smoking households. For the three groups, mean levels of MHBMA were 9.7, 6.0 and 
6.8 ng/mL and those of DHBMA were 378, 258, and 306 ng/mL, respectively.  

Urban et al. (2003) applied a tandem liquid chromatography (LC)–MS method to 
determine levels of MHBMA and DHBMA in the urine of humans. Exposure to tobacco 
smoke had a significant effect on the urinary excretion of MHBMA and the metabolite 
ratio DHBMA/(DHBMA + MHBMA). Urine samples were collected over a 24-h period 
from 10 smokers and 10 nonsmokers. Mean MHBMA levels were 12.5 and 86.4 µg/24 h 
for nonsmokers and smokers, respectively. Mean DHBMA levels were 459 and 
644 µg/24 h for nonsmokers and smokers, respectively. The metabolic ratio was 0.970 
and 0.859 for the two groups, respectively. 

Fustinoni et al. (2004) assessed exposure to butadiene in two groups who worked in a 
butadiene plant: 42 occupationally exposed workers and 43 unexposed controls. Personal 
exposure to butadiene was assessed by collecting air samples during the 8-h workshift 
(three to four times over a period of 6 weeks for the exposed and once for the control 
group). Urine and exhaled air samples were collected at the beginning and end of the 
workshift and blood samples were taken at the end of the workshift for the exposed; all 
samples were collected at the end of the workshift for the controls. Concentrations of 
DHBMA and MHBMA were determined in the urine samples. Mean airborne butadiene 
concentrations were 11.5 and 0.9 µg/m3 [5.2 and 0.4 ppm] for exposed and control 
groups, respectively. Mean concentrations of butadiene metabolites in blood and urine 
were higher in exposed workers: 8.3 ng/L and 5.9 ng/L in blood and 4.3 ng/L and 
3.1 ng/L in urine of exposed and control groups before the workshift, respectively. Con-
centrations of butadiene metabolites in urine at the end of the workshift were 605 µg/L 
and 602 µg/L DHBMA and 10.5 µg/L and 7.5 µg/L MHBMA in exposed and controls, 
respectively. 

(c) Haemoglobin adducts 

While haemoglobin adducts are not causally related to mutagenic events, they provide 
an effective measure of exposure to reactive intermediates of chemicals. Haemoglobin 
adducts accumulate during the life of red cells which is approximately 120 days in 
humans. The butadiene metabolite, epoxybutene, has been shown to react with haemo-
globin to form N-(2-hydroxy-3-butenyl)valine (MHbVal) adducts. Another haemoglobin 
adduct of butadiene is N-(2,3,4-trihydroxybutyl)valine (THbVal), which can be formed in 
humans by the reaction of 3,4-epoxy-1,2-butanediol (epoxybutanediol) with haemoglobin 
or by the reaction of 1,2:3,4-diepoxybutane (diepoxybutane) with haemoglobin followed 
by hydrolysis of the haemoglobin adduct (Swenberg et al., 2000a). Swenberg et al. (2001) 
reviewed data on various biomarkers for butadiene and noted that those on both DNA and 
haemoglobin adducts strongly support the conclusion that epoxybutanediol is the major 
electrophile that binds to these macromolecules.  

Boogaard (2002) reviewed the use of haemoglobin adducts to monitor exposure and 
drew several important conclusions. In theory, the removal of haemoglobin adducts is a 
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zero-order process and is only determined by the life-span of the erythrocyte. Poor 
correlations were found between concentrations of adducts in a spot blood sample and air 
concentrations on a limited number of days (i.e. 1–3 days during the shift). In contrast, 
good correlations were found when very frequent air monitoring was carried out, such as 
10 full-day shift measurements over a 2-month period. Good correlations were also found 
between an increase in adduct concentration over a short period of time and the cumu-
lative exposure during this time, which was determined by continuous monitoring. The 
author noted that, when specific adducts are determined, information is also obtained 
regarding the chemical nature of the reactive intermediates. Butadiene forms at least two 
other reactive intermediates other than epoxybutene: diepoxybutane and epoxybutanediol, 
both of which form the same THbVal adducts. One of the major data gaps in the assess-
ment of exposure to butadiene is a sensitive biomarker that is specific for diepoxybutane. 
One potential biomarker is the cyclic adduct, N,N-(2,3-dihydroxy-1,4-butadiyl)valine 
(PyrVal), which has recently been quantified in rats and mice exposed to levels as low as 
1 ppm [2.21 mg/m3] butadiene for 10 days, but its presence has yet to be quantified in 
human haemoglobin samples (Boysen et al., 2004; Swenberg et al., 2007). 

The utility of haemoglobin adducts as biomarkers for human exposure to butadiene 
has been investigated in several molecular epidemiological studies that often included the 
measurement of urinary metabolites and personal air monitoring of butadiene, as well as 
genotoxicity end-points and metabolic phenotypes. 

Van Sittert et al. (2000) and Boogaard et al. (2001a) reported on the assessment of 
urinary metabolites and haemoglobin adducts. One study involved 44 male workers in a 
butadiene monomer production facility in the Netherlands who were exposed to low 
levels of butadiene and 28 male administrative workers with no occupational exposure to 
butadiene. A second study conducted in a butadiene monomer and styrene–butadiene 
rubber production facility in Prague, Czech Republic, involved 24 male workers from the 
monomer unit, 34 from the polymer unit and 25 administrative workers. This study is 
described in detail by Albertini et al. (2001, 2003a). In the two studies, airborne levels of 
butadiene, MHBMA, DHBMA and MHbVal were determined. MHBMA was more sen-
sitive than DHBMA for monitoring recent exposures and could be detected at an 8-h 
TWA exposure as low as 0.13 ppm [0.29 mg/m3]. The sensitivity of DHBMA was 
restricted by high background levels, of which the origin is unknown. This study 
confirmed the higher hydrolytic activity in humans compared with rodents, as shown in 
other studies, which was reflected in the much higher ratio of DHBMA/(MHBMA + 
DHBMA). 

In the study in the Netherlands, airborne levels of butadiene ranged from 0.2 to 
9.5 ppm [0.09–4.3 mg/m3] (8-h TWA) and levels of MHbVal ranged from 0.6 to 
3.8 pmol/g haemoglobin in exposed workers and from 0.1 to 1.2 pmol/g haemoglobin in 
controls. In the study in Prague, airborne levels of butadiene ranged from 0 to 0.038 ppm 
[0–0.02 mg/m3] for the controls, 0.02 to 1.6 ppm [0.009–0.72 mg/m3] for the monomer 
workers and 0.02 to 4.2 ppm [0.009–1.9 mg/m3] for the polymer workers. There was a 
strong correlation between the 60-day average airborne concentration of butadiene and 
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MHbVal, which the authors concluded was a sensitive method for monitoring cumulative 
exposures to butadiene above 0.35 ppm [0.16 mg/m3]. In controls, urinary levels of 
MHBMA ranged from 0.1 to 7.3 µg/L and those of DHBMA from 197 to 747 µg/L. In 
the monomer and polymer workers, levels of MHBMA ranged from < 0.1 to 44 µg/L and 
from 1.7 to 962 µg/L, respectively, in end-of-shift urine samples. Levels of DHBMA 
ranged from 52 to 3522 µg/L in the monomer and from 190 to 26 207 µg/L in the 
polymer workers. For each metabolite there was a strong correlation between the urinary 
concentration and 8-h TWA levels of airborne butadiene. 

Albertini et al. (2001, 2003a) conducted a molecular epidemiological study of 
humans exposed to butadiene in an occupational setting in Prague, Czech Republic (24 
butadiene monomer production workers, 34 polymerization workers and 25 controls). 
Personal 8-h TWA measurements of exposure to butadiene were made on several 
occasions over a 60-day period, and biological samples were obtained for the measure-
ment of biomarkers of butadiene metabolism: urinary metabolites of butadiene, MHBMA 
and DHBMA and the haemoglobin adducts, MHbVal and THbVal. Mean 8-h TWA 
levels of exposure to butadiene were 0.642 mg/m3 [1.42 ppm] for the monomer workers, 
1.794 mg/m3 [3.96 ppm] for the polymerization workers and 0.023 mg/m3 [0.05 ppm] for 
the controls. All four biomarkers were significantly correlated with levels of exposure to 
butadiene; the haemoglobin adducts were the most highly correlated. After a workshift, 
mean concentrations of DHBMA were 764, 4647 and 353 µg/L for the monomer pro-
duction, polymerization and administration workers, respectively, and mean concen-
trations of MHBMA were 9.44, 120.17 and 1.70 µg/L, respectively. The proportion of 
MHBMA to the total urinary metabolites (MHBMA + DHBMA) was analysed relative to 
the glutathione-S-transferase (GST) genotypes, GSTM1 and GSTT1, for all three exposure 
groups. The mean ratios for workers with the homozygous null genotypes in all groups 
were always lower than those for workers with positive genotypes. Thus, although 
MHBMA represents a minor pathway in butadiene metabolism, there is a decrease in the 
proportion of this metabolite formed by GST-null individuals. Concentrations of MHbVal 
were 0.47, 2.23 and 0.22 pmol/g haemoglobin for the monomer production, polymer-
ization and administration workers, respectively. The group means were correlated with 
the measured mean levels of exposure to butadiene. Mean concentrations of the THbVal 
adduct were 178.73, 716.70 and 94.77 pmol/g haemoglobin for the three groups, 
respectively. Thus, the THbVal adduct is present at concentrations that are increased 
approximately fivefold over background. There was no effect of GSTT1 or GSTM1 
genotype on the formation of haemoglobin adducts. 

Albertini et al. (2007) reported a second study in Czech workers that included both 
men and women: 23 female workers exposed to butadiene, 26 female control workers, 30 
male workers exposed to butadiene and 25 male control workers. Multiple external 
exposure measurements were made over a 4-month period before biological samples 
were collected. Mean 8-h TWA exposure levels were 0.008 mg/m3 [0.0035 ppm] and 
0.397 mg/m3 [0.180 ppm] for female controls and exposed workers, respectively. 
Exposure levels for men were 0.007 mg/m3 [0.0032 ppm] and 0.808 mg/m3 [0.370 ppm] 
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for controls and exposed, respectively. Urinary concentrations of MHBMA and DHBMA 
were elevated in exposed male and female workers compared with controls. Mean levels 
of DHBMA were 331.6 µg/L and 508.1 µg /L for control and exposed women, 
respectively, and 512.8 µg/L and 854.1 µg/L for control and exposed men, respectively. 
Mean levels of MHBMA were 8.3 µg/L and 19.2 µg /L for control and exposed women, 
respectively, and 14.9 µg/L and 47.9 µg/L for control and exposed men, respectively. As 
part of this study, assays were conducted to determine the presence of the haemoglobin 
adduct, PyrVal. This adduct is specific for the highly genotoxic metabolite of butadiene, 
diepoxybutane. All samples were below the limit of quantitation for the assay (0.3 pmol/g 
haemoglobin). 

Swenberg et al. (2007) quantified PyrVal in the blood of mice and rats exposed to 
1 ppm [2.21 mg/m3] butadiene. For these comparative studies, 50 mg haemoglobin from 
workers, rats and mice were analysed by the method of Boysen et al. (2007). Whereas all 
rat and mouse samples had quantifiable amounts of PyrVal, none of the human samples 
did. The authors reported that, although the TWA exposures to butadiene in the Czech 
study were below 1 ppm [2.21 mg/m3] for both men and women, the duration of exposure 
was much greater for humans than for rodents, which made the cumulative exposures 
comparable. Since haemoglobin adducts form over the lifespan of the erythrocyte 
(humans, 120 days; rats, 63 days; and mice, 43 days), human haemoglobin had a 
cumulative exposure similar to that of both rats and mice (women: 0.18 ppm butadiene × 
17.1 weeks = 3.1 ppm–weeks; men: 0.37 ppm butadiene × 17.1 weeks = 6.3 ppm–weeks; 
rodents: 1 ppm butadiene × 4 weeks = 4.0 ppm–weeks). They also reported that the 
analytical peaks in samples from rats exposed to 1 ppm [2.21 mg/m3] butadiene were 
sufficiently large that quantitative measurements could have been made with one-third of 
the haemoglobin, which suggests that humans form at least three times less PyrVal than 
similarly exposed rats and 100 times less than similarly exposed mice. 

Fustinoni et al. (2002) investigated the role of genetic polymorphisms in the 
metabolism of butadiene in 40 Italian subjects. Thirty were occupationally exposed 
during butadiene monomer production or polymerization processes and 10 were 
unexposed administrative clerks. Air samples were collected from butadiene-exposed 
workers during the workshift using personal samplers. Personal exposure to airborne 
butadiene ranged from 4 to 201 µg/m3 [1.8–90.5 ppm]. At the end of the workshift, blood 
and urine samples were collected from all subjects. Concentrations of the urinary 
metabolite DHBMA and the haemoglobin adduct THbVal were assessed. Median urinary 
DHBMA concentrations were 17.1 mg/g creatinine in exposed workers and 1.42 mg/g 
creatinine in unexposed workers; THBVal levels were 37 pmol/g haemoglobin and 35.3 
pmol/g haemoglobin in exposed and unexposed groups, respectively. Smoking influenced 
the formation of haemoglobin adducts and higher THbVal levels were found in subjects 
with GSTM1 null and GSTT1 null genotypes. 

Hayes et al. (2001) examined a spectrum of outcomes in 41 butadiene polymer 
production workers and 38 controls in China. Smokers accounted for 86.7% of the 
exposed group and 78.6% of the controls. Median butadiene concentrations (6-h TWA) 
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were 2 ppm [0.90 mg/m3] for the exposed group and 0 ppm for the controls, as 
determined during a 6-h workshift using personal samplers. A post-shift blood sample and 
during-shift urine samples were also collected. Median urinary concentrations of 
DHBMA were 1.3 µg/mg creatinine in the exposed group and 0.6 µg/mg creatinine in the 
controls. THbVal haemoglobin adducts were significantly more common [numerical data 
not provided] in exposed workers than in the unexposed (p < 0.0001) and correlated well 
with air measurement (Spearman’s ρ = 0.40, p = 0.03) and weakly with urinary butadiene 
(Spearman’s ρ = 0.37, p = 0.24).  

(d) Physiologically based toxicokinetic models 

Physiologically based models founded on informative prior distributions for 
population parameters as well as previously published data on exhaled breath 
concentrations of butadiene in exposed humans have been designed to facilitate a global 
sensitivity analysis of the kinetics of butadiene and its metabolites in humans; the most 
recent was published by Brochot et al. (2007) and its purpose was to guide the design of 
new human experiments intended to collect critically useful kinetic data on butadiene and 
its metabolites.  

4.1.2 Experimental systems  

At the beginning of each of the following sections, brief highlights on the disposition 
of butadiene that were summarized previously (IARC, 1999) are presented. The reader 
should refer to that monograph for citations and more complete descriptions of the 
relevant studies. These highlights are followed by information that has been published 
since that time. For this and other sections, diepoxybutane refers to the (±) racemic 
mixture of diastereomers, unless otherwise specified.  

(a) Butadiene 

Inhalation pharmacokinetic studies conducted in Sprague-Dawley rats and B6C3F1 
mice demonstrated linear metabolic elimination kinetics at exposures of up to about 
1000 ppm [2200 mg/m3]; maximal rates of butadiene metabolism were higher in mice 
(400 µmol/h/kg) than in rats (220 µmol/h/kg) (IARC, 1999). In the linear range, metab-
olism is limited by the uptake of this gas. At equivalent, non-saturating exposure levels, 
steady-state blood concentrations of butadiene are about twofold higher in mice than in 
rats. Numerous metabolites have been identified in the urine of rats and mice exposed to 
butadiene (Figure 1); the major urinary metabolites are mercapturic acids (DHBMA and 
MHBMA) that result from conjugation of epoxybutene or HMVK, a metabolite of 
butenediol, with GSH.  

Exhaled epoxybutene was measured in chamber atmospheres in which male B6C3F1 
mice or Sprague-Dawley rats were exposed for up to 8 h to constant concentrations of 
butadiene that ranged from 1 ppm to 6000 ppm [2.21–13 260 mg/m3] (mice) or 
10 000 ppm [22 100 mg/m3] (rats) (Filser et al., 2007). In additional experiments, blood 
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levels of diepoxybutane, butenediol and epoxybutanediol were measured at the end of 6-h 
exposures that ranged from 60 ppm [132.6 mg/m3] up to about 1200 ppm [2652 mg/m3]. 
Epoxybutanediol is formed by partial hydrolysis of diepoxybutane or by oxidation of 
butenediol (Figure 1). Blood concentrations of epoxybutene were estimated from the 
product of its atmospheric concentration at steady state and its blood:air partition 
coefficient. Mouse:rat ratios of blood concentrations of epoxybutene were 2.0–2.6 at 
concentrations of butadiene below 10 ppm [22.1 mg/m3], 3.8 at 100 ppm [221 mg/m3], 
4.9 at 625 ppm [1381 mg/m3] and 8.0 at 1250 ppm [2762.5 mg/m3]. Blood concentrations 
of diepoxybutane in mice were 0.30, 2.2 and 3.2 µmol/L at 67, 630 and 1270 ppm [148, 
1392.3 and 2806.7 mg/m3] butadiene, respectively. Diepoxybutane was not detected in 
the blood of rats exposed to up to 900 ppm [1989 mg/m3] butadiene (detection limit, 
10 nmol/L) (Filser et al., 2007). However, previous studies (IARC, 1999) reported 
diepoxybutane levels of 2.4–5 nmol/L in male and 11 nmol/L in female Sprague-Dawley 
rats exposed to 62.5 ppm [138 mg/m3] butadiene. Butenediol levels reached 60 µmol/L in 
both species exposed to 1200 ppm [2652 mg/m3] butadiene, whereas maximum blood 
levels of epoxybutanediol were 42 µmol/L in mice exposed to 300 ppm [663 mg/m3] 
butadiene and 9.5 µmol/L in rats exposed to 150 ppm [331.5 mg/m3] butadiene. The 
limited epoxybutanediol formation was suggested to be due to competition by butadiene 
for the CYP-mediated oxidation of epoxybutene to diepoxybutane and of butenediol to 
epoxybutanediol. In rats, the total blood concentrations of epoxybutene and 
epoxybutanediol were greater after exposure to 200 ppm [442 mg/m3] butadiene than 
after exposure to 1000 or 8000 ppm [2210 or 17 680 mg/m3]; the latter values are the 
concentrations of butadiene that were used in a rat carcinogenicity study. 

First-pass metabolism of butadiene to epoxybutene, diepoxybutane, butenediol, 
epoxybutanediol and crotonaldehyde was quantified in the livers of male Sprague-Dawley 
rats and B6C3F1 mice perfused in a gas-tight all-glass system (Filser et al., 2001). 
Concentrations of butadiene in the perfusate and perfusion rates were 330 nmol/mL at 3–
4 mL/min for mouse liver and 240 nmol/mL at 17–20 mL/min for rat liver. 
Concentrations of butadiene and its metabolites in the perfusate that entered and left the 
liver were measured during 100-min perfusions. The perfusate consisted of Krebs-
Henseleit buffer that contained bovine erythrocytes, bovine serum albumin and a constant 
concentration of butadiene. The rate of single-pass butadiene metabolism was estimated 
to be 0.014 and 0.055 mmol/h per liver of mouse and rat, respectively. The mean 
concentration of epoxybutene was 1.1 nmol/mL in the rat liver effluent and 9.4 nmol/mL 
in the mouse liver effluent. Butenediol concentrations in the perfusates that left the liver 
were similar in rats and mice (approximately 7 and 8 nmol/mL, respectively). Levels of 
diepoxybutane and epoxybutanediol were below the limit of detection in the effluent from 
the rat liver and low in the mouse liver effluent (approximately 0.06 and 0.07 nmol/mL, 
respectively). Concentrations of crotonaldehyde were below the limit of detection 
(60 nmol/L) in both rat and mouse liver.  

Filser et al. (2001) also studied butadiene metabolism in perfused livers obtained 
from rats that were depleted of GSH by pretreatment with diethylmaleate. Under these 
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conditions, the rate of metabolism was not altered; however, concentrations of 
epoxybutene and butenediol were increased 25- and 10-fold, respectively, and 
concentrations of diepoxybutane and crotonaldehyde in the effluent perfusates were 
quantifiable (0.15 and 0.10 nmol/mL, respectively). The authors concluded that GST 
activity is important in controlling the production of diepoxybutane and crotonaldehyde in 
rats.  

(b) Metabolites in vitro (see Figure 1) 

Butadiene is oxidized initially to epoxybutene by nicotinamide adenine dinucleotide 
phosphate (NADPH)-dependent metabolism that primarily involves CYP2E1 and 
CYP2A6. This metabolic pathway has been measured in microsomal fractions obtained 
from the livers and lungs of mice, rats and humans and from the kidney and testis of rats 
and mice (IARC, 1999). At low concentrations of butadiene, metabolism via CYP2E1 
predominates. Liver microsomes from mice, rats and humans can also oxidize 
epoxybutene to diepoxybutane. Kinetic parameters (maximum velocity [Vmax] and 
Michaelis-Menten constant [Km]) indicated faster rates of oxidative metabolism of 
butadiene and epoxybutene in microsomes from mice than in those from rats, while 
human liver microsomes showed a wide range of activites (Csanady et al., 1992; 
Duescher & Elfarra, 1994), but only a small number of human liver and lung samples 
were analysed. Mouse, rat and human microsomes can convert epoxybutene to both 
(±)-diepoxybutane and meso-diepoxybutane. The latter isomer is preferentially 
hydrolysed in rat and human liver microsomes (Krause & Elfarra, 1997). Epoxybutene 
and diepoxybutane are eliminated by microsomal EH (mEH) and by cytosolic GST 
activities. In-vitro kinetics of EH- and GST-catalysed metabolism of epoxybutene and 
diepoxybutane in microsomal and cytosolic fractions from livers and lungs of mice, rats 
and humans have also been reported (IARC, 1999). GST activities were highest in mouse 
and lowest in human cytosol; EH activities were highest in human and lowest in mouse 
microsomes. Bone-marrow cells of mice and humans can also oxidize butadiene to 
epoxybutene by a myeloperoxidase-catalysed reaction. A third epoxide intermediate of 
butadiene metabolism, epoxybutanediol, can be formed by the oxidation of butenediol 
(the product of epoxybutene hydrolysis) or by partial hydrolysis of diepoxybutane.  

Hepatocytes isolated from male B6C3F1 mice and Sprague-Dawley rats were 
incubated with epoxybutene and evaluated for the formation of diepoxybutane, butenediol 
and GSH conjugates at 5-min intervals during incubations of up to 45 min (Kemper et al., 
2001). The results are shown in Table 22. Cumulative levels of combined racemic and 
meso-diepoxybutane (oxidation of epoxybutene) were higher in mouse than in rat 
hepatocyte cultures, whereas the cumulative levels of butenediol (hydrolysis of 
epoxybutene) were higher in the rat hepatocyte cultures. GSH conjugates were present at 
similar levels in both rat and mouse hepatocyte cultures. 

Hepatic microsomes pooled from cynomolgus monkeys or humans exposed to 
butadiene (monkey microsomes: 46 ppm, 290 ppm or 28 000 ppm [102, 641 or 
61 880 mg/m3]; human microsomes: 45 ppm, 450 ppm or 36 000 ppm [99, 995 or 
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79 560 mg/m3]) produced epoxybutene at similar rates (Dahl & Henderson, 2000). 
Oxidation of epoxybutene to diepoxybutane, which is competitively inhibited by 
butadiene, was slightly faster in monkey than in human microsomes. 

Table 22. Area under the concentration versus time curve 
(nmol⋅⋅⋅⋅min/106 cells) for epoxybutene-derived metabolites in 
isolated mouse and rat hepatocytes during 45-min incubations 
with epoxybutene 

Concentration of 
epoxybutene (µM) 

Diepoxybutane Butenediol GSH conjugates 

Mouse hepatocytes 
  5 63 ± 23 9 ± 1 22 ± 14 
 25 197 ± 28 133 ± 24 117 ± 32 
250 616 ± 53 908 ± 172 1101 ± 322 
Rat hepatocytes 
  5 5 ± 1 78 ± 20 27 ± 1 
 25 13 ± 3 435 ± 98 153 ± 9 
250 80 ± 3 3403 ± 755 1552 ± 206 

From Kemper et al. (2001) 
GSH, glutathione 

(c) Metabolites in vivo (see Figure 1) 

The identification of epoxybutene in exhaled breath, blood and multiple organs of rats 
or mice exposed to butadiene indicates the systemic availability of this metabolic 
intermediate. At equivalent exposure concentrations of butadiene, tissue levels of 
epoxybutene and diepoxybutane were higher in mice than in rats (IARC, 1999).  

14C-Labelled epoxybutene was administered as a single intraperitoneal injection to 
male Sprague-Dawley rats and B6C3F1 mice at doses of 1, 5, 20 and 50 mg/kg bw; urine 
and faeces were collected up to 48 h after treatment (Richardson et al., 1998). 
Approximately 50% of the administered radioactivity was excreted in the urine and 2–5% 
in the faeces. Urinary metabolites identified in this study are listed in Table 23. Because 
the percentage of urinary radioactivity recovered for each metabolite did not differ in 
relation to the administered dose, mean values across the dose groups are shown. Both 
species preferentially metabolized epoxybutene by direct conjugation with GSH. In rats, 
48–64% of the urinary radioactivity was derived from the direct reaction of epoxybutene 
with GSH and 14–25% was derived from hydrolysis of epoxybutene. In mice, 60–72% of 
the urinary radioactivity was derived from the direct reaction of epoxybutene with GSH 
and 6–10% was derived from hydrolysis of epoxybutene. No metabolites of 
diepoxybutane were detected in the urine of either species.  
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Table 23. Urinary metabolites in rats and mice given a single intraperitoneal 
injection of 1, 5, 20 or 50 mg/kg bw [4-14C]epoxybutene  

% of recovered urinary radioactivity Metabolitea 

Rat Mouse 

Polar fractionb 22 ± 2 23 ± 1 

4-(N-Acetyl-L-cystein-S-yl)-1,2-dihydroxybutane and 
 4-(N-acetyl-L-cystein-S-yl)-2-hydroxybutanoic acid 

14 ± 3 10 ± 2 

3-(N-Acetyl-L-cystein-S-yl)propan-1-ol and 
 3-(N-acetyl-L-cystein-S-yl)propanoic acid 

6 ± 2 – 

(R)-2-(N-Acetyl-L-cystein-S-yl)-1-hydroxybut-3-ene 13 ± 1 11 ± 1 

1-(N-Acetyl-L-cystein-S-yl)-2-(S)-hydroxybut-3-ene and 
 1-(N-acetyl-L-cystein-S-yl)-2-(R)-hydroxybut-3-ene 

19 ± 5 26 ± 6 

(S)-2-(N-Acetyl-L-cystein-S-yl)-1-hydroxybut-3-ene 25 ± 2 11 ± 2 

4-(N-Acetyl-L-cystein-S-yl)-1-hydroxybut-2-ene 1 ± 0.4 – 

S-(1-Hydroxybut-3-en-2-yl)mercaptoacetic acid – 10 ± 2 

S-(2-Hydroxybut-3-en-1-yl)mercaptoacetic acid – 10 ± 2 

From Richardson et al. (1998) 
a Italicized metabolites are produced subsequent to hydrolysis of epoxybutene; the other metabolites 
listed are produced by direct reaction of epoxybutene with glutathione. 
b Individual metabolites in the polar fraction were less than 1% of the recovered urinary radioactivity. 

Male Sprague-Dawley rats and B6C3F1 mice were exposed by nose-only inhalation 
to 200 ppm [442 mg/m3] [2,3-14C]butadiene for 6 h; radioactivity in urine, faeces, exhaled 
volatiles and [14C]carbon dioxide was measured during and up to 42 h after exposure 
(Richardson et al., 1999). Total uptake of butadiene was 0.19 mmol/kg bw (10.3 mg/kg) 
in rats and 0.38 mmol/kg bw (20.5 mg/kg) in mice. In rats, 40% of the recovered 
radioactivity was exhaled as [14C]carbon dioxide, 42% was excreted in urine, 8% was 
excreted in faeces and 9% remained in the carcass. In mice, 6% of the recovered 
radioactivity was exhaled as [14C]carbon dioxide, 71% was excreted in urine, 11% was 
excreted in faeces and 13% remained in the carcass. Because the position of the radiolabel 
in this study was on carbons 2 and 3, the formation of [14C]carbon dioxide is a result of 
the loss of two carbon atoms from butadiene. Urinary metabolites identified in this study 
are listed in Table 24. Metabolites arising from the direct reaction of epoxybutene with 
GSH accounted for 8% of the metabolized dose in rats and 16% of the metabolized dose 
in mice. In contrast to the study of epoxybutene metabolism (Richardson et al., 1998), the 
study on butadiene metabolism identified trihydroxybutyl mercapturic acids in the urine 
of exposed rats and mice.  
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Table 24. Urinary metabolites in rats and mice exposed to 200 ppm 
[14C]butadiene for 6 h  

% of total radioactivity recovered  Metabolitea 

Rat Mouse 

Polar fraction 16.6 ± 0.6 33.0 ± 0.6 

4-(N-Acetyl-L-cystein-S-yl)-1,2,3-trihydroxybutane and 
 3-(N-acetyl- L-cystein-S-yl)-1,2,4-trihydroxybutane  

4.1 ± 0.2 6.7 ± 0.3 

4-(N-Acetyl-L-cystein-S-yl)-1,2-dihydroxybutane  7.3 ± 1.2 7.1 ± 0.3 

4-(N-Acetyl-L-cystein-S-yl)-2-hydroxybutanoic acid 1.1 ± 0.1 – 

3-(N-Acetyl-L-cystein-S-yl)propan-1-ol and 
 3-(N-acetyl-L-cystein-S-yl)propanoic acid 

0.4 ± 0.1 – 

(R)-2-(N-Acetyl-L-cystein-S-yl-1-hydroxybut-3-ene 1.7 ± 0.3 1.9 ± 0.4 

1-(N-Acetyl-L-cystein-S-yl)-2-(S)-hydroxybut-3-ene  0.2 ± 0.1 1.3 ± 0.2 

1-(N-Acetyl-L-cystein-S-yl)-2-(R)-hydroxybut-3-ene 1.6 ± 0.4 6.1 ± 0.2 

(S)-2-(N-Acetyl-L-cystein-S-yl)-1-hydroxybut-3-ene 4.2 ± 0.6 2.5 ± 0.1 

4-(N-Acetyl-L-cystein-S-yl)-1-hydroxybut-2-ene – 0.1 ± 0.1 

S-(1-Hydroxybut-3-en-2-yl)mercaptoacetic acid – 1.6 ± 0.4 

S-(2-Hydroxybut-3-en-1-yl)mercaptoacetic acid – 2.3 ± 0.1 

Unknown 3.9 ± 0.8 – 

From Richardson et al. (1999) 
a Italicized metabolites are produced subsequent to hydrolysis of epoxybutene; the other 
metabolites listed are produced by direct reaction of epoxybutene with glutathione. 

Urinary metabolites were also identified in male Sprague-Dawley rats and B6C3F1 
mice exposed by nose-only inhalation to 1, 5 or 20 ppm [2.21, 11 or 44 mg/m3] 
[2,3-14C]butadiene for 6 h (Booth et al., 2004a). This study did not include measurements 
of radioactivity in faeces, exhaled volatiles, carbon dioxide or the carcass. Urine was 
collected over an 18-h period after exposure but not during exposure. The profiles of 
urinary metabolites were somewhat similar to those reported by Richardson et al. (1999). 

Four mercapturic acids derived from HMVK were identified in the urine from male 
B6C3F1 mice and Sprague-Dawley rats given a single intraperitoneal injection of 25, 
62.5, 125 or 200 mg/kg bw butanediol (Sprague & Elfarra, 2004). The metabolites were 
N-acetyl-L-cystein-S-yl conjugates of 1,2-dihydroxybutane, 1-hydroxy-2-butanone, 
propanol and propionic acid. HMVK may be formed by ADH- or CYP-mediated 
oxidation of butenediol. These four HMVK-derived metabolites accounted for 7 and 11% 
of the total radioactivity recovered from rats and mice exposed to butadiene, respectively 
(Richardson et al., 1999).  
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Trace amounts of 1-hydroxy-2-butanone, crotonic acid, propionic acid and 2-
ketobutyric acid were detected in the urine of male B6C3F1 mice and Sprague-Dawley 
rats administered butanediol by intraperitoneal injection (mice: 125 or 250 mg/kg bw; 
rats: 62.5, 125, 200 or 250 mg/kg bw) (Sprague & Elfarra, 2003). The combined 
concentration of these metabolites was less than 1% of the administered dose of 
butenediol; these low levels may be due to further metabolism of the carboxylic acids 
prior to their excretion in the urine. The detection of these metabolites suggests the 
possibility that toxic intermediary metabolites, such as crotonaldehyde, may be formed 
from butenediol.  

(d) Haemoglobin adducts 

Epoxybutene can form two diastomeric pairs of adducts at the N-terminal valine of 
haemoglobin termed MHbVal: N-(2-hydroxy-3-buten-1-yl)valine and N-(1-hydroxy-3-
buten-2-yl)valine (IARC, 1999). Levels of these adducts formed in rats and mice are 
dependent on exposure concentrations of butadiene, duration of exposure and the turnover 
rates of red blood cells.  

Much work has been carried out on the use of haemoglobin adducts as biomarkers of 
internal levels of the epoxide intermediates of butadiene metabolism. Epoxybutene, 
diepoxybutane and epoxybutanediol can react with the N-terminal valine to form 
MHbVal, PyrVal and THbVal adducts, respectively (Boysen et al., 2007). In addition, 
THbVal may also be formed by the reaction of haemoglobin with diepoxybutane and 
subsequent hydrolysis of the remaining epoxide group. 

THbVal adduct levels in haemoglobin isolated from erythrocytes of male Sprague-
Dawley rats and B6C3F1 mice exposed by nose-only inhalation to 1, 5 or 20 ppm [2.2, 11 
or 44 mg/m3] [2,3-14C]butadiene for 6 h per day for 5 days were 80, 179 and 512 pmol/g 
haemoglobin for rats, respectively, and 143, 351 and 1100 pmol/g haemoglobin for mice, 
respectively (Booth et al., 2004a). However, the level of radioactivity was approximately 
1.3-fold higher in rat than in mouse haemoglobin. The measured levels of THbVal adduct 
represented only about 1–2% of the total radioactive adducts in the haemoglobin, which 
indicates that multiple alkylation sites within haemoglobin may be modified by butadiene 
metabolites. After incubation of epoxybutane with erythrocytes, Moll et al. (2000) 
detected 10 epoxybutane adducts on each of the α- and β-globin chains. 

A specific ring-closed adduct, the pyrolidine adduct PyrVal, can be formed by the 
reaction of haemoglobin with diepoxybutane (Fred et al., 2004). This adduct has been 
measured after in-vitro reactions of rat and mouse erythrocyte haemolysates with 
diepoxybutane and after intraperitoneal injections of diepoxybutane into Fischer 344 rats 
and C57/BL mice. The levels of PyrVal adduct per administered dose were similar in rat 
and mouse haemoglobin after in-vitro or in-vivo exposure to diepoxybutane. In addition, 
THbVal adducts were measured in rats and mice given intraperitoneal injections of 
diepoxybutane or epoxybutanediol. Levels of this adduct were similar in mice and rats 
dosed with epoxybutanediol; however, after treatment with diepoxybutane, levels of 
THbVal adducts were three to four times higher in rats.  
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Several haemoglobin adducts were measured in rats and mice after inhalation 
exposure to butadiene (Boysen et al., 2004, 2007). Female B6C3F1 mice were exposed to 
3, 62.5 or 1250 ppm [6.6, 138 or 3453 mg/m3] butadiene for 6 h per day for 2 weeks, 
while female Fischer 344 rats were exposed to 3 or 62.5 ppm [6.6 or 138 mg/m3] for 
10 days. At equivalent butadiene exposures, the levels of MHbVal and PyrVal were 
higher in mice than in rats, while levels of THbVal were similar in these species 
(Table 25). The formation of each of these adducts in mice and rats was more efficient 
(pmol adduct/g haemoglobin per ppm butadiene) at 3 ppm butadiene than at higher 
exposure concentrations. The major adduct formed in mice and rats is THbVal. In rats, 
formation of THbVal reaches a plateau at exposures to butadiene above 62.5 ppm 
(Boysen et al., 2007).  

Table 25. N-Terminal haemoglobin adducts (pmol/g haemoglobin and adducts/ 
ppm butadiene) in mice and rats exposed to butadiene (BD) for 10 days 

MHbVal PyrVal THbVal  Exposure 
(ppm) 

pmol/g /ppm BD pmol/g /ppm BD pmol/g  /ppm BD 

Mice    0 0.91 ± 0.9    54 ± 8  
    3 38 ± 6 12.7 49 ± 3 16.2 339 ± 41 112.8 
   62.5 145 ± 21  2.3 130 ± 64  2.1 3202 ± 302  51.2 
 1250 7386 ± 227  5.9 2487 ± 426  2.0 14 838 ± 975  11.9 

Rats    0 2.6 ± 0.6    60 ± 2  
    3 1.3 ± 0.7  4.3 4 ± 1  1.3 397 ± 12 132 
   62.5 86 ± 1.2  1.4 38 ± 1  0.6 2937 ± 39  47 
 1250 1682 ± 58  1.4   5555 ± 469   4.4 

From Boysen et al. (2007) 
MHbVal, N-(2-hydroxy-3-butenyl)valine; PyrVal, N,N-(2,3-dihydroxy-1,4-butadiyl)valine; THbVal, 
N-(2,3,4-trihydroxybutyl)valine 

 
The levels of THbVal adducts in female B6C3F1 mice exposed by inhalation to 6, 18 

or 36 ppm butanediol for 6 h per day on 5 days per week for 4 weeks were approximately 
twofold higher than those in female Fischer 344 rats exposed to the same concentrations 
of this metabolite. The similarity in the shape of the dose–response curves for the 
formation of these adducts and the induction of hypoxanthine–guanine phosphoribosyl 
transferase gene (Hprt) mutant frequency in splenic T cells from mice and rats exposed to 
butenediol suggests that epoxybutanediol (the product of butenediol epoxidation) may 
play a significant role in the mutagenicity of butadiene (Powley et al., 2005).  

(e) Physiological toxicokinetic models of butadiene disposition 

Several physiologically based toxicokinetic models have been developed to 
characterize the disposition of butadiene and epoxybutene in rats and mice (IARC, 1999). 
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These models were based on species-specific physiological parameters, in-vitro metabolic 
parameters, and blood:air, tissue:air and tissue:blood partition coefficients. Adjustable 
parameters were estimated by fitting the models to data on butadiene and epoxybutene 
uptake in rats and mice exposed separately to these gases in closed chambers. Although 
each model was fairly effective in reproducing butadiene uptake in rats and mice, they 
overpredicted blood levels of epoxybutene measured subsequently in rats and mice 
exposed to butadiene. This discrepancy was reduced by assuming that epoxybutene 
formed from butadiene is partially sequestered in an intrahepatic compartment that allows 
first-pass metabolism of epoxybutene by EH or by assuming that only a small fraction of 
butadiene (19–24%) is oxidized to epoxybutene. None of the models included the 
formation or elimination of epoxybutanediol. 

Predictions of human blood levels of diepoxybutane are sensitive to parameters that 
affect the metabolism of butadiene to epoxybutene, the rate at which epoxybutene is 
oxidized to diepoxybutane and the rates of hydrolysis of epoxybutene and diepoxybutane.  

To address the finding that physiological models of butadiene disposition that 
reproduced the uptake of this gas and epoxybutene from closed chambers but 
overpredicted blood concentrations of epoxybutene measured subsequently in rats and 
mice exposed to butadiene, a modified model was proposed in which epoxybutene 
formed from butadiene has privileged access to EH (Kohn & Melnick, 2000; based on 
work of Oesch & Daly, 1972). This was then expanded to include equations for the 
production and metabolism of butenediol and epoxybutanediol (Kohn & Melnick, 2001). 
The model predicts higher concentrations of epoxybutanediol than either epoxybutene or 
diepoxybutane in all metabolizing tissues of rats and mice at all butadiene exposures 
examined.  

4.2 Genetic and related effects 

The genetic toxicology of butadiene and its major metabolites, epoxybutene and 
diepoxybutane, has been reviewed (IARC, 1999; Henderson, 2001). 

4.2.1 Humans 

The HPRT variant frequency in lymphocytes as well as the concentration of the 
urinary metabolite of butadiene, DHBMA, was examined in 49 workers in a styrene–
butadiene rubber production facility in Texas, USA (Ammenheuser et al., 2001). The 
study included 24 subjects who had high exposure and 25 who had low exposure for 
HPRT variant frequency analysis, 22 subjects who had high exposure and 24 who had 
low exposure for dosimeter measurements and 24 who had high exposure and 23 who 
had low exposure for urine analyses. The mean value of exposure to butadiene was 1.48 ± 
0.37 ppm [3.27 ± 0.82 mg/m3] (mean ± standard error [SE]) for the high-exposure group 
and 0.15 ± 0.02 ppm [0.33 ± 0.04 mg/m3] for the low-exposure group. The frequency of 
HPRT variants was 6.66 ± 1.4 × 10–6 (mean ± SE) for the high-exposure group and 2.10 ± 
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0.2 × 10–6 for the low-exposure group (p < 0.0002). When smoking status was considered, 
the frequency of HPRT variants was 6.8 ± 1.2 × 10–6 for 19 nonsmokers in the high-
exposure group and 1.8 ± 0.2 × 10–6 for 20 nonsmokers in the low-exposure group 
(p < 0.0005). The concentration of DHBMA was 2046 ± 348 ng/mg creatinine in the 
urine of the high-exposure group compared with 585 ± 98 ng/mg creatinine in the urine of 
the low-exposure group (p < 0.0005).  

Another study was conducted in the same styrene–butadiene facility in 1998 (Ward 
et al., 2001). The frequency of HPRT variants in lymphocytes as well as the concentration 
of the urinary metabolite of butadiene, DHBMA, were examined in 37 workers (22 who 
had high exposure and 15 who had low exposure). The mean value of exposure to 
butadiene was 1.71 ± 0.54 ppm [3.78 ± 1.2 mg/m3] (mean ± SE) for the high-exposure 
group and 0.07 ± 0.03 ppm [0.15 ± 0.07 mg/m3] for the low-exposure group. The 
frequency of HPRT variants was 10.67 ± 1.51 × 10–6 (mean ± SE) for the high-exposure 
group and 3.54 ± 0.61 × 10–6 for the low-exposure group (p < 0.001). The concentration 
of the metabolite was 378 ± 53 ng/mg creatinine in the urine of the high-exposure group 
compared with 271 ± 50 ng/mg creatinine in the urine of the low-exposure group. Unlike 
the previous study, this difference was not significant (p > 0.05).  

A subset of the workers from the Texas facility was analysed for their frequency of 
HPRT mutants (Ma et al., 2000). HPRT mutants were analysed by a multiplex 
polymerase chain reaction (PCR) and the frequency of large deletions in butadiene-
exposed workers (17.5%; 25/143) was significantly higher than that in control subjects 
(9.7%; 21/217; p < 0.05). This increase in large deletions was due primarily to an increase 
in multiple exon deletions (p < 0.05). When the HPRT mutants were analysed for cDNA 
sequence mutations, the majority of the mutations observed in both exposure groups were 
single-base substitutions. However, the overall distribution of the types of mutation was 
significantly different between the two groups (p < 0.05). A non-significant increase in 
mutations at AT sites was observed in butadiene-exposed workers (46%) compared with 
the control group (39%), and the proportion of A:T→T:A transversions was also 
increased in the butadiene-exposed group (16%) compared with the control group (8%; 
p = 0.25). Three new mutable sites were identified at positions 116, 370 and 410. The 
frequency of -1 frame shift mutations was significantly higher (11%; p < 0.05) in exposed 
workers than in the controls (2%). Polymorphisms in the mEH gene may play a 
significant role in the sensitivity of humans to the genotoxic effects of butadiene. In 
workers exposed to > 150 ppb [331.5 µg/m3] butadiene, individuals who had at least one 
polymorphic mEH His allele had a significant (p < 0.001) threefold increase in the 
frequency of HPRT variant (mutant) lymphocytes compared with individuals who had the 
Tyr/Tyr genotype (Abdel-Rahman et al., 2001). 

Blood samples from 19 exposed (butadiene monomer production unit) and 19 control 
(heat production unit) workers at a petrochemical company in the Czech Republic were 
analysed for chromosomal aberrations and sister chromatid exchange (Šrám et al., 1998). 
The median exposure concentration of butadiene was 0.53 mg/m3 [0.24 ppm] for the 
exposed group and 0.013 mg/m3 [0.006 ppm] for the control group. A significant increase 
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in the percentage of aberrant cells was observed in the exposed group (3.11 ± 1.33 versus 
2.03 ± 1.01%; p < 0.01). When smoking status was considered in the exposed group, no 
difference in the percentage of aberrant cells was observed between smokers (3.11 ± 1.50) 
and nonsmokers (3.10 ± 1.24), although nonsmokers were exposed to nearly three times 
more butadiene (1.73 mg/m3) than smokers (0.53 mg/m3). There was also a significant 
increase in the frequencies of sister chromatid exchange per cell in the exposed compared 
with the control groups (6.96 ± 1.51 and 4.87 ± 1.11 [mean ± SD], respectively; 
p < 0.001). 

A comparison of conventional cytogenetic analyses and fluorescence in-situ 
hybridization (FISH) was conducted among 82 workers in a chemical plant in the Czech 
Republic (Šrám et al., 2004). Twenty-three subjects worked in monomer production and 
were exposed to 0.642 mg/m3 [0.3 ppm] butadiene, 34 worked in polymer production 
(1.794 mg/m3 [0.812 ppm] butadiene) and 25 matched controls (0.023 mg/m3 [0.01 ppm] 
butadiene) worked in administration. Using both methods, no significant differences in 
chromosomal aberration frequency were detected between any of the groups. When 
subjects with suspected clonality were excluded, re-analysis of the data by FISH found a 
significant difference between the polymer production workers (2.73 ± 1.51 genomic 
frequencies of stable chromosomal exchanges) and the monomer production and control 
groups (1.72 ± 1.14 and 2.06 ± 1.31 genomic frequencies of stable chromosomal 
exchanges, respectively). 

A study that used several different biomarkers to determine the effects of exposure to 
butadiene on workers was undertaken in the Czech Republic (Albertini et al., 2001). 
Eighty-three workers from the same industrial site were divided into three groups: 
controls (25 from administration), and monomer (24) and polymer (34) workers. Polymer 
workers typically had levels of exposure (1.76 ± 4.69 mg/m3 [0.8 ppm]) that were 
significantly higher than those of the monomer workers (0.64 ± 2.06 mg/m3 [0.29 ppm]) 
and controls (0.3 ± 0.03 mg/m3 [0.14 ppm]). Analysis by autoradiography of HPRT 
mutations in 49 workers showed a significant difference between the control (10.75 ± 
6.11 × 10–6) and the monomer (5.73 ± 4.72 × 10–6) and the polymer workers (6.48 ± 4.77 
× 10–6). This trend contradicts that expected. Analysis by a cloning assay of HPRT 
mutations in 75 workers showed no significant differences between the groups (controls, 
13.00 ± 8.1 × 10–6; monomer workers, 10.69 ± 5.4 × 10–6; polymer workers, 18.83 ± 
17.41 × 10–6). Assays for sister chromatid exchange were completed for 73 study subjects. 
No significant differences were observed between the groups. Chromosomal aberrations 
were analysed by traditional methods in 82 workers. The mean percentages of cells with 
aberrations were 1.56, 1.52 and 1.54% for the control, monomer and polymer groups, 
respectively. The mean number of chromosomal breaks per cell was also similar between 
the groups. Chromosomal changes analysed by FISH also showed no significant 
differences. [The Working Group noted the very high levels of butadiene-derived 
metabolites in the urine of controls.]  

A Health Effects Institute Report summarized the study of workers in the Czech 
Republic (Albertini et al., 2003a). The conclusions on the genotoxicity studies were that 
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‘none of these measures showed positive responses at exposure levels encountered in this 
study’. HPRT mutations analysed by cloning or autoradiographic techniques showed no 
effect of butadiene, and mutation spectra were not significantly different between exposed 
and unexposed workers. HPRT mutation frequencies were also unrelated to the metabolic 
genotypes examined. When smoking status was considered, there was no significant 
effect of smoking and no significant exposure group-by-smoking interaction on HPRT 
mutation frequencies. Chromosomal aberrations analysed by traditional or FISH methods 
and sister chromatid exchange were also unaffected by exposure to butadiene. The results 
of the study by Šrám et al. (1998) were in conflict with these conclusions and showed 
increased chromosomal aberrations.  

Further molecular epidemiological analysis of butadiene-exposed workers in the 
Czech Republic was conducted to determine whether any gender differences in the 
response to butadiene existed (Albertini et al., 2007). The average level of exposure to 
butadiene (mg/m3) was 0.397 ± 0.502 (mean ± SD) [0.18 ppm] for the 23 women and 
0.808 ± 1.646 [0.37 ppm] for the 30 men. Thus, exposed male workers had a significantly 
higher level of exposure than female workers in this study. It should be noted that 
exposed male workers also had higher levels of exposure to styrene than female workers 
and that exposed female workers had higher levels of exposure to toluene and benzene 
than the exposed male workers. Although urinary concentrations of the mercapturic acid 
metabolites of butadiene, DHBMA and MHBMA, were higher in butadiene-exposed 
women than in female controls, the differences were not significant. The levels of both 
DHBMA and MHBMA (µg/L) were significantly increased in male butadiene-exposed 
subjects (854.1 ± 567.0 and 47.9 ± 44.3, respectively) compared with male controls 
(512.8 ± 272.1 and 14.9 ± 10.3, respectively; p < 0.05). Thus, significantly higher 
concentrations of metabolites occurred in men than in women in both the control and 
exposed groups. HPRT mutations measured by the T-cell assay did not differ significantly 
between exposed and control groups of either sex. No significant associations between 
exposure to butadiene and sister chromatid exchange or chromosomal aberrations were 
detected in either sex. Effects of genotype were also examined. In this study, GSTT1-null 
workers showed a significantly slower rise in the rate of MHBMA excretion (p < 0.05). In 
addition, individuals with the EH genotype that specifies low activity showed a 
significantly higher rise in urinary MHBMA/(DHBMA + MHBMA) ratios with 
increasing exposure to butadiene.  

Zhang et al. (2004) measured chromosomal changes in the peripheral blood 
lymphocytes of 39 butadiene polymer production workers and 38 unexposed controls in 
Yanshan, China. The median exposure level for the butadiene-exposed workers as a 6-h 
TWA was 2 ppm [4.42 mg/m3] whereas the control group had a median level of 0 ppm. 
Tobacco use was controlled for by including a similar percentage of smokers with similar 
pack–years of smoking in both the control and exposed groups. No significant numerical 
or structural chromosomal changes were detected using FISH with probes for 
chromosomes 1, 7, 8 or 12. GSTT1 and GSTM1 genotypes had no significant effect on the 
frequency of hyperdiploidy of the above chromosomes or on the frequency of structural 
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changes of chromosomes 8 and 12 in the butadiene-exposed group. The EH EPHX1 
Y113H polymorphism had no effect on chromosomal damage or HPRT mutant frequency 
in either the exposed or control workers. However, workers with the histidine arginine 
HR or RR allele of the EPHX1 H139R polymorphism had increased levels of 
hyperdiploidy of chromosomes 1, 7 and 8. Overall, predicted EPHX1 activity did not 
influence genetic damage at low occupational exposures to butadiene. Further analysis at 
this plant of 41 workers exposed to the same median levels of butadiene (2 ppm) and 38 
controls was undertaken (Hayes et al., 2001). No differences were observed in the 
Glycophorin A assay between the exposed workers and the controls. The mutation 
frequency of HPRT measured with the T-cell cloning assay was also not significantly 
different and no significant increase was detected in sister chromatid exchange frequency. 

Another study at a tyre plant in the Slovak Republic examined 110 workers, who 
were exposed to several xenobiotics of which butadiene was the most prominent, for 
markers of genotoxicity in relation to several polymorphisms (Vodicka et al., 2004). The 
workers were divided into three groups: high exposure (butadiene concentration, 2.6 ± 0.2 
mg/m3 [1.18 ppm]), low exposure (butadiene concentration, 2.3 ± 2.2 mg/m3 [1.04 ppm]) 
and no exposure (trace amounts). The frequencies of total chromosomal aberrations were 
significantly lower (1.3 ± 1.3; p < 0.01) in the low-exposure group compared with the 
high- and no-exposure groups (2.2 ± 1.4 and 2.3 ± 1.1, respectively). No significant 
differences were observed in DNA single-strand breaks or in single-strand break endo III-
sensitive site frequencies. A non-significant twofold higher rate of DNA repair was found 
in the high-exposure group (0.6 ± 0.6 single-strand breaks/109 daltons) compared with the 
low- and no-exposure groups (0.3 ± 0.3 and 0.3 ± 0.4 single-strand breaks/109 daltons, 
respectively). A weak but non-significant association was found between CYP2E1 
expression in peripheral blood lymphocytes and the frequency of chromosomal 
aberrations (r = 0.298; p = 0.097). In all individuals, assessment of several genetic 
polymorphisms suggested that individuals who had low EPHX1-activity genotypes had 
the highest level of chromosomal aberrations. Significantly lower frequencies of 
chromosomal aberration (p = 0.024) were detected in individuals who had the variant CC 
genotype associated with the XPD exon 23.  

A study of 27 healthy male Caucasian workers exposed to butadiene and 26 matched 
controls from an Italian petrochemical plant analysed genotoxic effects (Lovreglio et al., 
2006). The mean exposure to butadiene was 6.4 ± 14.0 µg/m3 [0.003 ppm] for the 
butadiene-exposed workers which was significantly different from that of the controls 
(0.8 ± 1.1 µg/m3 [0.0004 ppm]; p < 0.001). No significant differences were observed in 
sister chromatid exchange, the percentage of cells with a high frequency of sister 
chromatid exchange, chromosomal aberrations or proliferation index in the peripheral 
blood lymphocytes of these two groups. When subjects were classified according to 
smoking status, a significant increase was observed in the mean frequency of sister 
chromatid exchange in smokers (6.6 ± 1.2) compared with nonsmokers (5.5 ± 0.8; 
p = 0.001). Exposure to butadiene was also higher in smokers than in nonsmokers but this 
was not statistically significant (p = 0.3). 
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4.2.2 Experimental systems 

(a) Butadiene (see Table 26 for details and references) 

The genotoxicity of butadiene has been reviewed previously (IARC, 1999). 
The frequency of DNA single-strand breaks was increased in NMRI mice exposed to 

butadiene in vivo.  
Decreases in cloning efficiency of T cells and a significant increase in Hprt mutation 

frequency was observed in female B6C3F1 mice exposed to 3 ppm [6.63 mg/m3] 
butadiene for 2 weeks and in rats exposed to 62.5 ppm [138.1 mg/m3] butadiene for 
2 weeks; these are the currently reported lowest-observed-effect levels for butadiene that 
induced Hprt mutations in mice and rats, respectively. The Hprt mutation frequency was 
also increased in Ephx-1 null and Xpc (DNA repair enzyme) null mice exposed to 
butadiene for 4 weeks compared with normal mice. 

Characterization of Hprt mutations in cDNA and genomic DNA from splenic T-cell 
mutants was carried out in male B6C3F1 mice and Fischer 344 rats. The mean Hprt 
mutant frequency in mice was 9.20 ± 3.25 × 10–6 in the butadiene-exposed animals 
compared with 1.48 ± 0.84 × 10–6 (p < 0.001) in the controls. In rats, the mean Hprt 
mutant frequency in the exposed animals was 8.08 ± 2.82 × 10–6 compared with 3.07 ± 
0.98 × 10–6 (p < 0.001) in the controls. In mice, real time PCR and cDNA sequencing 
showed a statistically significant difference in the overall proportion of mutation types 
detected in control versus butadiene-exposed mice (p = 0.042), while multiplex PCR of 
genomic DNA showed that deletion mutations were significantly increased in butadiene-
exposed mice (p = 0.031). Analysis of the individual mutation types that occurred in both 
treated and control mice showed that exposure to butadiene significantly increased the 
frequencies of each type of base substitution, except for A:T→G:C transitions, and 
frameshifts and deletions. In male rats, no difference in the overall mutational spectra was 
detected using cDNA sequencing alone or when combined with multiplex PCR. 
Statistical analyses of the individual mutation types showed that exposure to butadiene 
significantly increased base substitution at A:T→T:A transversions in both mice and rats, 
and single-base insertions, deletion mutations and complex mutations as well as 
G:C→C:G transversions in mice. 

In the bone marrow of B6C3F1 LacI transgenic mice exposed to butadiene, a 
significant increase in point mutations was observed at A:T base pairs compared with air-
exposed mice. In the spleen of the exposed mice, a significant increase in base 
substitution mutations (GC→AT transitions and GC→TA transversions at non-CpG 
sites) was detected, and a significant increase in A:T base pairs occurred, similar to that 
observed in the bone marrow. 

Micronucleus formation was increased in NMRI mice and male and female 
B6C3F1/CrBR mice exposed to butadiene. Male B6C3F1 mice were exposed to butadiene 
and the bone marrow was harvested 24 h after onset of exposure (Jackson et al., 2000). 
The frequencies of micronucleated polychromatic erythrocytes were significantly 
increased (28.2 ± 3.1/100 cells; p < 0.05) compared with controls (9.87 ± 2.1/100 cells) as 
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Table 26. Genetic and related effects of butadiene 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Salmonella typhimurium TA100, reverse mutation –  + 1080 ppm Araki et al. (1994) 
Salmonella typhimurium TA1530, reverse mutation  –  + 86 ppm de Meester et al. (1980) 
Salmonella typhimurium TA1535, reverse mutation –  +  216 ppm Araki et al. (1994) 
Salmonella typhimurium TA1537, TA98, reverse mutation  –  –  1080 ppm Araki et al. (1994) 
Escherichia coli WP2 uvrA, reverse mutation  –  –  1080 ppm Araki et al. (1994) 
Drosophila melanogaster, somatic mutation or recombination –   10 000 ppm inh Victorin et al. (1990) 
Drosophila melanogaster, sex-linked recessive lethal mutation  –   500 ppm inh Foureman et al. (1994) 
DNA single-strand breaks, NMRI mouse alveolar macrophages in vitro –  NT 40 ppm Walles et al. (1995) 
Gene mutation, mouse lymphoma L5178Y cells, Tk locus in vitro –  –  650 ppm McGregor et al. (1991) 
Sister chromatid exchange, Chinese hamster ovary cells in vitro –  (+) 1.35 Sasiadek et al. (1991a) 
Sister chromatid exchange, human lymphocytes in vitro +  +  108 Sasiadek et al. (1991b) 
Binucleated cells, human bronchial epithelial cells in vitro + NT 25 µg as soot/mL medium Catallo et al. (2001) 
DNA cross-links, B6C3F1 mouse liver in vivo +   450 ppm inh 7 h Jelitto et al. (1989) 
DNA cross-links, B6C3F1 mouse liver in vivo –   2070 ppm inh 8 h/d, 7 d Ristau et al. (1990) 
DNA cross-links, B6C3F1 mouse lung and liver in vivo +  250 ppm inh 7 h Vangala et al. (1993) 
DNA single-strand breaks, B6C3F1 mouse liver in vivo  +   2000 ppm inh 7 h/d, 7 d Vangala et al. (1993) 
DNA single-strand breaks, NMRI mouse lung and liver in vivo +   200 ppm inh 16 h Walles et al. (1995) 
DNA strand breaks, CD-1 mouse liver, bone marrow or testis in vivo –  130 ppm inh 6 h/d, 4 wk Anderson et al. (1997) 
DNA damage, CD-1 mouse testicular cells in vivo +  125 ppm inh 6 h Brinkworth et al. (1998) 
DNA single-strand breaks and γ-irradiation-specific DNA repair activity, 
 NMRI mice in vivo 

+  500 mg/m3 6 h/d, 28 d Vodicka et al. (2006) 

DNA cross-links, Sprague-Dawley rat liver in vivo –   550 ppm inh 7 h Jelitto et al. (1989) 
DNA cross-links, Sprague-Dawley rat liver in vivo  –   1240 ppm inh 8 h/d, 7 d Ristau et al. (1990) 
DNA cross-links, Sprague-Dawley rat liver and lung in vivo  –   2000 ppm inh 7 h Vangala et al. (1993) 
DNA single-strand breaks, Sprague-Dawley rat liver in vivo +   2000 ppm inh 7 h/d, 7 d Vangala et al. (1993) 
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Table 26 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Gene mutation, lacZ mouse bone marrow in vivo +   625 ppm inh 6 h/d, 
5 d/wk, 1 wk 

Recio et al. (1992) 

Gene mutation, B6C3F1 mouse T lymphocytes, Hprt locus in vivo +   625 ppm inh 6 h/d, 
5 d/wk, 4 wk 

Cochrane & Skopek 
(1993) 

Gene mutation, B6C3F1 mouse T lymphocytes, Hprt locus in vivo +   625 ppm inh 6 h/d, 
5 d/wk, 2 wk 

Cochrane & Skopek 
(1994) 

Gene mutation, LacI mice in vivo +   62.5 ppm inh 6 h/d, 
5 d/wk, 4 wk 

Sisk et al. (1994) 

Gene mutation, B6C3F1 mouse T lymphocytes, Hprt locus  in vivo +   1300 ppm inh 6 h/d, 
5 d/wk, 1 wk 

Tates et al. (1994) 

Gene mutation, LacI mice in vivo +  1250 ppm inh 6 h/d, 
5 d/wk, 4 wk 

Recio & Meyer (1995) 

Gene mutation, (102/E1 × C3H/E1)F1 mouse splenocytes, Hprt locus in vivo +  500 ppm inh 6 h/d, 5 d Tates et al. (1998) 
Gene mutation, CD-1 mouse splenocytes, Hprt locus  in vivo –  1300 ppm inh 6 h/d, 

5 d/wk, 4 wk 
Tates et al. (1998) 

Gene mutation, female B6C3F1 mice, Hprt locus in vivo +  20 ppm 6 h/d, 5 d/wk, 
2 wk 

Meng et al. (1999a) 

Gene mutation, female B6C3F1 mouse thymic and 
 splenic T cells, Hprt locus in vivo 

+  20 ppm 6 h/d, 5 d/wk, 
2 wk 

Walker & Meng (2000) 

Gene mutation, female Fischer 344 rats, Hprt locus in vivo (+)  625 ppm 6 h/d, 5 d/wk, 
4 wk 

Walker & Meng (2000) 

Gene mutation, female B6C3F1 mice, Hprt locus in vivo +  3 ppm 6 h/d, 5 d/wk, 
2 wk 

Meng et al. (2001) 

Gene mutation, male B6C3F1 mice and Fischer 344 rats, Hprt locus in vivo +  1250 ppm 6 h/d, 5 d/wk, 
2 wk 

Meng et al. (2004) 
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Table 26 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Gene mutation, B6C3F1 LacI transgenic mice in vivo +  625 ppm 6 h/d, 5 d/wk, 
4 wk 

Recio et al. (2001) 

Gene mutation, B6C3F1 mice, Znfn1a1/Ikaros gene in vivo (+)  NG Karlsson et al. (2002) 
Gene mutation, Ephx1-plus mice, Hprt locus in vivo (+)  20 ppm 7 h/d, 5 d/wk, 

4 wk 
Wickliffe et al. (2003, 
2007) 

Gene mutation, Ephx1-null mice,  Hprt locus in vivo +  20 ppm 7 h/d, 5 d/wk, 
4 wk 

Wickliffe et al. (2003, 
2007) 

Gene mutation, Xpc-plus mice, Hprt locus in vivo (+)  20 ppm 7 h/d, 5 d/wk, 
4 wk 

Wickliffe et al. (2007) 

Gene mutation, Xpc-null mice, Hprt locus in vivo +  20 ppm 7 h/d, 5 d/wk, 
4 wk 

Wickliffe et al. (2007) 

Gene mutation, male B6C3F1 mice and female Fischer 344 rats, Hprt locus 
 in vivo 

+  1250 ppm 6 h/d, 5 d/wk, 
2 wk 

Meng et al. (2007a) 

Gene mutation, female Fischer 344 rats, Hprt locus in vivo (+)  62.5 ppm 6 h/d, 5 d/wk, 
2 wk 

Meng et al. (2007a) 

Mouse spot test, female T-stock mice +   500 ppm inh 6 h/d, 
5 d/wk, 1 wk 

Adler et al. (1994) 

Sister chromatid exchange, B6C3F1 mouse bone marrow in vivo +   116 ppm inh 6 h Cunningham et al. (1986) 
Sister chromatid exchange, Sprague-Dawley rat bone marrow 
 in vivo 

–   4000 ppm inh 6 h Cunningham et al. (1986) 

Sister chromatid exchange, B6C3F1 mouse bone marrow in vivo +   7 ppm inh  6 h/d, 5 d/wk, 
2 wk 

Tice et al. (1987) 

Micronucleus formation, B6C3F1 mouse bone marrow in vivo +   116 ppm inh 6 h Cunningham et al. (1986) 
Micronucleus formation, B6C3F1 mouse peripheral blood in vivo +   70 ppm inh 6 h/d, 5 d/wk, 

2 wk 
Tice et al. (1987) 
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Table 26 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Micronucleus formation, B6C3F1 mouse peripheral blood in vivo +   7 ppm inh 6 h/d, 5 d/wk, 
13 wk 

Jauhar et al. (1988) 

Micronucleus formation, NMRI mouse bone marrow in vivo +   35 ppm inh 23 h Victorin et al. (1990) 
Micronucleus formation, (102/E1 × C3H/E1)F1 and CB6F1 mice in vivo +   50 ppm inh 6 h/d, 5 d/wk Adler et al. (1994); Autio 

et al. (1994) 
Micronucleus formation, (102 × C3H) mice in vivo +   200 ppm inh 6 h/d, 5 d/wk Xiao & Tates (1995) 
Micronucleus formation, (102/E1 × C3H/E1)F1 mouse splenocytes 
 in vivo 

+  130 ppm inh 6 h/d, 5 d Stephanou et al. (1998) 

Micronucleus formation (102/E1 × C3H/E1)F1 mouse spermatids 
 in vivo 

+  250 ppm inh 6 h/d, 5 d Tommasi et al. (1998) 

Micronucleus formation, male B6C3F1 mice in vivo + NT 1100 ppm initial 
concentration 4 h 

Jackson et al. (2000) 

Micronucleus formation, male and female (102/EI × C3H/EI)F1 mouse 
 primary lung fibroblasts in vivo 

+ NT 500 ppm 6 h/d, 5 d  Ranaldi et al. (2001)  

Micronucleus formation, male and female B6C3F1/CrBR mice in vivo + NT 1000 ppm 6 h/d, 2 d Bevan et al. (2001) 
Micronucleus formation, NMRI mice in vivo + NT 500 mg/m3 6 h/d, 28 d Vodicka et al. (2006)  
Micronucleus formation, Sprague-Dawley rat bone marrow in vivo –   4000 ppm inh 6 h/d, 2 d Cunningham et al. (1986) 
Micronucleus formation, Sprague-Dawley rats in vivo –   500 ppm 6 h/d, 5 d/wk Autio et al. (1994) 
Chromosomal aberrations, B6C3F1 and NIH mouse bone marrow in vivo +   1500 ppm inh 6 h Irons et al. (1987b) 
Chromosomal aberrations, B6C3F1 mouse bone marrow in vivo +   700 ppm inh 6 h/d, 

5 d/wk, 2 wk 
Tice et al. (1987) 

Chromosomal aberrations, (102/E1 × C3H/E1)F1 mouse embryos 
 in vivo 

+  130 ppm inh 6 h/d, 5 d Pachierotti et al. (1998) 

Aneuploidy, B6C3F1 and NIH mouse bone marrow in vivo –  1500 ppm inh 6 h Irons et al. (1987b) 
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Table 26 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Dominant lethal test, male CD-1 mice +   233 ppm inh 6 h/d, 
5 d/wk, 1 wk 

Morrissey et al. (1990) 

Dominant lethal test, CD-1 mice +   1250 ppm inh 6 h/d, 
5 d/wk, 10 wk 

Anderson et al. (1993) 

Dominant lethal test, CD-1 mice –   6250 ppm inh 6 h Anderson et al. (1993) 
Dominant lethal test, (102/E1 × C3H/E1)F1 mice +   1300 ppm inh 6 h/d, 

5 d/wk, 1 wk 
Adler et al. (1994) 

Dominant lethal test, (102/E1 × C3H/E1)F1 mice +  500 ppm inh 6 h/d, 5 d Adler et al. (1998) 
Dominant lethal test, CD-1 mice +  65 ppm inh 6 h/d, 5 d/wk, 

4 wk 
Anderson et al. (1998) 

Dominant lethal test, CD-1 mice +  125 ppm inh 6 h/d, 
5 d/wk, 10 wk 

Brinkworth et al. (1998) 

Dominant lethal test, Sprague-Dawley rats –  1250 ppm inh 6 h/d, 
5 d/wk, 10 wk 

Anderson et al. (1998) 

Mouse (C3H/E1) heritable translocation test +   1300 ppm inh 6 h/d, 
5 d/wk, 1 wk 

Adler et al. (1995) 

Mouse (102/E1 × C3H/E1)F1 heritable translocation test +  500 ppm inh 6 h/d, 5 d Adler et al. (1998) 
Binding to DNA, male B6C3F1 mouse and male Wistar rat liver 
 in vivo 

+  13 ppm inh 4–6.6 h Kreiling et al. (1986a) 

Binding to DNA at N7 of guanine, male B6C3F1 mouse liver 
 in vivo 

+   450 ppm inh 7 h Jelitto et al. (1989) 

Binding to DNA at N7 of guanine, male B6C3F1 mouse liver 
 in vivo 

+   NG Bolt & Jelitto (1996) 

Binding to DNA at N6 of adenine, mouse lung in vivo +   200 ppm inh 6 h/d, 
5 d/wk, 1 wk 

Koivisto et al. (1996) 
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Table 26 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Binding to DNA at N7 of guanine, mouse testis and lung in vivo +  200 ppm 6 h/d, 5 d Koivisto et al. (1998) 
Binding to DNA at N7 of guanine, male Wistar rat liver in vivo –   550 ppm inh 7 h Jelitto et al. (1989) 
Binding to DNA at N7 of guanine, male Wistar rat liver in vivo –   NG Bolt & Jelitto (1996) 
Binding to DNA at N6 of adenine, rat lung in vivo +   200 ppm inh 6 h/d, 

5 d/wk, 1 wk 
Koivisto et al. (1996) 

Binding to DNA at N7 of guanine, male Sprague-Dawley rat liver in vivo +   200 ppm inh 6 h/d, 
5 d/wk, 1 wk 

Koivisto et al. (1997) 

Binding to protein, male B6C3F1 mouse and male Wistar rat liver in vivo +  13 ppm inh 4–6.6 h Kreiling et al. (1986a) 
Sperm morphology, CD-1 mice in vivo +   1165 ppm inh 6 h/d, 

5 d/wk, 1 wk 
Morrissey et al. (1990) 

a +, positive; −, negative; (+), weakly positive; NT, not tested; NG, not given  
b LED, lowest effective dose; HID, highest ineffective dose; d, day; inh, inhalation exposure; wk, week 
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determined by acridine orange staining. Two other methods to determine micronucleus 
frequency also showed similar results. 

The contribution of CYP2E1 to the genotoxicity of butadiene was investigated by 
pretreating animals with 1,2-trans-dichloroethylene, a selective CYP2E1 inhibitor, and 
1-aminobenzotriazole, an irreversible inhibitor of several CYPs, before exposure to 
butadiene (Jackson et al., 2000). Pretreatment with 1,2-trans-dichloroethylene 
significantly lowered the micronucleus frequencies observed (19.8 ± 2.5) but the levels 
were still elevated over those in unexposed controls (11.5 ± 2.0). Pretreatment with 
1-aminobenzotriazole caused the micronucleus frequency to fall to a level similar to that 
in unexposed animals. The frequency of kinetochore-negative micronuclei was also 
significantly increased in butadiene-exposed animals (21.3 ± 1.2) compared with controls 
(5.2 ± 1.7), indicating that butadiene is a clastogen. 

(b) Butadiene metabolites 

(i) Epoxybutene (see Table 27 for details and references) 

Epoxybutene is mutagenic in Salmonella typhimurium in the presence and absence of 
a metabolic activation system. 

The cII mutant frequency was increased only in Big Blue mice but not rat 
fibroblasts in vitro. The in-vitro mutational spectrum induced by epoxybutene (1 mM for 
24 h) in Rat2 LacI cells was compared with a background spectrum. Significant increases 
in GC→AT transitions at non-CpG sites as well as GC→TA transversions (32% of the 
epoxybutene-induced mutations) were observed. At A:T base pairs, a significant increase 
was observed in AT→CG and AT→TA transversions. 

Epoxybutene increased micronucleus formation in both Big Blue rat and mouse 
fibroblasts. 

In a human B-lymphoblastoid cell line that does not express active CYP2E1, the 
mutational spectrum at HPRT induced by epoxybutene showed a significant increase in 
G:C→A:T and A:T→T:A mutations. The 2S-stereoisomer increased the HPRT mutation 
frequency in human lymphoblastoid TK6 cells whereas the 2R-isomer caused significant 
increases at higher doses only. 

Mean frequencies of sister chromatid exchange were significantly increased in human 
whole blood lymphocyte cultures by epoxybutene in both the GSTM1-null (p < 0.001) 
and GSTM1-positive (p = 0.03) genotypes compared with unexposed controls. 

The effect of GSTM1 genotype as well as an adaptive dose of epoxybutene on the 
induction of sister chromatid exchange was examined. Without an adaptive dose, both 
genotypes showed a significant increase in sister chromatid exchange over controls. With 
the adaptive dose, the mean number of sister chromatid exchanges was significantly 
higher following exposure to epoxybutene in the GSTM1-null group (17.42 ± 2.43; 
p = 0.01) than in the control group (7.69 ± 1.00) or the GSTM1-positive group (14.07 ± 
4.22). The results show an increased sensitivity of GSTM1-null subjects to the induction 
of sister chromatid exchange by epoxybutene. 



 
1

,3
-B

U
T

A
D

IE
N

E
 

1
2

9 
 

 

 Table 27. Genetic and related effects of epoxybutene 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Salmonella typhimurium TA100, TA1535, TA98, TA97a, reverse 
 mutation 

+ + 2–10 mM Himmelstein et al. (2001) 

Gene mutation, Big Blue mouse fibroblasts, cII locus in vitro  +  125 µM Erexson & Tindall 
(2000a) 

Gene mutation, Rat2 LacI transgenic fibroblasts, LacI locus in 
 vitro 

+  0.6 mM Saranko et al. (1998); 
Recio et al. (2000) 

Gene mutation, Big Blue rat fibroblasts, cII locus in vitro (+)  500 µM Erexson & Tindall 
(2000a) 

Sister chromatid exchange, male CD-1 mouse and male CD rat 
 splenic lymphocytes at G0 stage in the cell cycle in vitro  

–  931 µM Kligerman et al. 
(1999a,b) 

Micronucleus formation, Big Blue mouse and rat fibroblasts in 
 vitro 

(+)  125 µM Erexson & Tindall 
(2000a) 

Micronuclei formation, Chinese hanster V79 cells in vitro +  1 mM Himmelstein et al. (2001) 
Gene mutation, human lymphoblastoid TK6 cells, HPRT locus 
 in vitro 

+  400 µM for 24 h Recio et al. (2000) 

Gene mutation, human lymphoblastoid TK6 cells, HPRT and TK 
 loci in vitro 

+  400 µM 2S- or 2R-
isomer for 24 h 

Meng et al. (2007b) 

Gene mutation, human lymphoblastoid TK6 cells, HPRT locus in 
 vitro 

+  400 µM 2R-isomer 
for 24 h 

Meng et al. (2007b) 

Gene mutation, human lymphoblastoid TK6 cells, HPRT locus in 
 vitro 

+  200 µM 2S-isomer 
for 24 h 

Meng et al. (2007b) 

Sister chromatid exchange, human whole blood at G0 stage in the 
 cell cycle in vitro  

–  931 µM Kligerman et al. 
(1999a,b) 

Sister chromatid exchange, human whole blood lymphocytes,  
 GSTM1–, GSTM1+ in vitro  

+  25 µM for 24 h Sąsiadek et al. (1999) 

Micronucleus formation, human lymphocytes in vitro –  300 µM Murg et al. (1999a) 
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Table 27 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Chromosomal aberrations, human peripheral blood lymphocytes 
 treated with ara-C in vitro 

+  931 µM Kligerman et al. (1999b) 

Hyperdiploidy and chromosomal breakage (1cen-q12 region), 
 human lymphocytes in vitro 

–  300 µM Murg et al. (1999a) 

Inhibition of IL-2 production, human CD4+ lymphocytes in vitro –  10 µM Irons et al. (2001) 
Inhibition of clonogenic activity, human CD34+ bone marrow 
 cells in vitro 

–  1 mM Irons et al. (2000) 

Inhibition of clonogenic activity, human CD34+ bone marrow 
 cells in vitro 

–  100 µM Irons et al. (2001) 

Gene mutation, female B6C3F1 mouse splenic T cells, Hprt locus 
 in vivo 

+  2.5 ppm 6 h/d, 
5 d/wk, 4 wk 

Meng et al. (1999b) 

Gene mutation, female Fischer 344 rats splenic T cells, Hprt 
 locus in vivo 

–  25 ppm 6 h/d, 
5 d/wk, 4 wk 

Meng et al. (1999b) 

Gene mutation, female B6C3F1 LacI transgenic mouse spleen 
 and bone marrow in vivo 

_  29.9 ppm 6 h/d, 
5 d/wk, 2 wk 

Recio et al. (2000, 2001); 
Saranko et al. (2001) 

Gene mutation, female B6C3F1 LacI transgenic mouse lung in 
 vivo 

(+)  29.9 ppm 6 h/d, 
5 d/wk, 2 wk 

Recio et al. (2000, 2001); 
Saranko et al. (2001) 

Gene mutation, female Fischer 344 LacI transgenic rat spleen 
 in vivo 

_  29.9 ppm 6 h/d, 
5 d/wk, 2 wk 

Recio et al. (2000) 
 

Gene mutation, female Fischer 344 LacI transgenic rat bone 
 marrow in vivo 

(+)  29.9 ppm 6 h/d, 
5 d/wk, 2 wk 

Recio et al. (2000) 
 

Gene mutation, female B6C3F1 mouse splenic T cells, Hprt locus 
 in vivo 

+  2.5 ppm 6 h/d, 
5 d/wk, 4 wk 

Walker & Meng (2000) 
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Table 27 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Gene mutation, female Fischer 344 rat splenic T cells, Hprt locus  
 in vivo 

–  2.5 ppm 6 h/d, 
5 d/wk, 4 wk 

Walker & Meng (2000) 

Gene mutation, Ephx1-plus mice, Hprt locus in vivo –  80 mg/kg/48 h × 3 Wickliffe et al. (2007) 
Gene mutation, Ephx1-null mice, Hprt locus in vivo +  80 mg/kg/48 h × 3 Wickliffe et al. (2007) 
Gene mutation, Xpc-plus mice, Hprt locus in vivo –  100 mg/kg/48 h × 3 Wickliffe et al. (2007) 
Gene mutation, Xpc-null mice, Hprt locus in vivo +  100 mg/kg/48 h × 3 Wickliffe et al. (2007) 
Gene mutation, Xpc –/– mice, Hprt locus in vivo +  150 mg/kg Wickliffe et al. (2006) 
Micronucleus formation, male C57/BL mouse polychromatic 
 erythrocytes in vivo 

+  250 µmol/kg Fred et al. (2005) 

Micronucleus formation, male Sprague-Dawley rat 
 polychromatic erythrocytes in vivo 

–  1125 µmol/kg Fred et al. (2005) 

IL, interleukin 
a +, positive; –, negative; (+), weak positive; NT, not tested 
b LED, lowest effective dose; HID, highest ineffective dose; d, day; wk, week 
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Epoxybutene did not induce sister chromatid exchange or chromosomal aberrations in 
human blood lymphocytes when added at the G0 stage of the cell cycle. However, from 
further studies in which excision repair was inhibited, it is probable that epoxybutene 
induces chromosomal aberrations and DNA damage that is repaired by the excision 
process in G0 lymphocytes (Kligerman et al., 1999a,b). 

In vivo, a significant increase in mutation frequency was observed at the Hprt locus in 
splenic T cells from female B6C3F1 mice exposed to epoxybutene. Exposure to epoxy-
butene by inhalation resulted in an approximately threefold increase in the frequency of 
LacI mutants in the lungs of female B6C3F1 LacI transgenic mice (8.3 ± 3.0 × 10–5 and 
9.9 ± 3.0 × 10–5) compared with air-exposed controls (3.1 ± 0.7 × 10–5 and 3.6 ± 0.7 × 10–5). 
Significant increases in GC→AT transitions at CpG sites (p = 0.001) were detected. A 
number of other alterations (insertions, deletions and tandem changes) were also 
increased in the lungs of exposed mice (10/54, 10%) compared with controls (2/59, 4%). 
When these alterations were considered separately, only the frequency of deletions was 
significantly increased (p = 0.005). 

(ii) Epoxybutanediol (see also Table 28 for details and references) 

Epoxybutanediol has the least mutagenic potency of the butadiene epoxides in 
traditional mutagenic assays. 

Epoxybutanediol increased cII mutant frequency in Big Blue mouse but not rat 
fibroblasts.  

Mutational spectra of epoxybutanediol were obtained in the Hprt locus in Chinese 
hamster ovary-K1 cells. Of the 41 mutants analysed, 25 (61%) were base substitutions 
and 16 (39%) were deletions. The most common base substitutions were GC→AT and 
AT→GC transitions. Among the deletions, the majority of the mutants showed single 
exon loss.  

Epoxybutanediol increased micronucleus formation in Big Blue rat fibroblasts in 
vitro. The same effect was seen in Big Blue mouse fibroblasts only at higher 
concentrations.  

Epoxybutanediol weakly suppressed the haematopoietic progenitor clonogenic 
response in human CD34+ bone-marrow cells. 

(iii) Diepoxybutane (see also Table 29 for details and references) 

Diepoxybutane has been shown to be the most mutagenic of the butadiene epoxides 
in traditional mutagenicity assays. 

Diepoxybutane is mutagenic in S. typhimurium, Escherichia coli and Sulfolobus 
acidocaldarius in the presence and absence of a metabolic activation system. 

Thirty-nine diepoxybutane mutants were analysed in Chinese hamster ovary-K1 cells. 
Of these, 24 (62%) were base substitutions and 15 (38%) were deletions. The major base 
substitutions were GC→AT transitions (11/24) and AT→TA (5/24) and GC→CG (6/24) 
transversions. Among the deletions, the majority of the mutants showed single exon loss. 
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Table 28. Genetic and related effects of epoxybutanediol 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Gene mutation, Big Blue mouse fibroblasts, cII locus in vitro + NT 1000 µM Erexson & Tindall (2000a) 
Gene mutation, Big Blue rat fibroblasts, cII locus in vitro – NT 1000 µM Erexson & Tindall (2000a) 
Gene mutation, Chinese hamster ovary CHO-K1 cells, Hprt locus 
 in vitro 

+ NT 2 mM Lee et al. (2002) 

Micronucleus formation, Big Blue mouse fibroblasts in vitro + NT 500 µM Erexson & Tindall (2000a) 
Micronucleus formation, Big Blue rat fibroblasts in vitro + NT 250 µM Erexson & Tindall (2000a) 
Inhibition of IL-2 production, human CD4+ lymphocytes in vitro – NT 10 µM Irons et al. (2001) 
Inhibition of clonogenic activity, human CD34+ bone-marrow cells 
 in vitro 

– NT 10-3 M Irons et al. (2000) 

Inhibition of clonogenic activity, human CD34+ bone-marrow cells 
 in vitro 

(+) NT 100 µM  Irons et al. (2001) 

IL, interleukin 
a +, positive; –, negative; (+), weak positive; NT, not tested 
b LED, lowest effective dose; HID, highest ineffective dose 
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Table 29. Genetic and related effects of diepoxybutane 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Escherichia coli TRG8, his+ revertants, + human O6-alkylguanine- 
 DNA alkyltransferase 

+ NT 1 mM Valadez et al. (2004) 

Salmonella typhimurium YG7108, his+ revertants , + human O6- 
 alkylguanine-DNA alkyltransferase 

+ NT 1 mM Valadez et al. (2004) 

Escherichia coli KL185, RC50, G1209, reverse mutation or genetic 
 recombination 

+ NT 5–300 µg/mL Reilly & Grogan (2002) 

Escherichia coli MBL50 cells, supF mutant frequency + NT 40 µM all isomers Kim et al. (2007) 
Salmonella typhimurium T100, TA97a, reverse mutation – – 10 mM Himmelstein et al. (2001) 
Salmonella typhimurium TA1535, TA98, reverse mutation + + 0.2 mM Himmelstein et al. (2001) 
Sulfolobus acidocaldarius DG29, DG38, DG64, reverse or forward 
 mutation 

+ NT 5–300 µg/mL Reilly & Grogan (2002) 

Gene mutation, Big Blue mouse and rat fibroblasts, cII locus 
 in vitro 

+ NT 2.5 µM Erexson & Tindall 
(2000a) 

Gene mutation, Chinese hamster ovary-K1 cells, Hprt locus 
 in vitro 

+ NT 20 µM Lee et al. (2002) 

Gene mutation, Rat2 transgenic fibroblasts, LacI locus in vitro (+) NT 10 µM Recio et al. (2000)                                                                                                                                                                
Sister chromatid exchange, male CD rat and CD-1 mouse splenic 
 lymphocytes, whole blood and isolated blood lymphocytes at G0 
 stage in the cell cycle in vitro  

+ NT 2.5 µM Kligerman et al. (1999a) 

Sister chromatid exchange, Big Blue mouse and rat fibroblasts 
 in vitro 

+ NT 2 µM Erexson & Tindall 
(2000b) 

Micronucleus formation, Big Blue mouse and rat fibroblasts 
 in vitro 

+ NT 2.5 µM Erexson & Tindall 
(2000a) 

Micronucleus formation, Rat2 LacI cells in vitro + NT 2 µM Recio et al. (2000, 2001) 
Micronucleus formation, Chinese hamster V79 cells in vitro + NT 12.5 µM Himmelstein et al. (2001) 
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Table 29 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Gene mutation, human lymphoblastoid TK6 cells, HPRT locus in 
 vitro 

+ NT 4 µM for 24 h Recio et al. (2000) 

Gene mutation, human lymphoblastoid TK6 cells, HPRT locus in 
 vitro 

+ NT 2 µM all isomers 
for 24 h 

Meng et al. (2007b) 

Gene mutation, human lymphoblastoid TK6 cells, TK locus in vitro + NT 2 µM all isomers 
for 24 h 

Meng et al. (2007b) 

Sister chromatid exchange, human whole blood and isolated blood 
 lymphocytes in vitro  

+ NT 2.5 µM Kligerman et al. (1999a) 

Sister chromatid exchange, human whole blood lymphocytes in vitro + NT 5 µM Schlade-Bartusiak et al. 
(2001, 2004) 

Micronucleus formation, human lymphocytes in vitro + NT 2.5 µM Murg et al. (1999a) 
Chromosomal breakage (1cen-q12 region), AZH-1 cells from human 
 lymphoblastoid TK6 cells 

+ NT 5 µM Murg et al. (1999b) 

Chromosomal breakage (1 cen-q12 region), human lymphocytes 
 in vitro 

+ NT 2.5 µM Murg et al. (1999a) 

Hyperdiploidy (chromosome 1), AZH-1 cells from human 
 lymphoblastoid TK6 cells 

+ NT 10 µM Murg et al. (1999b) 

Hyperdiploidy, human lymphocytes in vitro + NT 10 µM Murg et al. (1999a) 
Inhibition of IL-2 production, human CD4+ lymphocytes – NT 10 µM Irons et al. (2001) 
Inhibition of clonogenic activity, human CD34+ bone-marrow cells + NT 2 µM meso or D,L Irons et al. (2000, 2001) 
Inhibition of clonogenic response, human CD34+ bone-marrow cells + NT 2 µM Irons et al. (2001) 
Cell cycle arrest in G1/G2, human embryonic lung fibroblasts + NT 100 µM for 1 h Schmiederer et al. (2005) 
Increased p53 and p21cip1, human embryonic lung fibroblasts + NT 100 µM for 1 h Schmiederer et al. (2005) 
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Table 29 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Comet tail moments, Ephx1-plus mice in vivo – NT 15 mg/kg/24 h × 2 Wickliffe et al. (2003) 
Comet tail moments, Ephx1-null mice in vivo + NT 1.5 mg/kg/24 h × 2 Wickliffe et al. (2003) 
Gene mutation, female Fischer 344 rat and female B6C3F1 mouse 
 splenic T cells, Hprt locus in vivo 

+ NT 2 ppm 6 h/d, 
5 d/wk, 4 wk 

Meng et al. (1999b); 
Walker & Meng (2000) 

Gene mutation, female Fischer 344 LacI transgenic rat bone marrow 
 in vivo 

(+) NT 3.8 ppm 6 h/d, 
5 d/wk, 2 wk 

Recio et al. (2000) 
 

Gene mutation, female Fischer 344 LacI transgenic rat spleen and 
 female B6C3F1 LacI transgenic mouse bone marrow and spleen 
 in vivo 

- NT 3.8 ppm 6 h/d, 
5 d/wk, 2 wk 

Recio et al. (2000) 
 

Gene mutation, Ephx1-plus mice, Hprt locus in vivo + NT 15 mg/kg/24 h × 2  Wickliffe et al. (2003, 
2007) 

Gene mutation, Ephx1-null mice, Hprt locus in vivo + NT 15 mg/kg/24 h × 2 Wickliffe et al. (2003, 
2007) 

IL, interleukin 
a +, positive; –, negative; (+), weak positive; NT, not tested 
b LED, lowest effective dose; HID, highest ineffective dose; d, day; wk, week 
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At low concentrations of diepoxybutane, increases in the frequency of sister chromatid 
exchange were observed in Big Blue mouse and rat fibroblasts and of micronucleus 
formation in Rat2 LacI cells in vitro (Erexson & Tindall, 2000b; Recio et al., 2000, 2001). 

Increases in the HPRT and thymidine kinase (TK) mutation frequency in human 
lymphoblastoid TK6 cells were observed with all isomers (or the 2R,3R-, 2S,3S- and 
meso-stereoisomers) of diepoxybutane. The mutational spectrum of diepoxybutane at 
HPRT in human TK6 cells after exposure to racemic diepoxybutane was compared with 
background. Significant increases in A:T→T:A transversions and partial deletions were 
detected. Diepoxybutane increased the frequencies of sister chromatid exchange and 
micronucleus formation in human lymphocytes in vitro. Other genetic alterations such as 
chromosomal breakage and hyperdiploidy were observed as the concentration of 
diepoxybutane increased. 

The effect of various polymorphisms on the frequency of sister chromatid exhange in 
whole blood lymphocytes from human volunteers after in-vitro exposure to 
diepoxybutane was examined. A significant difference in sister chromatid exchange was 
observed between the GSTT1-negative and GSTT1-positive individuals (79.28 ± 23.33 
and 58.96 ± 17.44, respectively; p < 0.01). Individuals who were heterozygous for the C2 
allele in CYP2E1 (C1/C2), which is associated with higher enzyme activity, had higher 
levels of sister chromatid exchange (70.83 ± 10.85) compared with C1/C1 individuals 
(56.83 ± 17.64; p < 0.05). The RAD51 polymorphism as well as EH activity had no effect. 
In individuals with the GSTT1-null genotype, a significant difference was observed in 
individuals with very low or low expected EH activity (72.13 ± 12.41) and in individuals 
whose activity was expected to be high (102.73 ± 21.22). Similar results were observed in 
an earlier study in which GSTT1-null individuals had a sister chromatid exchange 
frequency of 84.8 ± 20.3 whereas individuals who were GSTT1-positive had a frequency 
of 67.9 ± 10.8 (p < 0.001). In this study, no effect was observed in individuals with 
different GSTM1 genotypes (Schlade-Bartusiak et al., 2000, 2004).  

After in-vivo exposure of female B6C3F1 mice and Fischer 344 rats to diepoxybutane, 
dose-related increases in mutation frequency at the Hprt locus were observed in the 
splenic T cells of both species. LacI transgenic mice and rats exposed to diepoxybutane 
showed no or a weak increase in LacI mutation frequency in the spleen and bone marrow. 

4.2.3 Mechanism of mutation induction 

(a) DNA adducts  

Many adducts with epoxybutene, epoxybutanediol and diepoxybutane have been 
identified in reactions with nucleosides and DNA in vitro (see Table 30 for details and 
references). The mutagenicity and mutation spectra of several of these adducts have been 
investigated (see Table 31 for details and references). Many of these adducts can also 
block replication by many polymerases or can cause misincorporation of proper 
nucleotides (see Table 32 for details and references). DNA adducts have been identified 
in humans exposed to butadiene and in animals exposed to butadiene and its metabolites. 
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Table 30. Reactivity of butadiene metabolites with DNA bases in vitro 

Targets Butadiene 
metabolite 

Adducts formed Kinetics Analytical 
methods 

Analytical 
methods 

2′-Deoxyadenosine EB (R)-N6-(1-Hydroxy-3-buten-2-yl)deoxyadenosine; (S)-N6-(1-hydroxy-
3-buten-2-yl)deoxyadenosine 

 NMR, MS, 
CD  

Nechev et 
al. (2001) 

2′-Deoxyguanosine EB (R)-N2-(1-Hydroxy-3-buten-2-yl)deoxyguanosine; (S)-N2-(1-hydroxy-
3-buten-2-yl)deoxyguanosine 

 NMR, MS, 
CD spectra 

Nechev et 
al. (2001) 

2′-Deoxyguanosine  EB N7-(2-Hydroxy-3-butenyl)guanine (G1) (equal amounts); N7-(1-
(hydroxymethyl)-2-propenyl)guanine (G2) (equal amounts) 

Neutral thermal 
hydrolysis 

LC/MS, 
NMR  

Boogaard et 
al. (2001b, 
2004) 

Single- and double-
stranded calf 
thymus DNA 

EB N7-(2-Hydroxy-3-buten-1-yl)guanine (G1); N7-(1-hydroxy-3-buten-
2-yl)guanine (G2); diastereomers of N3-(2-hydroxy-3-buten-1-
yl)deoxyuridine; N6-(2-hydroxy-3-buten-1-yl)deoxyadenosine; N3-(2-
hydroxy-3-buten-1-yl)adenine (A1); N3-(1-hydroxy-3-buten-2-
yl)adenine (A2) 

Enzymatic and neutral 
thermal hydrolysis, 
all adducts detected at 
EB ≥ 10 mM in ssDNA 
and ≥ 100 mM in 
dsDNA; I, II major 
adducts, III-V more 
prominent in ssDNA 
than dsDNA 

HPLC, UV, 
FAB–MS 
 

Selzer & 
Elfarra 
(1999); 
Elfarra et al. 
(2001) 

Calf thymus DNA  EB N7-(2-Hydroxy-3-butenyl)guanine (G1); N7-(1-(hydroxymethyl)-2-
propenyl)guanine (G2); N3-(2-hydroxy-3-butenyl)adenine (A1); N3-
(1-hydroxymethyl-2-propenyl)adenine (A2) 

Neutral thermal 
hydrolysis, 
G1 ≥ G2 >> A2 > A1 

HPLC, UV  Boogaard et 
al. (2004) 

2′-Deoxyguanosine  EBD N7-(1-(Hydroxymethyl)-2,3-dihydroxypropyl)guanine (major) (G3); 
N7-(2,3,4-trihydroxybut-1-yl)guanine (minor) (G4) 

Neutral thermal 
hydrolysis 

LC/MS, 
NMR  

Boogaard et 
al. (2001b) 

Deoxyadenosine 5′-
monophosphate  

EBD N6-2,3,4-Trihydroxybutyladenine; N1-trihydroxybutyladenine Base hydrolysis at 
37 °C 

 Zhao et al. 
(1998) 

2′-Deoxyguanosine-
5′-phosphate, calf 
thymus DNA 

EBD N7-(2,3,4-Trihydroxybut-1-yl)guanine (G4) Half-life, 30 ± 4 h HPLC, UV Koivisto et 
al. (1999) 

Salmon testis DNA DEB N6-2,3,4-Trihydroxybutyladenine; N1-trihydroxybutyladenine Base hydrolysis at 
37 °C 

 Zhao et al. 
(1998) 
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Table 30 (contd) 

Targets Butadiene 
metabolite 

Adducts formed Kinetics Analytical 
methods 

Analytical 
methods 

2′-Deoxyguanosine DEB Diastereomeric pairs of N-(2-hydroxy-1-oxiranylethyl)-2′-
deoxyguanosine (P4-1 and P4-2); 7,8-dihydroxy-3-(2-deoxy-β-D-
erythro-pentofuranosyl)-3,5,6,7,8,9-hexahydro-1,3-diazepino[1,2-
a]purin-11(11H)one (P6); 1-(2-hydroxy-2-oxiranylethyl)-
2′deoxyguanosine (P8 and P9); 1-[3-chloro-2-hydroxy-1-
(hydroxymethyl)propyl]-2'-deoxyguanosine (1AP9 and 2AP9); 4,8-
dihydroxy-1-(2-deoxy-β-D-erythro-pentofuranosyl)-9-
hydroxymethyl-6,7,8,9-tetrahydro-1H-pyrimido[2,1-b] purinium ion 
(1BP4 and 2BP4); 6-oxo-2-amino-9-(2-deoxy-β-D-erythro-
pentofuranosyl)-7-(2-hydroxy-2-oxiranylethyl)-6,9-dihydro-1H-
purinium ion (P5 and P5′) 

Product profile similar  
although much slower 
at DEB:dG ratio 10:1 
compared to 80:1 at 
pH 7.4 

HPLC, MS, 
NMR 

Zhang & 
Elfarra 
(2003) 

2′-Deoxyguanosine DEB 7-Hydroxy-6-hydroxymethyl-5,6,7,8-tetrahydropyrimido[1,2-a]purin-
10(1H)one (H2); 2-amino-1-(4-chloro-2,3-dihydroxybutyl)1,7-
dihydro-6H-purine-6-one (H4); 2-amino-1-(2,3,4-trihydroxybutyl)-
1,7-dihydro-6H-purin-6-one (H1′/H5′); 7,8-dihyroxy-1,5,6,7,8,9-
hexahydro1,3-diazepino[1,2-a]purin-11(11H)one (H2′); 5-(3,4-
dihydroxy-1-pyrrolidinyl)-2,6-diamino-4(3H)pyrimidinone (H3′); 2-
amino-7-(3-chloro-2,4-dihydroxybutyl)-1,7-dihydro-6H-purin-6-one 
(H3); 2-amino-7-(2,3,4-trihydroxybutyl)-1,7-dihydro-6H-purin-6-one 
(H4′) 

Acid hydrolysis 
H4′/H3 - hydrolysis 
products of P5/P5′; 
H2 - of P4-1, P4-2; H4, 
H1′/H5′, hydrolysis of 
P8/P9 

HPLC, MS, 
NMR  

Zhang & 
Elfarra 
(2004) 

2′-Deoxyguanosine DEB Diastereomeric pairs of N-(2-hydroxy-1-oxiranylethyl)-2′-
deoxyguanosine (P4-1 and P4-2); 7,8-dihydroxy-3-(2-deoxy-β-D-
erythro-pentofuranosyl)-3,5,6,7,8,9-hexahydro-1,3-diazepino[1,2-
a]purin-11(11H)one (P6); 1-(2-hydroxy-2-oxiranylethyl)-
2′deoxyguanosine (P8 and P9); 6-oxo-2-amino-9-(2-deoxy-β-D-
erythro-pentofuranosyl)-7-(2-hydroxy-2-oxiranylethyl)-6,9-dihydro-
1H-purinium ion (P5 and P5') 

P5, P5′, P8, P9 half-
lives of 2.6, 2.7, 16 and 
16 h, respectively; 
P4-1, P4-2 and P6 are 
stable at physiological 
conditions (pH 7.4, 
37 °C) 

HPLC, UV, 
MS, NMR 

Zhang & 
Elfarra 
(2005) 
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Table 30 (contd) 

Targets Butadiene 
metabolite 

Adducts formed Kinetics Analytical 
methods 

Analytical 
methods 

2′-Deoxyguanosine DEB 7,7′-(2,3-Dihydroxy-1,4-butanediyl)bis[2-amino-1,7-dihydro-6H-
purin-6-one] (bis-N7G-BD); 2′-deoxy-1-[4-(2-amino-1,7-dihydro-6H-
purin-6-on-7-yl)-2,3-dihydroxybutyl]-guanosine (N7G-N1dG-BD); 2-
amino-9-hydroxymethyl-4-(4-acetyloxy-2,3-dihydroxybutyl)-8,9-
dihydro-7H-[1,4]oxazepino[4,3,2-gh]purin-8-ol (PA1); 2-amino-9-
hydroxymethyl-4-{4-[2-amino-9- or 7-(4-acetyloxy-2,3-
dihydroxybutyl)-1,7-dihydro-6H-purin-6-on-7- or 9-yl]-2,3-
dihydroxybutyl}-8,9-dihydro-7H-[1,4]-oxazepino[4,3,2-gh]purin-8-ol 
(PA2); 2-amino-7,9-bis(4-acetyloxy-2,3-dihydroxybutyl)-1,7-
dihydro-6H-purin-6-one (PA3); 9,9′-bis(4-acetyloxy-2,3-
dihydroxybutyl)-7,7′-(2,3-dihydroxy-1,4-butanediyl)bis[2-amino-1,7-
dihydro-6H-purin-6-one] (PA4) 

PA1-PA4 formed in the 
reaction in acetic acid 
P5D +dG produces bis-
N7G-BD 
P8, P9 + dG produces 
N7G-N1dG-BD 

HPLC, UV, 
MS, NMR  

Zhang & 
Elfarra 
(2006) 

2′-Deoxyadenosine DEB (R,R)-N6-(2,3,4-Trihydroxybut-1-yl)deoxyadenosine; (S,S)-N6-(2,3,4-
trihydroxybut-1-yl)deoxyadenosine 

 NMR, MS, 
CD  

Nechev et 
al. (2001) 

2′-Deoxyguanosine DEB (R,R)-N2-(2,3,4-Trihydroxybut-1-yl)deoxyguanosine; (S,S)-N2-
(2,3,4-trihydroxybut-1-yl)deoxyguanosine 

 NMR, MS, 
CD spectra  

Nechev et 
al. (2001) 

2′-Deoxyguanosine  DEB N7-(2,3,4-Trihydroxybutyl)guanine (G4) (major); N7-(1-
(hydroxymethyl)-2,3-dihydroxypropyl)guanine (G3) (minor) 

Neutral thermal 
hydrolysis 

LC–MS, 
NMR  

Boogaard et 
al. (2001b, 
2004) 

Guanosine (±)-DEB (±)-N7-(2,3,4-Trihydroxybutyl)guanine Acid hydrolysis LC–MS/MS  Oe et al. 
(1999) 

Guanosine meso-
DEB 

meso-N7-(2,3,4-Trihydroxybutyl)guanine (G4) Acid hydrolysis LC–MS/MS  Oe et al. 
(1999) 

2′-Deoxyguanosine-
5′-phosphate, calf 
thymus DNA 

RR/SS 
DEB 
 

N7-(2-Hydroxy-3,4-epoxy-1-yl)-5′dGMP 
 

Half-life, 31 ± 3 h HPLC, UV 
 

Koivisto et 
al. (1999) 
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Table 30 (contd) 

Targets Butadiene 
metabolite 

Adducts formed Kinetics Analytical 
methods 

Analytical 
methods 

Calf thymus DNA Racemic 
DEB 

1-(Aden-1-yl)-4-(guan-7-yl)-2,3-butanediol (N1A-N7G-BD; 1); 1-
(aden-3-yl)-4-(guan-7-yl)-2,3-butanediol (N3A-N7G-BD; 2); 1-(aden-
7-yl)-4-(guan-7-yl)-2,3-butanediol (N7A-N7G-BD; 3); 1-(aden-N6-
yl)-4-(guan-7-yl)-2,3-butanediol (N6A-N7G-BD; 4) 

Acid hydrolysis; half-
lives in dsDNA: 
2, 31 h; 3, 17 h;  
1 and 4 not released 

MS/MS, 
HPLC, UV  

Park et al. 
(2004) 

Guanosine; calf 
thymus DNA 

DEB 1,4-bis-(Guan-7-yl)-2,3-butanediol (bis-N7G-BD); N7-
(2′,3′,4′)trihydroxybutylguanine (N7-THBG) 

Neutral thermal 
hydrolysis; half-life of 
bis-N7G-BD, 81.5 h; 
half-life of N7-THBG, 
48.5 h 

UV, MS, 
NMR  

Park & 
Tretyakova 
(2004) 

Guanosine meso-
DEB  

meso-1,4-bis-(Guan-7-yl)-2,3-butanediol  UV, MS, 
NMR  

Park et al. 
(2005) 

2′-Deoxyguanosine; 
calf thymus DNA 

HMVK Diasteromeric pair of HMVK-derived 1,N2-propanodeoxyguanosine 
C-6 adducts; as well as a diastereomeric pair of C-8 HMVK-derived 
1,N2-propanodeoxyguanosine adducts 

2′-Deoxyguanosine 
reaction run at pH 11, 
calf thymus DNA 
experiment at pH 7.4 

UV, MS, 
NMR 

Powley et al. 
(2003) 

BD, butadiene; CD, circular dichroism; DEB, diepoxybutane; dG, deoxyguanine; dGMP, desoxyguanosine monophosphate; dsDNA, double-stranded DNA; EB, 
epoxybutene; EBD, epoxybutane diol; FAB, positive ion fast atom bombardment; G, guanosine; HMVK, hydroxymethylvinyl ketone; HPLC, high-performance liquid 
chromatography; LC, liquid chromatography; LC–MS/MS, liquid chromatography in combination with tandem mass spectrometry; MS, mass spectrometry; NMR, 
nuclear magnetic resonance;  ssDNA, single-stranded DNA; THBG, trihydroxybutylguanine; UV, ultraviolet 
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Table 31. Genetic and related effects of the DNA adducts of butadiene 

Adduct Test system Resulta (total 
mutation %) 

Common mutations References 

R-EB-N2-guanine E. coli AB 2480 (±)  − Carmical et al. (2000a) 
S-EB-N2-guanine E. coli AB 2480 (+) (< 1) G→T transversions (45%) 

G→A transitions (32%) 
Carmical et al. (2000a) 

R-EB-deoxyinosine COS-7 cells + (59) A→G (48%) 
A→C (7%) 

Kanuri et al. (2002) 

S-EB-deoxyinosine COS-7 cells + (94.5) A→G (79%) 
A→C (10%) 

Kanuri et al. (2002) 

R-EB-deoxyinosine E. coli AB 2480 + (53) A→G (43%) Kanuri et al. (2002) 
S-EB-deoxyinosine E. coli AB 2480 + (96.5) A→G (87%) Kanuri et al. (2002) 
R-EB-deoxyinosine E. coli AB 2480 + (90) A→G (65%) 

A→T (29%) 
Rodriguez et al. (2001) 

S-EB-deoxyinosine E. coli AB 2480 + (91) A→G (63%) 
A→C (32%) 

Rodriguez et al. (2001) 

R-EB-N6-adenine E. coli AB 2480 − − Carmical et al. (2000b) 
S-EB-N6-adenine E. coli AB 2480 − − Carmical et al. (2000b) 
R,R-EBD-N6-adenine E. coli AB 2480 (+) (0.13) A→G Carmical et al. (2000b) 
S,S-EBD-N6-adenine E. coli AB 2480 (+) (0.25) A→C Carmical et al. (2000b) 
EB-N3-2'-deoxyuridine COS-7 cells + (97) C→T transitions (53.4%) 

C→A transversions (32.5%) 
Fernandes et al. (2006) 

R,R-EBD-N2-guanine E. coli AB 2480 (+) (< 1) G→A, G→T, 
G→C (nearly equal) 

Carmical et al. (2000a) 

S,S-EBD-N2-guanine E. coli AB 2480 (+) (< 1) G→A, G→T, 
G→C (nearly equal) 

Carmical et al. (2000a) 

R,R-DEB-N2-N2-guanine cross-link E. coli AB 2480 +  G→T Carmical et al. (2000c) 
S,S-DEB-N2-N2-guanine cross-link E. coli AB 2480 +  G→A Carmical et al. (2000c) 
R,R-DEB-N6-N6-deoxyadenosine 
 cross-link 

E. coli AB 2480 (+) (8) A→G (7.5%) Kanuri et al. (2002) 
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Table 31 (contd) 

Adduct Test system Resulta (total 
mutation %) 

Common mutations References 

S,S-DEB-N6-N6-deoxyadenosine 
 cross-link 

E. coli AB 2480 (+) (2.8) A→G (2.3%) Kanuri et al. (2002) 

R,R-DEB-N6-N6-deoxyadenosine 
 cross-link 

COS-7 cells + (54) A→G transitions(40%) 
A→C transversions (9%) 

Kanuri et al. (2002) 

S,S-DEB-N6-N6-deoxyadenosine 
 cross-link 

COS-7 cells (+) (19.4) A→G (13%) 
A→T (5.6%) 

Kanuri et al. (2002) 

a+, positive; (+), weakly positive; −, negative 
DEB, diepoxybutane; EB, epoxybutene; EBD, epoxybutanediol 
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Table 32. Effect of the butadiene-derived DNA adducts on replication/repair 

Adducta Test system Blockageb Single nucleotide 
incorporationc 

Comment References 

R-EB-N6-adenine E. coli DNA polymerases Pol 
I, II and III 

−   Carmical et al. (2000b) 

S-EB-N6-adenine E. coli DNA polymerases  
Pol I, II and III 

−   Carmical et al. (2000b) 

R-EB-N2-guanine E. coli DNA polymerases  
Pol I, II and III 

+   Carmical et al. (2000a) 

S-EB-N2-guanine E. coli DNA polymerases  
Pol I, II and III 

+   Carmical et al. (2000a) 

R-EB N2-guanine Yeast DNA polymerase η − Mostly C  Minko et al. (2001) 
S-EB N2-guanine Yeast DNA polymerase η − C More efficient than  

R-stereoisomer 
Minko et al. (2001) 

R-EB N2-guanine E. coli DNA polymerase Pol I +   Minko et al. (2001) 
S-EB N2-guanine E. coli DNA polymerase Pol I +   Minko et al. (2001) 
EB-N3-2′-deoxyuridine Bacterial Klenow (Kf) +   Fernandes et al. (2006) 
EB-N3-2′-deoxyuridine Mammalian polymerase δ (+)   Fernandes et al. (2006) 
EB-N3-2′-deoxyuridine Yeast polymerase δ +   Fernandes et al. (2006) 
EB-N3-2′-deoxyuridine Mammalian polymerase ε +   Fernandes et al. (2006) 
R,R-EBD-N2-guanine Yeast DNA polymerase η − C  Minko et al. (2001) 
S,S-EBD-N2-guanine Yeast DNA polymerase η − C More efficient than  

R-stereoisomer 
Minko et al. (2001) 

R,R-EBD-N2-guanine E. coli DNA polymerase Pol I +   Minko et al. (2001) 
S,S-EBD-N2-guanine E. coli DNA polymerase Pol I +   Minko et al. (2001) 
R,R-EBD-N6-adenine E. coli DNA polymerases  

Pol I, II and III 
−   Carmical et al. (2000b) 
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Table 32 (contd) 

Adducta Test system Blockageb Single nucleotide 
incorporationc 

Comment References 

S,S-EBD-N6-adenine E. coli DNA polymerases  
Pol I, II and III 

−   Carmical et al. (2000b) 

R,R-EBD-N2-guanine E. coli DNA polymerases  
Pol I, II and III 

+   Carmical et al. (2000a) 

S,S-EBD-N2-guanine E. coli DNA polymerases  
Pol I, II and III 

+   Carmical et al. (2000a) 

R,R-EBD-N2-guanine Bacteriophage T7- DNA 
polymerase 

(+) dTTP  Zang et al. (2005) 

S,S-EBD-N2-guanine Bacteriophage T7- DNA 
polymerase 

(+) dTTP Misinsertion frequency 
40-fold higher than the 
R,R-isomer 

Zang et al. (2005) 

R,R-EBD-N2-guanine HIV-1 reverse transcriptase +   Zang et al. (2005) 
S,S-EBD-N2-guanine HIV-1 reverse transcriptase +   Zang et al. (2005) 
R,R-DEB-N2-N2-
guanine cross-link 

E. coli AB2840 plaque-
forming efficiency in vivo 

+   Carmical et al. (2000c) 

S,S-DEB-N2-N2- 
guanine cross-link 

E. coli AB2840 plaque-
forming efficiency in vivo 

+   Carmical et al. (2000c) 

R,R-DEB-N2-N2-
guanine cross-link 

E. coli DNA polymerases  
Pol I, II and III 

+   Carmical et al. (2000c) 

S,S-DEB-N2-N2- 
guanine cross-link 

E. coli DNA polymerases  
Pol I, II and III 

+   Carmical et al. (2000c) 

R,R-DEB-N2-N2-
guanine cross-link 

E. coli UvrABC nuclease +   Carmical et al. (2000c) 
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Table 32 (contd) 

Adducta Test system Blockageb Single nucleotide 
incorporationc 

Comment References 

S,S-DEB-N2-N2-guanine 
cross-link 

E. coli UvrABC nuclease  +   Carmical et al. (2000a) 

R,R-DEB-N2-guanine-
N2-guanine cross-link 

Yeast DNA polymerase η +   Minko et al. (2001) 

S,S-DEB-N2-guanine-
N2-guanine cross-link 

Yeast DNA polymerase η +   Minko et al. (2001) 

DEB, diepoxybutane; EB, epoxybutene; EBD, epoxybutanediol; HIV, human immunodeficiency virus 

a Most were tested in an oligonucleotide 
b +, highly blocked; (+), partially blocked; −, no blockage 
c C, cytidine; dTTP, deoxythymidine triphosphate 
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(i) Butadiene 

Humans 

The levels of the DNA adduct, N-1-(2,3,4-trihydroxybutyl)adenine, was determined 
in 15 male butadiene-exposed (monomer unit) and 11 male control workers from a 
butadiene monomer production plant in the Czech Republic (Zhao et al., 2000). The 
median exposure concentration of butadiene for the exposed group was 0.53 mg/m3 
[0.24 ppm] whereas that for the control group was 0.013 mg/m3 [0.006 ppm]. Because of 
interfering background peaks, the N-1-adenine adducts were converted to N6-adenine 
adducts. This adduct was detected in 14 of 15 exposed workers and five of 11 controls. 
The difference in the levels of adducts between the butadiene-exposed workers (4.5 ± 7.7 
adducts/109 nucleotides) and the control workers (0.8 ± 1.2 adducts/109 nucleotides) was 
significant (p = 0.038). When controls were subdivided into smokers and nonsmokers, the 
adduct levels were 1.5 ± 1.7 adducts/109 nucleotides for four smokers and 0.3 ± 0.6 
adducts/109 nucleotides for seven nonsmokers but the difference was not significant. A 
significant correlation between the levels of the N-1-(2,3,4-trihydroxybutyl)adenine 
adduct in lymphocyte DNA and individual exposures to butadiene was found in the 
exposed group (r = 0.707; p = 0.005), control (r = 0.733; p = 0.01) and both groups 
combined (r = 0.723; p < 0.001; Zhao et al., 2001). However, no significant correlations 
were found with other genotoxic effects such as DNA single-strand breaks or 
micronucleus formation.  

Experimental systems 

1,4-Bis(guan-7-yl)-2,3-butanediol is the N7-guanine–N7-guanine crosslink formed 
from the reaction of DNA with diepoxybutane. This compound has been identified in the 
livers and lungs of C57BL/6 mice that were exposed to 625 ppm [1381 mg/m3] butadiene 
by inhalation for 7 h per day for 5 days (Goggin et al., 2007). The DNA from livers and 
lungs contained 3.2 ± 0.4 and 1.8 ± 0.5 adducts/106 guanines from racemic diepoxybutane 
but no adducts from meso-diepoxybutane were detected. 

Male B6C3F1 mice and Sprague-Dawley rats were exposed for 6 h to 200 ppm 
[442 mg/m3] [2,3-14C]butadiene by nose-only inhalation and were killed 48 h after 
treatment; the livers and lungs were analysed for DNA adducts (Boogaard et al., 2001b). 
In the livers and lungs of both rats and mice, N7-(2,3,4-trihydroxybut-1-yl)guanine (G4) 
was the major adduct detected. Mice had 102 ± 4 and 80 ± 4 G4 adducts/108 nucleotides 
(means ± SE) and rats had 10 ± 2 and 13 ± 0.2 G4 adducts/108 nucleotides in the liver and 
lung, respectively. Smaller amounts of N7-(2-hydroxy-3-buten-1-yl)guanine (G1) and 
N7-(1-hydroxy-3-buten-2-yl)guanine (G2) were detected. Mouse liver and lung contained 
21 ± 9 and 3.4 ± 1.3 adducts/108 nucleotides, respectively, and rat liver and lung 
contained 1.9 ± 0.2 and 3.6 ± 1.2 adducts/108 nucleotides, respectively. In rats, no 
N7-(1,3,4-trihydroxybut-2-yl)guanine (G3) was detected whereas mouse liver and lung 
contained 25 ± 2 and 4.3 ± 0.1 adducts/108 nucleotides, respectively. A similar profile was 
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also obtained in animals that were killed immediately after cessation of exposure 
(Boogaard et al., 2004). 

In another study, male B6C3F1 mice and Sprague-Dawley rats were exposed to 
20 ppm [44.2 mg/m3] [2,3-14C]butadiene for either 6 h or for 6 h per day for 5 days by 
nose-only inhalation, and the livers, lungs and testes were analysed for DNA adducts 
(Booth et al., 2004b). Following the single 20-ppm exposure, G4 was the major adduct 
detected in all tissues in rats and mice. Mice had 13.91 ± 3.64, 13.67 ± 0.97 and 6.04 ± 
0.8 G4 adducts/108 nucleotides and rats had 5.75 ± 1.32, 3.31 ± 1.74 and 1.39 ± 0.50 G4 
adducts/108 nucleotides in liver, lung and testis, respectively. Small amounts of G3 (the 
exact identity was not determined) were detected consistently in mouse liver and in only 
one rat liver sample and was not detected in any other tissue. Following the 20-ppm 5-day 
exposure, G4 was again the main adduct detected and levels in mouse tissues were higher 
than those in corresponding rat tissues. G1 and G2 were detected in the liver and lung of 
mice and rats but not in mouse testis; rats had detectable levels in the testis. G3 was 
detected in mouse tissues and in the liver of rats. The amounts of these other metabolites 
were much lower than that of G4. 

Female Sprague-Dawley rats were exposed to 1000 ppm [2210 mg/m3] butadiene by 
inhalation for 6 h per day on 5 days per week for 13 weeks. DNA was isolated from the 
liver and was analysed for the presence of the α-regioisomer of HMVK-derived 1,N2-
propanodeoxyguanosine by LC–MS/MS (Powley et al., 2007). No adducts were detected.  

Female B6C3F1 mice and Fischer 344 rats were exposed by inhalation to butadiene 
for 6 h per day on 5 days per week for 2 weeks (Oe et al., 1999; Blair et al., 2000). The 
mean daily concentration of butadiene was approximately 1250 ppm [2762.5 mg/m3]. 
DNA was isolated and analysed for the presence of (±)-G4 and meso-G4. On exposure 
day 10, mouse liver had 3.9 and 2.2 (±)-G4 and meso-G4 adducts/106 normal bases, 
respectively. On the same exposure day, rat liver had 1.6 and 0.8 (±)-G4 and meso-G4 
adducts/106 normal bases, respectively. The in-vivo half-lives were 4.1 and 5.5 days for 
(±)-G4 and meso-G4, respectively, in mouse liver DNA. Half-lives for (±)-G4 and meso-
G4 in rat liver DNA were 3.6 and 4.0 days, respectively.  

DNA adducts were measured in the livers, lungs and kidneys of Fischer 344 rats and 
B6C3F1 mice after exposure to 0, 20, 62.5 or 625 ppm [0, 44.2, 138 or 1381 mg/m3] 
butadiene for 6 h per day or 5 days per week for 4 weeks (Swenberg et al., 2000b). 
Adducts corresponding to the N7-guanine adducts of epoxybutene (G1 and G2) and the 
2,3,4-trihydroxybutane–guanine adduct (G4) that can be formed from either 
epoxybutanediol or diepoxybutane were analysed. More G4 was detected in mice and rats 
than G1 and G2. In rats, adduct levels in the different tissues were similar. In general, 
mouse tissues contained higher levels of DNA adducts. 

DNA adducts were measured in the livers, lungs and kidneys of Fischer 344 rats and 
B6C3F1 mice after exposure to 0, 20, 62.5 or 625 ppm [0, 44.2, 138 or 1381 mg/m3] 
butadiene for 6 h per day on 5 days per week for 4 weeks (Koc et al., 1999). Both racemic 
and meso-G4 and G1 and G2 were analysed by LC–MS/MS. At 625 ppm [1381 mg/m3] 
butadiene, mouse liver had 31.9 ± 6.5, 32.2 ± 4.2, 3.0 ± 0.1 and 2.4 ± 0.3 racemic G4, 
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meso- G4, G1 and G2 adducts/106guanine bases, respectively. At 625 ppm butadiene, rat 
liver had 7.7 ± 4.5, 4.2 ± 2.5, 1.2 ± 0.5 and 0.9 ± 0.5 racemic G4, meso- G4, G1 and G2 
adducts/106guanine bases, respectively. The number of adducts for both G4 and G1 and 
G2 was similar for all three tissues at all doses examined in both rats and mice. Mice had 
significantly higher amounts of G4 adducts than rats in all three tissues after exposure to 
625 ppm. This difference was also significant in lung and kidney at 62.5 ppm but not at 
20 ppm. Overall, the amounts of G1 and G2 adducts were lower than those of G4 adducts 
in both species.  

In the lungs of mice exposed to 500 ppm [1105 mg/m3] butadiene for 6 h per day for 
5 days, N7-guanine DNA adducts arising from epoxybutene and epoxybutanediol were 
analysed (Koivisto & Peltonen, 2001). All four epoxybutene-derived adducts were 
detected, most of which arose from S-epoxybutene. For epoxybutanediol, 75% of the total 
adducts originated from the 2R-diol-3S-epoxybutene isomer and the reaction occurred 
almost exclusively at the terminal carbon. 

Rats were exposed to 300 ppm [663 mg/m3] butadiene for 6 h per day for 5 days and 
their liver DNA was analysed for the N6-(2,3,4-trihydroxy-but-1-yl)adenine adduct (Zhao 
et al., 1998). The average level of adduct detected in treated rats was 4.5 adducts/109 
nucleotides whereas none was detected in control rat liver. 

(ii)  Butadiene metabolites in experimental systems 

Epoxybutene  

Male B6C3F1 mice and Sprague-Dawley rats received a single intraperitoneal 
injection of 1–50 mg/kg bw [14C]epoxybutene and were killed 48 h later (Boogaard et al., 
2004). DNA was isolated from liver and lung and analysed for the presence of adducts. 
No adducts were detected in the lungs in either rats or mice. Adduct levels in the liver 
were below the limit of detection in rats treated with 1 mg/kg bw and in mice treated with 
1 and 5 mg/kg bw epoxybutene. Overall, the adduct profiles were similar in rats and mice 
but rats had much higher levels of adducts than mice. In mice treated with 21 mg/kg bw 
epoxybutene, the average concentrations of G1 and G2, G3 and G4 were 368, 28 and 50 
adducts/108 nucleotides, respectively. In rats treated with 18 mg/kg bw epoxybutene, the 
concentrations of G1 and G2, G3 and G4 were 857 ± 291, 21 ± 12 and 101 ± 25 
adducts/108 nucleotides, respectively.   

The livers and lungs of male B6C3F1 mice and Sprague-Dawley rats that received an 
intraperitoneal injection of 20 mg/kg bw [4-14C]epoxybutene and were killed 48 h later 
were analysed for DNA adducts. In rats, 857 G1 and G2 adducts/108 nucleotides and 101 
G4 adducts/108 nucleotides were detected whereas 368 G1 and G2 adducts/108 
nucleotides and 50 G4 adducts/108 nucleotides were detected in mice (Boogaard et al., 
2001b). No DNA adducts were detected in the lung. 

Butanediol 

Female B6C3F1 mice and Fischer 344 rats were exposed by inhalation to 0–36 ppm 
[0–129.6 mg/m3] butanediol. DNA was isolated from liver and lung and analysed for the 
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presence of G4 (Powley et al., 2005). Both racemic and meso-isomers of this compound 
can be formed and values were reported as total G4. Mice had significantly greater 
amounts of adduct than rats in both liver and lung at 6 and 18 ppm [21.6 and 64.8 mg/m3] 
but there was little difference between the tissue levels. At 6 ppm, mice had 6030 ± 1740 
and 5570 ± 540 fmol adducts/mg DNA whereas rats had 2560 ± 180 and 2320 ± 640 fmol 
adducts/mg DNA in the liver and lung, respectively. Similarily shaped dose–response 
curves were observed for G4 and the Hprt mutant frequency in splenic T cells in rodents 
exposed to butanediol.  

However, when female Fischer 344 or Sprague-Dawley rats were exposed to higher 
concentrations of butanediol (36 ppm or 1000 ppm, respectively, for 6 h per day on 
5 days per week for 4 weeks), no adducts were detectable in the DNA of the liver of these 
animals (Powley et al., 2007). 

Diepoxybutane  

Diepoxybutane induces the formation of DNA–protein cross-links with the DNA 
repair protein, O6-alkylguanine–DNA alkyltransferase (AGT) (Loeber et al., 2006). The 
product of initial DNA alkylation by diepoxybutane, N7-(2'-hydroxy-3′,4′-epoxybut-1′-
yl)–deoxyguanosine, was incubated with recombinant human AGT and analysed by 
HPLC–electrospray ionization MS. Analysis of the whole protein showed the presence of 
a monoalkylated protein and a protein that contained two butanediol cross-links. Peptide 
mapping revealed that the DNA–AGT cross-link involved the sulfhydryls of Cys145 or 
Cys150 within the human AGT active site and the N7 position of guanine in duplex DNA. 
No cross-linking was detected with Cys5, Cys24 or Cys62. The resulting structure was 1-(S-
cysteinyl)-4-(guan-7-yl)-2,3-butanediol. 

The effect of the stereochemistry of the isomers of diepoxybutane and their abilities to 
form cross-links with calf thymus DNA was investigated (Park et al., 2005). Comparable 
amounts of total 1,4-bis-(guan-7-yl)-2,3-butanediol (bis-N7-guanine–butadiene) cross-
links and G4 adducts were observed. However, the types of cross-link (either interstrand 
or intrastrand) varied depending on the stereoisomer used. S,S-Diepoxybutane produced 
the highest amount of 1,3 interstrand cross-links (96%) followed closely by racemic 
diepoxybutane (90%). meso-Diepoxybutane produced almost equal amounts of 1,3 
interstrand (49%) and 1,2 intrastrand cross-links (51%). R,R-Diepoxybutane produced 
19% 1,2 intrastrand cross-links and 68% 1,3 interstrand cross-links but also produced a 
large quantity of 1,2 interstrand cross-links (13%) that were not detected with the other 
stereoisomers.  

N6-(2-Hydroxy-3,4-epoxybut-1-yl)adenine can potentially be produced from the 
reaction of diepoxybutane with DNA. This compound as well as its corresponding DNA 
oligomer have been synthesized (Antsypovich et al., 2007). Yields of the compounds 
were lower than expected and both readily cyclized to an unidentified exocyclic 
diepoxybutane–deoxyadenosine side-product. Formation of cross-links by this compound 
was minimal. The half-life of N6-(2-hydroxy-3,4-epoxybut-1-yl)adenine in single-
stranded DNA was < 2 h at physiological conditions.  
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Calf thymus DNA incubated with a 40-fold molar excess of epoxybutene resulted in 
the detection of equimolar amounts of the two N7-guanine adducts of epoxybutene (G1 
and G2) (Blair et al., 2000); when diepoxybutane was used, the (±)-G4 adduct was 
detected as the major product. When human TK6 cells were exposed to 400 µM 
epoxybutene for 24 h, the concentration of G1 and G2 adducts was 4.3 ± 0.9 and 4.1 ± 1.0 
adducts/106normal cells, respectively. Urine samples from Fischer 344 rats and B6C3F1 
mice exposed to 1250 ppm [3453 mg/m3] butadiene were analysed for the presence of 
N7-guanine adducts. For all 3 days on which the adducts were analysed, rats excreted 
significantly more G1 and G2 and (±)-G4; G1 was the major adduct excreted. In mice, a 
small amount of meso-G4 was detected but none was found in rat urine.   

DNA adducts were analysed in MCF-7 cells after a 6-h exposure to epoxybutanediol 
and diepoxybutane at concentrations of 100–1000 µmol/mg DNA (Koivisto et al., 1999). 
At all concentrations tested, more diepoxybutane–N7-guanine adducts were detected. In 
the lungs of mice exposed to 50–1300 ppm [110.5–2873 mg/m3] butadiene for 6 h per 
day for 5 days, large amounts of epoxybutanediol–N7-guanine (G4) adducts were 
detected. A small peak for the adduct between diepoxybutane and guanine at N7 was 
detected; however, this peak also elutes closely with an epoxybutene-derived adduct. 

(b) Structural effects of the adducts on DNA 

The (2R,3R)-N6-(2,3,4-trihydroxybutyl)-2'-deoxyadenosyl (BDT) DNA adduct of 
epoxybutanediol causes low levels of A→G mutations and the (2S,3S)-BDT DNA adduct 
causes low levels of A→C mutations. These adducts were incorporated at the X6 position 
in the ras61 oligodeoxynucleotide that was then used to examine structural perturbations 
in duplex DNA (Merritt et al., 2004; Scholdberg et al., 2004). Both adducts were 
orientated in the major groove of the DNA, which resulted in minimal structural 
perturbation and allowed the Watson-Crick binding to remain intact. However, the major 
difference between the two stereoisomers was the orientation of the BDT moiety in the 
major groove. For the R,R-BDT adduct, the BDT moiety was orientated in plane with the 
modified base-pair X6.T17 whereas the S,S-BDT adduct was tilted out of the base-pairing 
plane. This difference is due to differential interactions of T17O4 with the hydroxyl groups 
of the BDT moieties. To determine if a structural basis existed for the low levels of A→C 
mutations observed with the (2S,3S)-BDT DNA adduct, it was incorporated site-
specifically into the ras61 oligodeoxynucleotide opposite a mismatched deoxyguanine in 
the complementary strand opposite the adducted deoxyadenine (Scholdberg et al., 2005a). 
Nuclear magnetic resonance studies revealed two conformations of the adducted 
mismatched duplex. In the major conformation, the presence of the trihydroxy adduct 
allowed formation of an A⋅G mismatched base pair in which the adduct was in the major 
groove of DNA and both mismatched bases were intrahelical. Thus, if this adduct is not 
repaired, the subsequent mismatch would result in the observed A→C mutations. 

N1-[1-Hydroxy-3-buten-2(R)-yl]-2′-deoxyinosine, a DNA adduct of epoxybutene, is 
highly mutagenic in several systems and causes a large portion of A→G mutations. By 
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incorporating this adduct into the ras61 oligodeoxynucleotide at the second position of 
codon 61, positioning of the adduct in DNA could be determined (Merritt et al., 2005a). 
This adduct caused a significant structural perturbation and showed the rotation of the 
adduct into a syn conformation, which placed the butadiene moiety into the major groove 
of the DNA duplex. This positioning disrupted Watson-Crick hydrogen bonding and 
some altered base stacking was observed. This syn conformation may also facilitate 
incorporation of desoxy cytosine triphosphate via Hoogsteen-type templating with 
deoxyinosine and result in A→G mutations.  

N1-[1-Hydroxy-3-buten-2(S)-yl]-2′-deoxyinosine has been synthesized into an 
oligonucleotide that contained the epoxybutene adduct at the second position of codon 61 
of the human N-ras proto-oncogene (Scholdberg et al., 2005b). The adducted 
deoxyinosine was rotated into a high syn conformation, which allowed the adduct to be 
accommodated into the major groove of the DNA. This conformation positions the adduct 
to form the protonated Hoogsteen-pairing interaction with desoxy cytosine triphosphate 
during DNA replication thus generating A→G mutations. Some base–base stacking 
interactions were also perturbed.  

The effect of the 1,4-bis(2′-deoxyadenosin-N6-yl)–2R,3R-butanediol cross-link in an 
oligonucleotide that contains the cross-link between the second and third adenines of 
codon 61 in the human N-ras proto-oncogene in duplex DNA was studied (Merritt et al., 
2005b). The adduct was orientated in the DNA major groove. Watson-Crick base-pairing 
was disrupted at X6⋅T17. At the cross-link site, an opening of base-pair X6⋅T17 altered base 
stacking patterns and caused slight unwinding of the DNA duplex.  

Examination of the effect of the 1,4-bis(2'-deoxyadenosin-N6-yl)-2S,3S-butanediol 
cross-link was also undertaken in a manner similar to that for the R,R isomer (Xu et al., 
2007). The adduct orientation was similar to that of the R,R adduct and it also disrupted 
Watson-Crick hydrogen bonding at the same base pair. The largest difference between the 
S,S and R,R adducts was in the conformation of the butadiene chain. Because of the anti-
conformation of the two hydroxyl groups on the S,S adduct, a greater structural 
perturbation to the DNA duplex occurred, and resulted in a 10° bending of the cross-
linked duplex.  

Biochemical data suggest that both stereoisomers of N6,N6-deoxyadenosine 
intrastrand cross-linked adducts are by-passed by a variety of DNA polymerases, yet can 
be significantly mutagenic and lead to A→G transitions (Kanuri et al., 2002). 

4.2.4 Alterations in oncogenes and suppressor genes in tumours 

A specific codon 13 mutation in K-ras has been described previously (see IARC, 
1999). 

Lymphomas induced in B6C3F1 mice by exposure to butadiene were analysed for 
gross structural alterations and point mutations in several proto-oncogenes that are 
implicated in the ras, p53 or pRb pathways (Zhuang & Söderkvist, 2000). Using southern 
blotting, no structural alterations or amplifications were detected in Raf1, Mdm2, c-Myc, 
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Cdc25a or Cdc25b. Ten tumours exhibited four identical silent base substitutions 
(GAC522AAC, GTG531GTC, TCG533TCC, GCT543ACT) and allelotypic analysis 
showed loss of heterozygosity of the Raf1 locus in six of 31 butadiene-induced 
lymphomas. No changes were detected in lymphomas induced by long-term inhalation of 
20–625 ppm [44.2–1381 mg/m3] butadiene in B6C3F1 mice that were analysed for 
genetic alterations in Rb1, Ccnd1 and Cdk4 genes. These results suggest that, if the 
inactivation of other tumour-suppressor genes may be involved in the development of a 
subset of butadiene-induced lymphomas, the genetic alterations in the above proto-
oncogenes do not play an important role in the development of these tumours. 

Studies using the supF gene and the three diepoxybutane isomers showed that S,S-
diepoxybutane was the most potent mutagen followed by R,R-diepoxybutane and meso-
diepoxybutane (Kim et al., 2007). The major form of mutation was A:T→T:A 
transversion following treatment with all three stereoisomers. However, S,S-
diepoxybutane induced larger numbers of G:C→A:T transitions while R,R-diepoxybutane 
resulted in a higher frequency of G:C→T:A transversions. 

Rarely is the nervous system a target in chemical carcinogenesis but, in B6C3F1 mice 
exposed to 625 ppm [1381 mg/m3] butadiene, six malignant gliomas and two 
neuroblastomas were observed. Only one tumour has been reported in more than 500 
historical control mice. Morphologically, the characteristics of the malignant gliomas and 
neuroblastomas were consistent with those reported for humans. Tumours were also 
evaluated for genetic alterations in p53, K- and H-ras genes (Kim et al., 2005). One 
neuroblastoma had a mutation in codon 61 of the H-ras gene. Missense mutations in p53 
exons (exons 5–8) were detected in two neuroblastomas and three of six malignant 
gliomas and consisted mostly of G→A transitions (5/6). Three of five malignant gliomas 
and both neuroblastomas showed nuclear accumulation of p53 protein. Loss of 
heterozygosity at the p53 gene locus was also observed in four of five malignant gliomas 
and both neuroblastomas. All of these tumours displayed loss of the C57 (B) allele at the 
Ink4a/Arf gene locus, which codes for the p16Ink4a that may play a key role in the 
development of mouse brain tumours. 

Male and female B6C3F1 mice were exposed to a total of 8100 ppm [17 901 mg/m3]–
weeks and 16 200 ppm [35 802 mg/m3]–weeks butadiene (Ton et al., 2007). Of 51 lung 
tumours, 34 had a GGC→CGC transversion mutation in the codon 13 of the K-ras gene. 
A loss of heterozygosity on chromosome 6 was observed in 14 of 51 of the lung tumours 
and all were in the region of K-ras. There is mounting evidence that K-ras, which is a 
known oncogene, functions as a tumour-suppressor gene and its loss may play a major 
role in mouse lung carcinogenesis.  

Point mutations in ras genes were analysed in forestomach tumours from male and 
female B6C3F1 mice that had been exposed to 6.25–625 ppm [13.8–1381 mg/m3] 
butadiene by inhalation for 6 h per day on 5 days per week for 1–2 years (Sills et al., 
2001). Among the butadiene-induced tumours, 20 of 24 contained ras gene mutations 
compared with four of 11 spontaneous forestomach neoplasms. In butadiene-induced 
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forestomach tumours, the most common transversions were GGC→CGC in codon 13 in 
K-ras, and CAA→CTA in codon 61 in H-ras. 

In male and female B6C3F1 mice exposed to 6.25–625 ppm [13.8–1381 mg/m3] 
butadiene by inhalation for 6 h per day on 5 days per week for 2 years, an increase in the 
incidence of cardiac haemangiosarcomas was observed. Eleven of these haemangio-
sarcomas were analysed for alterations in the p53 gene and ras proto-oncogenes (Hong et 
al., 2000). Most of the butadiene-induced haemangiosarcomas (9/11) had K-ras muta-
tions and all nine had G→C transversions in codon 13. Of the nine haemangiosarcomas 
with the K-ras mutations, five also had an H-ras codon 61 CGA mutation. Mutations in 
exons 5–8 of the p53 gene were identified in five of 11 haemangiosarcomas. 

Butadiene-induced mammary tumours (17) were collected from female B6C3F1 mice 
that were exposed to 6.25–625 ppm [13.8–1381 mg/m3] butadiene by inhalation for up to 
2 years (Zhuang et al., 2002). Genetic alterations in the p53 gene were found in seven of 
17 tumours. All of these tumours also showed loss of the wild-type p53 allele. Missense 
mutations in codons 12, 13 or 61 of the H-ras gene were found in nine of 17 tumours. 
Seven of these nine H-ras mutations were G→C transversions in the first base of codon 
13. Missense mutations in the β-catenin gene were identified in three of 17 tumours. No 
mutations were identified in the Apc or Axin genes.  

4.3 Mechanistic considerations 

The carcinogenicity of butadiene is most probably mediated by its metabolic 
intermediates. This view is based largely on the fact that butadiene-induced mutagenicity 
requires metabolic activation, and the DNA-reactive epoxides formed during butadiene 
biotransformation are direct-acting mutagens (IARC, 1999; Melnick & Kohn, 1995). The 
first step in butadiene metabolism primarily involves CYP-mediated oxidation to 
epoxybutene. At low concentrations of butadiene, metabolism via CYP2E1 predominates 
(IARC, 1999). Epoxybutene may be metabolized by conjugation with GSH via GST or 
by hydrolysis via EH. Epoxybutene may also be oxidized to multiple diastereomers of 
diepoxybutane (Krause & Elfarra, 1997), while dihydroxybutene formed by hydrolysis of 
epoxybutene may be oxidized to epoxybutanediol. The latter epoxides are also detoxified 
by GST or EH. Partial hydrolysis of diepoxybutane also produces epoxybutanediol. Each 
of these epoxide intermediates may contribute to the mutagenicity and carcinogenicity of 
butadiene. Factors that impact their relative contributions include tissues levels, reactivity 
with DNA and repair of covalent DNA adducts. For example, genetically modified mice 
that are deficient in mEH activity are more susceptible than wild-type mice to the 
mutagenic effects of butadiene and diepoxybutane (Wickliffe et al., 2003). The detection 
of metabolites derived from HMVK and crotonaldehyde in the urine of rats or mice 
treated with butenediol suggests that these compounds may also be formed during the 
metabolism of butadiene (Sprague & Elfarra, 2003, 2004). The potential contributions of 
these DNA alkylating agents (crotonaldehyde and HMVK) to the mutagenicity and 
carcinogenicity of butadiene are not fully known.  
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The enzymes that regulate epoxide formation and elimination are polymorphic in 
human populations. While there are reports that indicate that genetic polymorphisms in 
GST and mEH affect the in-vitro mutagenicity of butadiene-derived epoxides or the 
mutagenicity of butadiene in occupationally exposed workers (Wiencke et al., 1995; 
Abdel-Rahman et al., 2003), the extent to which these enzyme variabilities impact the 
carcinogenicity of butadiene is not known. In addition, CYP is inducible by a variety of 
environmental and pharmaceutical agents. The reported range and distribution of 
butadiene or epoxybutene oxidation kinetics in human tissues in vitro is limited by the 
high interindividual variability in CYP, EH and GST activities and the fact that small 
numbers of human liver and lung samples have been analysed (Bolt et al., 2003; Thier et 
al., 2003; Norppa, 2004; Schlade-Bartusiak et al., 2004).  

The metabolism of butadiene in mice and rats demonstrates linear metabolic 
elimination kinetics at exposures of up to about 1000 ppm [2210 mg/m3] (Kreiling et al., 
1986b). Toxicity studies conducted with much higher exposures add little additional 
information on the health effects of butadiene metabolites due to saturation of butadiene 
metabolism. Responses that increase proportionally with exposures above 1000 ppm 
butadiene probably represent effects of the parent compound. In the range of linear 
kinetics, mice metabolize butadiene at about twice the rate observed in rats. Species 
differences in metabolic clearance of butadiene at low exposure concentrations are largely 
due to differences in blood:air partition coefficients and physiological parameters that 
include alveolar ventilation rate, cardiac output and blood flow to metabolizing tissues 
(Kohn & Melnick, 1993; Sweeney et al., 2001).  

Although the formation of epoxybutene occurs primarily by CYP-mediated oxidation 
of butadiene, formation of this alkylating agent by a myeloperoxidase-catalysed reaction 
in bone-marrow cells (Maniglier-Poulet et al., 1995) may be relevant to the induction of 
haematopoietic cancers in mice and humans.  

Data on urinary metabolites indicate that the elimination of epoxybutene in mice 
occurs to a greater extent by conjugation with GSH than by hydrolysis (IARC, 1999). 
Although no studies have been reported that characterize the full profile of urinary 
metabolites for butadiene in humans, the high ratio of DHBMA to MHBMA in exposed 
workers indicates that epoxybutene is preferentially metabolized by hydrolysis before 
GSH conjugation in humans. In rats, metabolic elimination of epoxybutene formed from 
butadiene occurs to a similar extent by hydrolysis or GSH conjugation. In molecular 
epidemiological studies of occupational exposures to butadiene, the ratio of MHBMA to 
MHBMA + DHBMA was lower in workers who had homozygous null genotypes for 
GSTM1 and GSTT1 (Albertini et al., 2001, 2003a). 

The formation of epoxybutanediol or diepoxybutane requires a second oxidation step 
on either butenediol or epoxybutene, respectively. At increasing exposure concentrations 
of butadiene, competition between butadiene and butenediol or epoxybutene for CYP 
may limit the extent to which the second oxidation reaction may occur. Consequently, the 
blood concentration of epoxybutanediol is greater in rats exposed to 200 ppm 
[442 mg/m3] butadiene than in those exposed to levels of 1000 ppm [2210 mg/m3] or 
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higher (Filser et al., 2007). Competitive inhibition by butadiene of the second oxidation 
(Filser et al., 2001) may account for the greater Hprt mutation efficiency in rats exposed 
to 62.5 ppm [138 mg/m3] or mice exposed to 3 ppm [6.63 mg/m3] compared with 
exposure of either species to 625 or 1250 ppm [1381 or 2762.5 mg/m3] (Meng et al., 
2007a). Thus, high-dose studies of butadiene in animals (≥ 625 ppm) may not adequately 
reveal the full carcinogenic potential of this gas at lower levels of exposure. 

Haemoglobin adducts have been measured as biomarkers of internal levels of the 
epoxide intermediates of butadiene metabolism. Levels of MHbVal, PyrVal and THbVal 
adducts are reflective of blood concentrations of epoxybutene, diepoxybutane and 
epoxybutanediol, respectively. Each of these adducts has been measured in rats and mice 
exposed to butadiene at concentrations as low as 3 ppm [6.63 mg/m3]. At equivalent 
exposures to butadiene, the levels of MHbVal and PyrVal were higher in mice than in 
rats, while levels of the major adduct, THbVal, were similar in these species (Boysen et 
al., 2004, 2007). The formation of each of these adducts in mice and rats was more 
efficient at 3 ppm than at higher exposure concentrations of butadiene. MHbVal and 
THbVal have also been measured in workers exposed to butadiene (mean 8-h TWA 
exposures of 0.3–0.8 ppm [0.66–1.76 mg/m3]), while levels of PyrVal in workers exposed 
to mean concentrations of 0.37 ppm [0.82 mg/m3] were below the limit of detection 
(Albertini et al., 2003a, 2007). Species differences in the levels of these haemoglobin 
adducts reflect differences in exposure to butadiene, blood levels of the epoxide 
intermediates, reactivity of the epoxide with the N-terminal valine and other reactive sites 
of haemoglobin and the half-life of red blood cells. When adduct levels are normalized 
per gram of haemoglobin per part per million of butadiene, the levels of MHbVal adducts 
in workers are slightly lower than those in rats exposed to 3 ppm [6.63 mg/m3] butadiene, 
while the levels of THbVal adducts are higher in workers than in rats or mice exposed to 
3 ppm butadiene. These data demonstrate the systemic availability of epoxybutene and 
epoxybutanediol in workers at occupational exposure levels of butadiene. In workers 
exposed to butadiene, THbVal levels are affected by the combined polymorphisms for 
CYP2E1, GSTM1 and GSTT1 genes (Fustinoni et al., 2002).  

The major DNA adducts formed in the liver, lung and kidney of rats and mice 
exposed to butadiene are at the N7 position of guanine. G4 adducts are much more 
abundant than G1 and G2 adducts, which are derived from epoxybutene (Koc et al., 
1999). G4 adducts reach a plateau in rats at about 62 ppm [137 mg/m3] butadiene, while 
G1 and G2 adducts increase nearly linearly with exposures to butadiene of up to 625 ppm 
[1381 mg/m3]. The similarity in the shape of the dose–response curves for the formation 
of THbVal adducts, G4 adducts and the Hprt mutation frequency in splenic T cells from 
mice and rats exposed to butenediol suggests that epoxybutanediol may play a role in the 
mutagenicity and carcinogenicity of butadiene (Powley et al., 2005). N7-Guanine adducts 
can undergo spontaneous depurination from DNA and create apurinic sites. Epoxide 
metabolites of butadiene can also react at base-pairing sites to form adducts at 
N3-cytosine, N1-adenine, N6-adenine, N1-guanine and N2-guanine (Selzer & Elfarra, 
1996a,b, 1997; Zhao et al., 1998; Zhang & Elfarra, 2004). An increase in N1-
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trihydroxybutyladenine adducts was detected in lymphocytes of workers occupationally 
exposed to butadiene (Zhao et al., 2000). Alkylation of N1-adenine by epoxybutene 
followed by hydrolytic deamination to form deoxyinosine has been shown to be highly 
mutagenic (Rodriguez et al., 2001); this DNA lesion strongly codes for incorporation of 
cytosine during DNA replication which leads to the generation of A→G mutations. 
Diepoxybutane is a bifunctional alkylating agent that can form DNA–DNA crosslinks 
through binding at the N7 position of guanine of double-stranded DNA to produce bis-
N7-guanine-2,3-butanediol (Park & Tretyakova, 2004). Depurination of these interstrand 
or intrastrand lesions can induce point mutations and large deletion mutations. However, 
when diepoxybutane alkylates an N6-adenine in DNA, an exocyclic adenine adduct is 
formed preferentially to DNA–DNA cross-linked products (Antsypovich et al., 2007).   

Butadiene and its epoxide metabolites are genotoxic at multiple tissue sites in mice 
and rats and in a variety of other test systems. In-vitro studies demonstrate that 
diepoxybutane is more potent than epoxybutene or epoxybutanediol in the induction of 
micronuclei and gene mutations in mammalian cells. Epoxybutanediol, epoxybutene and 
diepoxybutane induced G→A transition mutations, adenine mutations (A→T and A→G) 
and deletions (Recio et al., 2001; Lee et al., 2002). The observed base substitution 
mutations induced by these alkylating agents are consistent with their DNA adduct 
profiles. A→T and G→C transversions are the most common mutations observed after 
in-vivo exposure to butadiene or in-vitro exposure to epoxybutene or diepoxybutane.  

Markers of individual susceptibility can modulate the genotoxic effects of butadiene. 
In experimental studies, mice that lack a functional mEH gene were more susceptible than 
wild-type mice to the mutagenic effects of butadiene or diepoxybutane (Wickliffe et al., 
2003). EH activity varies considerably among individuals. Butadiene-exposed workers 
with the low EH activity genotype were reported to be more susceptible to butadiene-
induced genotoxicity (lymphocyte HPRT mutant variant frequency) than individuals with 
the more common EH genotype (Abdel-Rahman et al., 2001, 2003). In contrast, no 
significant effects were observed for induction of HPRT mutations or sister chromatid 
exchange in individuals with GST (M1 or T1) polymorphisms (Abdel-Rahman et al., 
2001). These differences in response are consistent with the known important role of EH 
in the detoxification of butadiene epoxides in tissues in which these intermediates are 
produced. Several other molecular epidemiological studies report no effect of butadiene 
on HPRT mutations or chromosomal changes at levels of occupational exposures and no 
significant associations with genotype (Zhang et al., 2004; Albertini et al., 2001, 2007). 
Discrepancies among these studies may be related to differences in workplace levels of 
exposure to butadiene, the impact of exposures to butadiene or other genotoxic agents 
from other sources (e.g. cigarette smoke, automobile exhaust), group size and the level of 
enzyme activity associated with a particular genotype.  

The induction of sister chromatid exchange in human lymphocytes exposed in vitro to 
diepoxybutane was significantly higher in lymphocytes from GSTT1-null individuals than 
GSTT1-positive individuals (Wiencke et al., 1995), which indicates that the GST pathway 
may be important in the detoxification of diepoxybutane released into whole blood. 
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Epoxybutene can induce sister chromatid exchange and chromosomal aberrations in 
human peripheral lymphocytes treated in vitro; the lack of induction of these effects in G0 
lymphocytes appears to be due to effective DNA excision repair (Kligerman et al., 
1999b). Other studies demonstrate the importance of DNA repair in the genotoxicity of 
butadiene-derived epoxides. For example, mice deficient in nucleotide excision repair 
activity are more susceptible than wild-type mice to the mutagenic effects of butadiene 
and diepoxybutane (Wickliffe et al., 2007).  

The mechanistic link between animal and human neoplasia induced by butadiene is 
supported by the identification in mice of genetic alterations in butadiene-induced 
tumours that are frequently involved in the development of a variety of human cancers. 
The K-ras, H-ras, p53, p16/p15 and β-catenin mutations detected in tumours in mice 
probably occurred as a result of the DNA reactivity and genotoxic effects of butadiene-
derived epoxides. A consistent pattern of K-ras mutations (G→C transversions at codon 
13) was observed in butadiene-induced cardiac haemangiosarcomas, neoplasms of the 
lung and forestomach and lymphomas (Hong et al., 2000; Sills et al., 2001; Ton et al., 
2007). Alterations in the p53 gene in mouse brain tumours were mostly G→A transition 
mutations (Kim et al., 2005). Inactivation of the tumour-suppressor genes p16 and p15 
may also be important in the development of butadiene-induced lymphomas (Zhuang et 
al., 2000). Mammary gland adenocarcinomas induced by butadiene in mice had frequent 
mutations in the p53, H-ras and β-catenin genes (Zhuang et al., 2002). These obser-
vations point to a genotoxic mechanism that underlies the development of butadiene-
induced cancers. Although genotoxicity data indicate that diepoxybutane is the most 
genotoxic of the butadiene epoxides, the relative contribution of these metabolic inter-
mediates to the mutagenicity and carcinogenicity of butadiene is not known.  

A comparison of the degree of evidence on metabolism, haemoglobin adduct 
formation and genetic changes in rodents and humans exposed to butadiene is given in 
Table 33. 

Table 33. Comparison of the degree of evidence on metabolism, haemoglobin 
adduct formation and genetic changes in rodents and humans exposed to 
butadiene 

Parameter Rats Mice Humans 

In-vitro metabolism of butadiene to epoxybutene Strong Strong Strong 

In-vitro metabolism of epoxybutene to diepoxybutane Strong Strong Strong 

In-vivo measure of epoxybutene in blood Strong Strong NI 

In-vivo measure of diepoxybutane in blood Strong Strong NI 

N-(2,3,4-Trihydroxybutyl)valine haemoglobin adducts Strong Strong Strong 

N-(2-Hydroxy-3-butenyl)valine haemoglobin adducts Strong Strong Strong 
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Table 33 (contd) 

Parameter Rats Mice Humans 

N,N-(2,3-Dihydroxy-1,4-butadiyl)valine haemoglobin 
 adduct 

Strong Strong Weaka 

Urinary excretion of butadiene-derived mercapturic 
 acid metabolites 

Strong Strong Strong 

DNA adducts Strong Strong Strong 

Mutations in reporter genes in somatic cells Strong Strong Inconsistentb 

Chromosomal aberrations or micronuclei No evidence Strong Weaka 

NI, no information 
a Possibly due to a lack of adequate studies 
b Three negative and one positive studies 

5. Summary of Data Reported 

5.1 Exposure data 

1,3-Butadiene is a colourless gas that is produced by three different methods. More 
than 95% of global production is as a co-product from the industrial synthesis of ethylene. 
Regardless of the process, the production of butadiene monomer requires the removal of 
impurities. Butadiene is used primarily (85%) in the production of synthetic rubbers and 
polymers (polymer production). 

The highest exposure to butadiene occurs in occupational settings. No measurements 
of exposure in butadiene monomer production before the 1970s are available, but levels 
of exposure have decreased from the late 1970s to the early 2000s from < 20 mg/m3 to 
< 2 mg/m3.  

In styrene–butadiene polymer production, the estimated median levels of exposure to 
butadiene in earlier decades varied from 8 mg/m3 to 20 mg/m3, while current measure-
ments of exposure in modern facilities in North America and western Europe are 
generally below 2 mg/m3. Levels reported in China are somewhat higher (∼4 mg/m3). 
Regardless of the type of factory, production process or country, some tasks are still 
characterized by very high exposures (~200 mg/m3) that are typically short in duration.  

Butadiene is a ubiquitous environmental contaminant and levels lower than those 
found in occupational settings have been reported in ambient air (< 0.02 mg/m3); these 
mainly originate from combustion products (e.g. motor vehicle emissions and tobacco 
smoke). 
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The American Conference of Governmental Industrial Hygienists has reported 
occupational exposure limits for butadiene in various countries that range from 1 to 
1000 ppm (2–2210 mg/m3). 

5.2 Cancer in humans 

The Working Group reviewed studies of three cohorts of workers in the butadiene 
monomer industry and two cohorts of workers in the styrene–butadiene rubber industry. 
A study of styrene–butadiene rubber workers by researchers at the University of Alabama 
at Birmingham was considered by the Working Group to be the most informative. This 
study examined the mortality rates of approximately 17 000 workers from eight styrene–
butadiene rubber facilities in the USA and Canada. Earlier studies of some of the facilities 
included in this study were carried out by researchers at the National Institute for 
Occupational Safety and Health and at Johns Hopkins’ University.   

A limiting factor in the present evaluation was that the diagnosis and classification of 
lymphatic and haematopoietic malignancies are extremely complex and have undergone 
several changes over the course of time (see General Remarks). 

Although overall mortality from leukaemia was only slightly elevated in the most 
recent update of the University of Alabama at Birmingham cohort, larger excesses of 
mortality from leukaemia were seen in workers in the most highly exposed areas of the 
plants and among hourly paid workers, especially those who had been hired in the early 
years and had had longer employment (i.e. ≥ 10 years). These excesses were attributable 
to increased rates of mortality from both chronic lymphocytic and chronic myelogenous 
leukaemia. Furthermore, a significant exposure–response relationship between cumu-
lative exposure to butadiene and mortality from leukaemia was observed in this study. 
Exposure–response relationships were apparent for both chronic lymphocytic and chronic 
myelogenous leukaemia. An exposure–response relationship between cumulative expo-
sure to butadiene and leukaemia was also apparent in an earlier analysis conducted by the 
University of Alabama at Birmingham that used a different method for the assessment of 
exposure and in the previous Johns Hopkin’s study. While concerns had been raised that 
these findings might have been due to confounding from exposure to other chemicals in 
the styrene–butadiene rubber industry, the most recent analyses indicated that the 
exposure–response relationship for butadiene and leukaemia was independent of expo-
sures to benzene, styrene and dimethyldithiocarbamate.  

A slight overall excess of mortality from leukaemia was also observed in two of the 
studies of the butadiene monomer industry, whereas a small deficit in mortality was 
observed in the third cohort study. The excess of mortality from leukaemia in one of the 
monomer industry cohorts was more pronounced among workers who had been exposed 
during the Second World War when exposures to butadiene had probably been higher. 
The excess of leukaemia in this cohort did not increase with duration of exposure or 
cumulative exposure. 
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The strongest evidence for an association between butadiene and non-Hodgkin 
lymphoma derives from the studies of workers in the monomer industry. Based on four 
cases (lymphosarcoma and reticulosarcoma), an approximately sixfold statistically 
significant excess risk was observed in one of the three studies. An approximately 50% 
non-significant excess of mortality from non-Hodgkin lymphoma was reported in another 
study of the monomer industry. Although the excess of mortality from non-Hodgkin 
lymphoma in this study did not increase with duration of exposure, it was more 
pronounced among workers who had been exposed during the Second World War when 
exposures had presumably been higher. The third study of the monomer industry reported 
only one case of non-Hodgkin lymphoma (0.2 expected). A non-significant twofold 
excess of mortality from lymphosarcoma and reticulosarcoma was reported in one of the 
two plants included in the earlier National Institute for Occupational Safety and Health 
study of styrene–butadiene rubber workers. No overall excess of mortality from non-
Hodgkin lymphoma was observed in the University of Alabama at Birmingham study. 

Overall, the epidemiological studies provide evidence that exposure to butadiene 
causes cancer in humans. This excess risk cannot be reasonably explained by 
confounding, bias or chance. This conclusion is primarily based on the evidence for a 
significant exposure–response relationship between exposure to butadiene and mortality 
from leukaemia in the University of Alabama in Birmingham study, which appears to be 
independent of other potentially confounding exposures. It is also supported by elevated 
relative risks for non-Hodgkin lymphoma in other studies, particularly in the butadiene 
monomer production industry. The Working Group was unable to determine the strength 
of the evidence for particular histological subtypes of lymphatic and haematopoietic 
neoplasms because of the changes in coding and diagnostic practices for these neoplasms 
that have occurred during the course of the epidemiological investigations. However, the 
Working Group considered that there was compelling evidence that exposure to butadiene 
is associated with an increased risk for leukaemias. 

5.3 Cancer in experimental animals 

Two bioassays of butadiene by inhalation exposure in mice showed increases in the 
incidence of lymphoma and neoplasms of the heart, lung, forestomach, liver, Harderian 
gland, preputial gland and kidney in males and increases in the incidence of lymphomas 
and neoplasms of the heart, lung, forestomach, liver, Harderian gland, ovary and 
mammary gland in females. The heart neoplasms were highly malignant and distinctive 
forms of haemangiosarcoma that were very rare in historical controls. The second 
bioassay was undertaken at much lower exposure levels than the first, but tumours 
developed at the same organ sites in both studies. The second study included exposure 
levels that were comparable with or even lower than historical levels of occupational 
exposure in humans. 

In a single study of inhalation exposure in rats, butadiene caused increases in the 
incidence of pancreatic exocrine adenomas and carcinomas and interstitial-cell tumours of 
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the testis in males. In females, increases in the incidence of thyroid follicular-cell 
tumours, uterine sarcomas, Zymbal gland carcinomas and benign and malignant 
mammary tumours were observed. This study was conducted at exposure levels that were 
much higher than those used in the inhalation bioassays in mice. 

D,L-Diepoxybutane, a metabolite of butadiene, was tested for carcinogenicity in mice 
by repeated subcutaneous injection, by repeated intraperitoneal injection and by inhalation 
exposure. It caused fibrosarcomas at the site of subcutaneous injection and increased the 
incidence of Harderian gland tumours following inhalation exposure. 

D,L-Diepoxybutane was tested for carcinogenicity in rats in one study by inhalation 
and caused squamous-cell carcinomas of the nasal mucosa. It also induced fibrosarcomas 
in rats at the site of repeated subcutaneous injection, but did not cause gastric tumours 
when administered by gavage. 

meso-Diepoxybutane was tested for carcinogenicity by skin application in one study 
in male and one study in female mice in direct comparison with D,L-diepoxybutane. In 
both studies, meso-diepoxybutane caused an increased incidence of squamous-cell 
papillomas and carcinomas of the skin at the site of application while D,L-diepoxybutane 
gave negative results. 

5.4 Mechanistic and other relevant data 

The carcinogenicity of butadiene is most probably mediated by its metabolic 
intermediates. This assumption is based largely on the fact that butadiene-induced 
mutagenicity requires metabolic activation and that the DNA-reactive epoxides 
(stereoisomers of epoxybutene, epoxybutanediol and diepoxybutane) that are formed 
during the biotransformation of butadiene are direct-acting mutagens. Studies in humans 
indicate that butadiene is absorbed via inhalation and that the blood:air partition 
coefficient and alveolar ventilation are important parameters in the determination of 
uptake. Several studies have quantified the presence of metabolites derived from 
butadiene in the urine of humans exposed via inhalation in controlled laboratory, 
environmental or workplace settings. Two urinary metabolites have been identified in 
humans: 1,2-dihydroxybutyl mercapturic acid and monohydroxy-3-butenyl mercapturic 
acid, which are derived from the conjugation with glutathione of hydroxymethylvinyl 
ketone (a metabolite of butenediol) and epoxybutene, respectively.  

Several molecular epidemiological studies have assessed the utility of haemoglobin 
adducts as biomarkers of human exposure to butadiene. The butadiene metabolite, 
epoxybutene, can react with the N-terminal valine of haemoglobin to form N-(2-hydroxy-
3-butenyl)valine adducts, which have been observed in workers exposed to butadiene. 
The haemoglobin adduct, N-(2,3,4-trihydroxybutyl)valine, which is formed from 
epoxybutanediol or diepoxybutane, has also been observed in these workers. N,N-(2,3-
Dihydroxy-1,4-butadiyl)valine, which is another adduct formed by the reaction of 
diepoxybutane with haemoglobin, has not been detected in butadiene-exposed workers. 
The presence of N-(2,3,4-trihydroxybutyl)valine and N-(2-hydroxy-3-butenyl)valine in 
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workers exposed to butadiene demonstrates the systemic availability of the metabolites 
epoxybutene and epoxybutanediol at occupational exposure levels. 

Several studies in humans have demonstrated the DNA-binding properties and 
clastogenic effects of butadiene. An increase in N1-(2,3,4-trihydroxybutyl)adenine 
adducts — derived from epoxybutanediol or diepoxybutane — was detected in the 
lymphocytes of workers occupationally exposed to butadiene. One study in workers 
exposed to butadiene found an increase in the frequency of chromosomal aberrations and 
sister chromatid exchange. Other studies found no significant increases in chromosomal 
alterations in workers, although the exposure concentrations were lower than those used 
in studies with mice. 

The enzymes that regulate epoxide formation and elimination are polymorphic in 
human populations. The extent to which the variabilities of these enzymes modulate the 
carcinogenicity of butadiene is not known. Butadiene-exposed workers with the low 
epoxide hydrolase activity genotype were more susceptible to butadiene-induced geno-
toxicity (frequency of human hypoxanthine–guanine phosphoribosyl transferase gene 
variants in lymphocytes). 

More than 10 urinary metabolites, including the conjugation products monohydroxy-
3-butenyl mercapturic acid and 1,2-dihydroxybutyl mercapturic acid, have been identified 
in butadiene-exposed rats and mice. 

At equivalent exposures to butadiene, blood levels of the haemoglobin adducts N-(2-
hydroxy-3-butenyl)valine and N,N-(2,3-dihydroxy-1,4-butadiyl)valine were higher in 
mice than in rats, while levels of the major adduct, N-(2,3,4-trihydroxybutyl)valine, were 
similar in these species. All of these adducts have been measured in rats and mice 
exposed to butadiene at concentrations as low as 3 ppm (6 mg/m3).  

Butadiene is clastogenic in mice and induces chromosomal aberrations, micronucleus 
formation and sister chromatid exchange. It has not been found to be clastogenic in rats.  

The most abundant DNA adduct measured in rats and mice exposed to butadiene is 
N7-trihydroxybutylguanine, which is derived from either epoxybutanediol or diepoxy-
butane. Epoxide metabolites of butadiene can also react at base-pairing sites to form 
adducts at N3-cytosine, N1-adenine, N6-adenine, N1-guanine and N2-guanine. Butadiene 
and its epoxide metabolites are genotoxic at multiple tissue sites in mice and rats and in a 
variety of other test systems. 

Mutations in ras proto-oncogenes and the p53 tumour-suppressor gene (genes that are 
involved in the development of a variety of cancers) were identified in several different 
types of tumour induced by butadiene in mice. A→T and G→C transversions are the 
most common mutations observed after in-vivo exposure to butadiene or in-vitro 
exposure to epoxybutene or diepoxybutane. 

Although genotoxicity data indicate that diepoxybutane is the most genotoxic epoxide 
formed from butadiene, the relative contribution of all epoxide metabolites to the 
mutagenicity and carcinogenicity of butadiene is not known.  
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6. Evaluation and Rationale 

6.1 Carcinogenicity in humans 

There is sufficient evidence in humans for the carcinogenicity of 1,3-butadiene. 

6.2 Carcinogenicity in experimental animals 

There is sufficient evidence in experimental animals for the carcinogenicity of 1,3-
butadiene. 

There is sufficient evidence in experimental animals for the carcinogenicity of D,L-
diepoxybutane. 

6.3 Overall evaluation 

1,3-Butadiene is carcinogenic to humans (Group 1). 
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ETHYLENE OXIDE 

This substance was considered by previous Working Groups in February 1976 
(IARC, 1976), June 1984 (IARC, 1985), March 1987 (IARC, 1987) and February 1994 
(IARC, 1994). Since that time, new data have become available, and these have been 
incorporated into the monograph and taken into consideration in the present evaluation. 

1. Exposure Data 

1.1  Chemical and physical data 

1.1.1  Nomenclature  

From IARC (1994) and IPCS-CEC (2001) 
Chem. Abstr. Serv. Reg. No.: 75-21-8 
Replaced CAS Reg. No.: 19034-08-3; 99932-75-9 
Chem. Abstr. Name: Oxirane 
IUPAC Systematic Name: Oxirane 
RTECS No.: KX2450000 
UN TDG No.: 1040 
EC Index No.: 603-023-00-X 
EINECS No.: 200-849-9 
Synonyms: Dihydrooxirene; dimethylene oxide; EO ; 1,2-epoxyethane; epoxyethane; 
ethene oxide; EtO; ETO; oxacyclopropane; oxane; oxidoethane 

1.1.2 Structural and molecular formulae and relative molecular mass 

 
 

 

C2H4O     Relative molecular mass: 44.06 

CH2H2C

O
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1.1.3 Chemical and physical properties of the pure substance 

From IARC (1994), Dever et al. (2004), Lide (2005), Rebsdat and Mayer (2005) and 
O’Neil (2006), unless otherwise specified 
(a) Description: Colourless gas  
(b) Boiling-point: 13.2 °C at 746 mm Hg [99.4 kPa]; 10.4–10.8 °C at 760 mm Hg 

[101.3 kPa]  
(c) Freezing-point: –111 °C  
(d) Density (liquid): 0.8824 at 10 °C/10 °C  
(e) Spectroscopy data: Infrared [prism, 1109] and mass spectral data have been 

reported (Weast & Astle, 1985; Sadtler Research Laboratories, 1991). 
(f) Solubility: Soluble in water, acetone, benzene, ethanol and diethyl ether 
(g) Vapour pressure: 145.6 kPa at 20 °C (Hoechst Celanese Corp., 1992) 
(h) Relative vapour density (air = 1): 1.5 at 20 °C (IPCS-CEC, 2001) 
(i) Stability: Reacts readily with acids; reactions proceed mainly via ring opening 

and are highly exothermic; explosive decomposition of vapour may occur at 
higher temperatures if dissipation of heat is inadequate.  

(j) Lower explosive limit: 2.6–3.0% by volume in air  
(k) Octanol-water partition coefficient: log Pow, –0.30 (Sangster, 1989) 
(l) Flash-point: Flammable gas (IPCS-CEC, 2001)  
(m) Inflammability limits in air: 2.6–99.99% (V) (Shell Chemicals, 2005) 
(n) Autoignition temperature: 428 °C (Shell Chemicals, 2005) 
(o) Dynamic viscosity: 0.41 mPa at 0 °C (Shell Chemicals, 2005) 
(p) Conversion factor: mg/m3 = 1.80 × ppm1 

1.1.4 Technical products and impurities 

Ethylene oxide for use as a fumigant and sterilizing agent used to be available in 
mixtures with nitrogen, carbon dioxide or dichlorodifluoromethane. Mixtures of 8.5–80% 
ethylene oxide/91.5–20% carbon dioxide (Allied Signal Chemicals, 1993) and 12% 
ethylene oxide in dichlorodifluoromethane were commonly used. As a result of concern 
about the role of chlorofluorocarbons in the depletion of stratospheric ozone and the 
phase-out of dichlorofluoromethane under the Montreal Protocol, the fluorocarbon 
materials now used to make blends of non-flammable ethylene oxide sterilants are 
hydrochlorofluorocarbons, hydrofluorocarbons and other flame-retardant diluent gases 
(Dever et al., 2004). 

                                                      
1 Calculated from: mg/m3 = (relative molecular mass/24.45) × ppm, assuming normal temperature (25 ºC) and 
pressure (101.3 kPa) 
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1.1.5 Analysis 

Ethylene oxide in air can be determined by packed column gas chromatography (GC) 
with an electron capture detector (ECD) (NIOSH Method 1614), with an estimated limit 
of detection of 1 µg ethylene oxide per sample (National Institute for Occupational Safety 
and Health, 1987). A similar method is reported by the Occupational Safety and Health 
Administration in the USA (Tucker & Arnold, 1984; Cummins et al., 1987). In a similar 
method reported by the Canadian Research Institute for Health and Safety at Work 
(IRSST Method 81-2), the sample is absorbed on an active charcoal tube (SKC ST-226-
36), desorbed by benzylic alcohol and analysed by GC/flame ionization detection (FID) 
(IRSST, 2005).  

In another technique (NIOSH Method 3702), a portable gas chromatograph is used 
with a photoionization detector or photoacoustic detector (IRSST 39-A). The sample is 
either drawn directly into a syringe or collected as a bag sample; it is then injected directly 
into the gas chromatograph for analysis. The estimated limit of detection of this method is 
2.5 pg/mL injection (0.001 ppm [0.002 mg/m3]) (National Institute for Occupational 
Safety and Health, 1998).  

Passive methods use derivatization techniques that convert ethylene oxide to 
2-bromoethanol followed by GC/ECD analysis or collect ethylene oxide in acidic solution 
(in which it is converted to ethylene glycol) or on a selective membrane followed by 
colorimetric analysis (Kring et al., 1984; Puskar & Hecker, 1989; Puskar et al., 1990, 
1991; Szopinski et al., 1991). 

Methods for the analysis and quantification of ethylene oxide in emissions from pro-
duction plants and commercial sterilizers by GC/FID have been reviewed (Steger, 1989; 
Margeson et al., 1990).  

Ethylene oxide has been measured in alveolar air and blood (Brugnone et al., 1986). 
Several methods have been reported for the determination of N-(2-hydroxyethyl) adducts 
with cysteine, valine and histidine in haemoglobin: a radioimmunological technique, a 
modified Edman degradation procedure with GC/mass spectrometry (MS), a GC method 
with selective ion monitoring MS and a GC/ECD method (Farmer et al., 1986; Bailey et 
al., 1987; Bolt et al., 1988; Föst et al., 1991; Hagmar et al., 1991; Kautiainen & 
Törnqvist, 1991; Sarto et al., 1991; van Sittert et al., 1993; Schettgen et al., 2002). 

Methods have been reported for the detection of residues of ethylene oxide used as a 
sterilant: headspace GC (Marlowe et al., 1987) and GC (Wojcik-O’Neill & Ello, 1991) 
for the analysis of medical devices; capillary GC for the analysis of drugs and plastics 
(Danielson et al., 1990); and headspace GC for the analysis of packaging materials and 
ethylene oxide in ethoxylated surfactants and demulsifiers (Dahlgran & Shingleton, 
1987). Methods have also been developed for the determination of ethylene oxide resi-
dues in processed food products. In one such method, ethylene oxide is converted to 
ethylene iodohydrin and analysed by GC/ECD (Jensen, 1988). 
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1.2 Production and use 

1.2.1 Production 

Production of ethylene oxide began in 1914 by the chlorohydrin process, the main 
method used until 1937, in which ethylene chlorohydrin is converted to ethylene oxide by 
reaction with calcium oxide. The production of ethylene chlorohydrin resulted in the 
formation of two main organochlorine by-products, 1,2-dichloroethane and bis(2-
chloroethyl)ether (see IARC, 1999a). Ethylene chlorohydrin was produced in either the 
same or a separate unit and was pumped over to the ethylene oxide production sector. The 
chlorohydrin process for the production of ethylene oxide was inefficient, because most 
of the chlorine that was used was lost as calcium chloride. Since 1931, that process has 
gradually been replaced by the direct vapour-phase oxidation process, in which ethylene 
is oxidized to ethylene oxide with air or oxygen and a silver catalyst at 10–30 atm (1–
3 MPa) and 200–300 ºC (Dever et al., 2004; Anon., 2005). 

In 2002, ethylene oxide was produced in more than 30 countries in Asia, Australia, 
Europe, the Middle East, North America and South America with a production capacity 
per year of 16.3 million tonnes (Lacson, 2003). Worldwide consumption of ethylene 
oxide was 14.7 million tonnes in 2002 (Dever et al., 2004) and 18 million tonnes in 2006 
(Devanney, 2007). Table 1 shows the number of producers by region as well as the pro-
duction levels of ethylene oxide in 2004; approximately 17 million tonnes of ethylene 
oxide were produced worldwide. Production in Canada increased from 625 000 tonnes in 
1996 (WHO, 2003) to 1 084 000 tonnes in 2004.  

1.2.2 Use 

Ethylene oxide is an important raw material used in the manufacture of chemical 
derivatives that are the basis for major consumer goods in virtually all industrialized 
countries. Figure 1 gives an overview of global industry demand for ethylene oxide by 
application. More than half of the ethylene oxide produced worldwide is used in the 
manufacture of monoethylene glycol (Occupational Safety and Health Administration, 
2005; Devanney, 2007). The percentage of total ethylene oxide that is used domestically 
to manufacture ethylene glycols varies widely between regions: North America (66%), 
western Europe (43%), Japan (68%) and the Middle East (99%) (Lacson, 2003). 

Other derivatives of ethylene oxide include: diethylene glycol, which is used in the 
production of polyurethanes, polyesters, softeners (cork, glue, casein and paper), plasti-
cizers and solvents and in gas drying; triethylene glycol, which is used in the manufacture 
of lacquers, solvents, plasticizers and humectants (moisture-retaining agents) and in gas 
drying; poly(ethylene) glycols, which are reacted with other materials and used in 
cosmetics, ointments, pharmaceutical preparations, lubricants (finishing of textiles, 
ceramics), solvents (paints and drugs) and plasticizers (adhesives and printing inks); 
ethylene glycol ethers, which are frequently a component of brake fluids, detergents and 
solvents (paints and lacquers) and are used to treat natural and refinery gas; ethanolamines, 
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which are used in textile finishing, cosmetics, soaps, detergents and natural gas 
purification; and ethoxylation products of fatty alcohols, fatty amines, alkyl phenols, 
cellulose and poly(propylene) glycol, which are used in the production of detergents and 
surfactants (non-ionic), biodegradable detergents, emulsifiers and dispersants (Occup-
ational Safety and Health Administration, 2005; Devanney, 2007). 

A very small proportion (0.05%) of the annual production of ethylene oxide is used 
directly in the gaseous form as a sterilizing agent, fumigant and insecticide, either alone or 
in non-explosive mixtures with nitrogen, carbon dioxide or dichlorofluoromethane (Dever 
et al., 2004).  

Table 1. Production of ethylene oxide by region in 2004 

Region No. of producers Production (thousand 
tonnes) 

North America   
 USA  10 4009 
 Canada   3 1084 
 Mexico   3  350 
South America   
 Brazil   2  312 
 Venezuela   1   82 
Europe   
 Belgium   2  770 
 France   1  215 
 Germany   4  995 
 Netherlands   2  460 
 Spain   1  100 
 Turkey   1  115 
 United Kingdom   1  300 
Eastern Europe  NR  950 
Middle East   
 Iran   2  201 
 Kuwait   1  350 
 Saudi Arabia   2 1781 
Asia/Pacific >15  
 China, mainland  NR 1354 
 China (Province of Taiwan)   4  820 
 India > 2  488 
 Indonesia   1  175 
 Japan   4  949 
 Malaysia   1  385 
 Republic of Korea   3  740 
 Singapore   1   80 

From Anon. (2004) 
NR, not reported 
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Ethylene oxide is also used as a fumigant and sterilant for microbial organisms in a 
variety of applications. An estimated 9–10 million pounds [4–5 million tonnes] of ethyl-
ene oxide were used in 2002 to sterilize drugs, hospital equipment, disposable and re-
usable medical items, packaging materials, foods, books, museum artefacts, scientific 
equipment, clothing, furs, railcars, aircraft, beehives and other items (Lacson, 2003). 

1.3 Occurrence 

1.3.1 Natural occurrence 

Ethylene oxide occurs endogenously as a metabolite of ethylene in certain plants and 
micro-organisms (see Section 4.1). Ethylene oxide can be generated from water-logged 
soil, manure and sewage sludge, but emissions are expected to be negligible (WHO, 
2003).  
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Figure 1. Industrial products made from ethylene oxide 
(globally, 17 million tonnes per annum) 

From Devanney (2007) 
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1.3.2 Occupational exposure 

Most of the data on occupational exposure are related to the production of ethylene 
oxide and its use in industrial and hospital sterilization. 

Data were not available on exposures that are incurred outside North America and 
Europe, where almost half of the global amount of ethylene oxide is produced (Table 1). 

The National Occupational Exposure Survey conducted by the National Institute for 
Occupational Safety and Health in the USA between 1981 and 1983 indicated that 
270 000 employees in the USA were potentially exposed to ethylene oxide at work 
(NOES, 1993). This implies that, with an estimated labour force (aged 16 years and over) 
of 106 million (US Census, 1980), fewer than 0.3% of employees was exposed. Of this 
number, 22% was estimated to be exposed to ethylene oxide and 78% to materials that 
contain ethylene oxide. Workers in hospitals and in the chemical and allied products 
industry (manufacture of plastics, synthetic materials and drugs) accounted for half of that 
number. 

More recent data on employment in the industrial sectors that use ethylene oxide have 
been reported by the Occupational Safety and Health Administration (2005). 
Approximated employment figures were: ethylene oxide production workers, 1100; 
ethoxylators (use of ethylene oxide to make derivatives), 4000; and sterilant or fumigant 
use in hospitals, 40 000. In addition, approximately 2700 workers were employed in 
commercial sterilization by medical and pharmaceutical product manufacturers, in 
commercial sterilization by spice manufacturers, as contract sterilizers and in other steri-
lization and fumigation facilities.  

The CAREX exposure information system (see General Remarks) includes estimates 
of the numbers of exposed workers in the 15 member states of the European Union in 
1990–93. The estimates were based on expert judgments and did not involve exposure 
measurements. According to CAREX, 47 000 workers were exposed to ethylene oxide, 
which is under 0.1% of the 139 million employed who are covered by CAREX 
(Kauppinen et al., 2000). The major industries in which exposure occurred were medical, 
dental and other health and veterinary services (22 000 exposed) and the manufacture of 
industrial chemicals and other chemical products (7000 exposed).  

The Finnish Register of occupational exposure to carcinogens reported that 126 
workers were notified as having been exposed to ethylene oxide in 2004. This is below 
0.01% of the 2.4 million people employed in Finland. Most of the workers exposed were 
employed in medical occupations. The Register does not include any information on ex-
posure levels, and is based on annual notifications of employers; its completeness is 
unknown (Saalo et al., 2006). 

(a) Production of ethylene oxide and its derivatives  

Area samples taken in the 1960s throughout a plant in the USA where ethylene oxide 
was produced by direct oxidation of ethylene showed concentrations of 0–55 ppm [0–



192 IARC MONOGRAPHS VOLUME 97  
 

 

100 mg/m3]. On the basis of these results, the general long-term exposure of operators to 
ethylene oxide was estimated to be 5–10 ppm [9–18 mg/m3] (Joyner, 1964). 

Area and personal samples were taken by the National Institute for Occupational 
Safety and Health during 1977 and 1978 in five plants in the USA where ethylene oxide 
and its derivatives were produced. In most of the 95 personal samples taken, which were 
representative of whole shifts, the concentration of ethylene oxide was below the 
detection limit (which varied from 0.1 to 8 mg/m3); a few samples contained between 1 
and 148 mg/m3. Similarly, in most area samples, the concentration was below the 
detection limit or was in the range < 1–1.5 ppm [2–3 mg/m3], apart from exceptional 
situations such as leaks (Lovegren & Koketsu, 1977a,b,c; Oser et al., 1978a,b, 1979). The 
fact that full-shift concentrations in these plants were usually well below the standards at 
that time (50 ppm [90 mg/m3]) has been attributed to three main factors: the use of 
completely closed systems for the storage, transfer and production of ethylene oxide; the 
implementation of measures to prevent fire; and operation outdoors which resulted in 
dilution by natural air (Morgan et al., 1981). 

Estimates of exposure to ethylene oxide were made for a Swedish company where 
ethylene oxide and its derivatives were produced by the chlorohydrin process. Average 
exposure was estimated to be less than 25 mg/m3 during the period 1941–47 and 10–
50 mg/m3 during the 1950s and early 1960s, with occasional peaks above the odour 
threshold of 1300 mg/m3. After manufacture of ethylene oxide was stopped in this 
company in 1963, exposure to 1–10 mg/m3 (with occasional higher values) continued to 
occur because of its use in the manufacture of other compounds (Högstedt et al., 1979a).  

At a plant in Germany where ethylene oxide was manufactured, 2-h area samples 
taken in 1978–79 contained less than 5 ppm [9 mg/m3] under normal working conditions. 
Concentrations rose to 1900 ppm [3400 mg/m3] for several minutes in exceptional cases 
during plant breakdown (Thiess et al., 1981). 

The typical average daily exposures of workers in a 1979 survey of plants in the USA 
where ethylene oxide was manufactured and used were 0.3–4 ppm [0.5–7.3 mg/m3]; 
worst-case peak exposures of maintenance workers were up to 9600 ppm [17 300 mg/m3] 
for less than 1 min (Flores, 1983). 

In one chemical manufacturing complex in the USA, yearly time-weighted average 
(TWA) exposures to ethylene oxide in 1977–80 were reported to have been below 1 ppm 
[1.8 mg/m3] in all jobs except loading, during which technicians were exposed to up to 
1.7 ppm [3 mg/m3] yearly and 5.7 ppm [10 mg/m3] individually. Peak exposures were 
usually < 20 ppm [< 36 mg/m3], except in loading, during which concentrations of up to 
235 ppm [420 mg/m3] were reported (Currier et al., 1984). 

In an ethylene oxide manufacturing plant in the Netherlands, geometric mean 
concentrations in 8-h personal samples were calculated to be < 0.01 ppm [< 0.02 mg/m3] 
in 1974, 1978 and 1980 and 0.12 ppm [0.2 mg/m3] in 1981; individual values ranged from 
not detected (< 0.05 ppm [< 0.1 mg/m3]) to 8 ppm [14 mg/m3] (van Sittert et al., 1985). 

At another plant in Sweden where ethylene oxide was produced by oxygenation of 
ethylene, the 8-h TWA exposure to ethylene oxide was 9–15 mg/m3 [5–8 ppm] in 1963–
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76 and 2–4 mg/m3 [1–2 ppm] in 1977–82 during the production of ethylene oxide and 
ethylene glycol, 6 mg/m3 [3 ppm] in 1963–76 and 2 mg/m3 [1 ppm] in 1977–82 during 
the processing of ethylene oxide and 2–6 mg/m3 [1–3 ppm] in 1963–76 and 1–3 mg/m3 
[0.6–1.7 ppm] in 1977–82 during maintenance and technical service work. Certain 
workers in each category were reported to have had higher exposures (up to 600–1800 
mg/m3 [333–1000 ppm]) during periods of minutes (Högstedt et al., 1986). 

In former Czechoslovakia, the 8-h TWA concentrations of ethylene oxide measured 
in 1982–84 in the working environment of an ethylene oxide production plant were 0–
8.25 mg/m3 [4.6 ppm] (Karelová et al., 1987). 

Under the sponsorship of the Chemical Manufacturers’ Association, company data 
were collected on current exposures to ethylene oxide of workers in 11 ethylene oxide 
production units and 24 ethoxylation units in the USA in 1987 (Table 2). Respirators were 
reported to be used in specific operations, such as rail car loading and unloading, 
maintenance and product sampling, during which engineering controls are not feasible 
(Heiden Associates, 1988a). 

Table 2. Exposure of workers to ethylene oxide by type of unit and job category 
in the chemical manufacturing industry in the USA, 1987 

Unit and job category No. of 
samples 

8-h TWA (mg/m3) 
 

No. of 
samples 

Short-term (10–150 min) 
exposure (mg/m3) 

  
Meana Range 

 
Meana Range 

Ethylene oxide production 
Production workers 402 0.7 0.11–3.2 171   7.7 1.62–19.8 
Maintenance workers 439 1.3 0.14–5.6   59 19.6 0.20–35.3 
Supervisors 123 0.2 0.04–0.18     3   1.3 1.3–1.4 
Distribution workers 218 2.9 0.36–6.8 111 11.7 3.6–17.6 
Laboratory workers 189 0.7 0.12–4.3   39   1.4 0.4–2.2 
Other workers   97 0.2 0.05–0.72    

Ethoxylation 
Production workers 640 0.4 0.12–1.26 172   2.0 0.02–9.9 
Maintenance workers 191 1.1 0.02–4.7   56 13.3 0.11–54.9 
Supervisors   54 0.4 0.05–0.72     5   8.6 0.9–23.8 
Distribution workers 105 0.7 0.20–2.7 100   3.4 0.9–21.6 
Laboratory workers   52 0.4 0.02–0.9   19   5.0 0.4–11.0 
Other workers   24 0.4 0.18–0.54    

Adapted from Heiden Associates (1988a) 
TWA, time-weighted average 
a Weighted by number of workers exposed 

Gardner et al. (1989) reported that monitoring since 1977 in four British plants where 
ethylene oxide and derivatives were produced indicated average exposures to less than 
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5 ppm [9 mg/m3] in almost all jobs and to < 1 ppm [1.8 mg/m3] in many jobs; occasional 
peaks up to several hundred parts per million occurred as a result of operating difficulties. 
In earlier years, peak exposures above the odour threshold of 700 ppm [1260 mg/m3] 
were reported.  

In industries in which ethylene oxide and its derivatives are manufactured, exposure 
to a large variety of chemicals other than ethylene oxide may occur, depending on the 
types of process and job. These include unsaturated aliphatic hydrocarbons (e.g. ethylene, 
propylene; see IARC, 1994), other epoxides (e.g. propylene oxide; see IARC, 1994), 
chlorohydrins (e.g. epichlorohydrin; see IARC, 1999a; and ethylene chlorohydrin), 
chlorinated aliphatic hydrocarbons (e.g. dichloromethane, dichloroethane; see IARC, 
1999a), glycols and ethers (e.g. ethylene glycol, glycol ethers, bis(2-chloroethyl)ether; see 
IARC, 1999a, 2006), aldehydes (e.g. formaldehyde; see IARC, 2006), amines (e.g. 
aniline; see IARC, 1987), aromatic hydrocarbons (e.g. benzene, styrene; see IARC, 
1987), alkyl sulfates and other compounds (Shore et al., 1993). 

(b) Use of ethylene oxide for industrial sterilization 

Industrial workers may be exposed to ethylene oxide during sterilization of a variety 
of products such as medical equipment and products (e.g. surgical products, single-use 
medical devices), disposable health care products, pharmaceutical and veterinary 
products, spices and animal feed.  

In an extensive survey of the industry in the USA conducted by the National Institute 
for Occupational Safety and Health, exposure to ethylene oxide was estimated on the 
basis of data collected in 1976–85 by 21 of 36 companies, most of which were involved 
in the sterilization of medical supplies and spices. Individual 8-h TWA concentrations of 
samples collected by active sampling on charcoal tubes in the personal breathing zones of 
workers were included in a model in which regression analysis was used to link exposure 
concentrations to seven significant variables: year of operation, volume of sterilizer or 
treatment vessel, period since the product was sterilized, product type, aeration procedure, 
presence of a rear exhaust valve in the sterilizer and exposure category (sterilizer, 
chamber area, maintenance, production, warehouse, clean room, quarantine and labo-
ratory) (Greife et al., 1988; Stayner et al., 1993; Hornung et al., 1994). When the model 
was applied in a cohort study to the job histories of exposed workers in 13 of the 
companies surveyed, the estimated historical average concentrations ranged from 0.05 to 
77.2 ppm [0.1–139 mg/m3], with a mean of 5.5 ppm [9.9 mg/m3] and a median of 
3.2 ppm [5.8 mg/m3] (Stayner et al., 1993). Wong and Trent (1993) used the industrial 
hygiene data from the same companies and estimated that sterilizer operators were 
exposed to an 8-h TWA concentration of 16 ppm [29 mg/m3] before 1978 and of 4–
5 ppm [7–9 mg/m3] after 1978, while production workers were exposed to about 5 ppm 
[9 mg/m3] before 1978 and 2 ppm [3.6 mg/m3] after that year.  

In a Swedish factory where hospital equipment was sterilized, area samples taken in 
1977 in the storage area showed concentrations of ethylene oxide that ranged from 2 to 
70 ppm [3.6–126 mg/m3]; the 8-h TWA concentration in the breathing zone of workers in 
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the same area was 20 ppm [36 mg/m3] (Högstedt et al., 1979b). In 1978, full-shift 
personal sampling indicated that sterilizing room operators had an exposure concentration 
of 2.4 ppm [4.3 mg/m3]; area sampling indicated an exposure of 1.3 ppm [2.3 mg/m3]. 
Personal sampling showed a concentration of 0.1 ppm [0.2 mg/m3] in the packing room, 
and area sampling showed a concentration of 0.8 ppm [1.4 mg/m3] in the stockroom 
(Högstedt et al., 1983). In another Swedish study, sterilization workers and a laboratory 
technician in the production of disposable medical equipment were reported to have been 
exposed to bursts of ethylene oxide at concentrations of 5–10 ppm [9–18 mg/m3] for a 
total of 1 h per working day, while packers were exposed at an average of 0.5–1 ppm [1–
2 mg/m3] for the entire week (Pero et al., 1981). Sterilization workers, packers and truck 
drivers at another Swedish factory, where single-use medical equipment was produced, 
were reported to be exposed to an 8-h TWA concentration of 0.5–1 ppm [1–2 mg/m3] 
(Pero et al., 1982). In two Swedish disposable medical equipment plants, sterilizers and 
packers were the most heavily exposed, but levels decreased steadily from 35–40 ppm 
[about 70 mg/m3] in 1970 to < 0.2–0.75 ppm [< 1.5 mg/m3] in 1985; the average levels of 
exposure of store workers and development engineers decreased from 5–20 ppm [9–
36 mg/m3] to < 0.2 ppm [< 0.4 mg/m3] in the same period, while those of people in other 
job categories (repairmen, laboratory technicians, controllers and foremen) decreased 
from 1–4 ppm [2–7 mg/m3] to < 0.2 ppm [< 0.4 mg/m3] (Hagmar et al., 1991).  

Engineering controls and new work practices designed to lower the exposure of 
workers to ethylene oxide were generally adopted in the USA in 1978 and 1979 
(Steenland et al., 1991). Stolley et al. (1984) estimated that the 8-h TWA concentrations 
of sterilizer operators in three facilities in the USA before 1980 had been 0.5, 5–10 and 5–
20 ppm [1, 9–18 and 9–36 mg/m3], while data collected in the two plants that were still 
operating in 1980–82 indicated concentrations of less than 1 ppm [2 mg/m3]. 

In Belgium, 12 workers involved in industrial sterilization in three plants were 
exposed to 8-h TWA concentrations of 0.1–9.3 ppm [0.2–16.7 mg/m3], with averages in 
each plant of 1.7, 3.7 and 4.5 ppm [3.1, 6.7 and 8.1 mg/m3] (Wolfs et al., 1983). 

In a plant in eastern Germany where disposable medical equipment was sterilized, 
workers were found to have been exposed to an average concentration of about 60 mg/m3 
[27.1 ppm] in 1985 and about 30 mg/m3 [13.6 ppm] from 1989 onwards (Tates et al., 
1991). 

Under the sponsorship of the Health Industry Manufacturers’ Association, company 
data were collected in 1987 on current exposures to ethylene oxide of workers in 71 
facilities in the USA where medical devices and diagnostic products were sterilized. The 
workers included sterilizer operators, maintenance workers, supervisors, warehouse 
workers, laboratory workers and quality control personnel. Respirators were reported to 
be used in specific operations, such as unloading the sterilizer, maintenance, quality 
control sampling, emergencies, loading aeration, and changing ethylene oxide bottles, 
cylinders and tanks. Concentrations were measured outside the respirators. The routine 
8-h TWA concentration that occurred 2 or more days per week was > 1 ppm 
[> 1.8 mg/m3] for 12.6% of workers, 0.5–1 ppm [0.9–1.8 mg/m3] for 13.9%, 0.3–0.5 ppm 
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[0.5–0.9 mg/m3] for 26.7% and < 0.3 ppm [< 0.5 mg/m3] for 46.8%. Short-term sampling 
(for 5–120 min; average, 28 min; except in one factory where sampling was for 210 min 
for workers in other jobs) showed routine short-term exposures of > 10 ppm [> 18 mg/m3] 
for 10.7% of workers, 5–10 ppm [9–18 mg/m3] for 17.1% and < 5 ppm [< 9 mg/m3] for 
72.2%. Non-routine short-term exposure that occurred 1 day per week or near areas 
where there was exposure was > 10 ppm [> 18 mg/m3] for 5.1% of workers, 5–10 ppm 
[9–18 mg/m3] for 2.6% and < 5 ppm [< 9 mg/m3] for 92.3% (Heiden Associates, 1988b). 

At a commercial sterilization operation in the USA, workers were exposed to 8-h 
TWA concentrations of 1–10 ppm [1.8–18 mg/m3] in 1993–2001 and to 1.3–2.4 ppm 
[2.3–4.3 mg/m3] in 2002, according to measurements carried out by the employer. The 
Occupational Safety and Health Administration monitored personal exposures in the 
same workplace and found 8-h TWA concentrations of 0.6–9.3 ppm [1.1–17 mg/m3]. 
After improvement of working conditions, 8-h TWA concentrations of 0.2–1.2 ppm [0.4–
2.2 mg/m3] were found during follow-ups (Daniel et al., 2004). 

Exposures in 10 factories in Taiwan (China) that used ethylene oxide as a sterilant in 
the manufacture of medical supplies were measured in 2005 (Chien et al., 2007). 
Sterilizer operators had an average short-term exposure level of 27.6 ppm [50 mg/m3] 
during unloading of the sterilizer, and the mean 8-h TWA exposure was 7.4 ppm 
[13 mg/m3]. High concentrations were measured particularly in the aeration area, near the 
sterilizer and in the warehouse. Increasing the number of post-sterilization purge cycles 
and improvements to ventilation in the aeration area and warehouse decreased the average 
short-term exposures to 55% of the earlier values.  

Other substances to which workers involved in the sterilization of medical products 
may be exposed include gases that are present with ethylene oxide in the sterilizing 
mixture, such as chlorofluorocarbons and carbon dioxide (Heiden Associates, 1988b), and 
methyl formate in Sweden (Hagmar et al., 1991). 

(c) Use of ethylene oxide in hospitals 

Ethylene oxide is used widely in hospitals as a gaseous sterilant for heat-sensitive 
medical items, surgical instruments and other objects and fluids that come into contact 
with biological tissues. The National Institute for Occupational Safety and Health 
estimated that there were more than 10 000 sterilizers in use in health care facilities in the 
USA in 1977. Large sterilizers are found in central supply areas of most hospitals, and 
smaller sterilizers are found in clinics, operating rooms, tissue banks and research 
facilities (Glaser, 1979).  

Exposure to ethylene oxide may result during any of the following operations and 
conditions: changing pressurized ethylene oxide gas cylinders; leaking valves, fittings and 
piping; leaking sterilizer door gaskets; opening the sterilizer door at the end of a cycle; 
improper ventilation at the sterilizer door; improperly ventilated or unventilated air gap 
between the discharge line and the sewer drain; removal of items from the sterilizer and 
transfer of the sterilized load to an aerator; improper ventilation of aerators and aeration 
areas; incomplete aeration of items; inadequate general room ventilation; and passing near 
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or working in the same room as sterilizers and aerators during operation (Mortimer & 
Kercher, 1989).  

Levels of exposure to ethylene oxide in hospitals are summarized in Table 3. 
The National Institute for Occupational Safety and Health conducted a series of 

studies between 1977 and 1990 to document the exposure to ethylene oxide of hospital 
sterilization staff in the USA. The main results are summarized in Table 4. The more 
recent studies from Japan and France (see Table 3) suggest that 8-h TWA concentrations 
are often < 1 mg/m3 [0.6 ppm] in hospitals. 

From 1984 to 2001, a total of 256 666 ethylene oxide samples were analysed by a 
major vendor of passive ethylene oxide monitoring devices in the USA. Most of the 
measurements (86%) were taken in hospitals. Workshift measurements were taken from 
28 373 hospital workers in 2265 hospitals and short-term measurements from 18 894 
workers in 1735 hospitals. The percentage of hospitals in which the 8-h TWA exposure 
limit of 1 ppm [1.8 mg/m3] was exceeded once or more times in a year decreased from 
21% in 1988 to 0.9% in 2001 (La Montagne et al., 2004). 

In most studies, exposure to ethylene oxide appears to result mainly from peak 
emissions during operations such as opening the door of the sterilizer and unloading and 
transferring sterilized material. Proper engineering controls and work practices have been 
reported to result in full-shift exposure levels of less than 0.1 ppm [0.18 mg/m3] and 
short-term exposure levels of less than 2 ppm [3.6 mg/m3] (Mortimer & Kercher, 1989). 
In a survey of 125 hospitals in the USA, however, use of personal protective equipment 
was found to be limited to the wearing of various types of gloves while transferring 
sterilized items. No respirators were used (Elliott et al., 1988). 

In a unit in Argentina that was equipped with old gas sterilizers with no mechanical 
ventilation, the 8-h TWA concentration of ethylene oxide was 60–69 ppm [108–
124 mg/m3] (Lerda & Rizzi, 1992). 

Other substances to which sterilizer operators in hospitals may be exposed include 
other gases present in the sterilizing mixture such as chlorofluorocarbons (see IARC, 
1999a; banned by the Montreal Protocol in 1989) and carbon dioxide (Wolfs et al., 1983; 
Deschamps et al., 1989). Some operating room personnel exposed to ethylene oxide may 
also be exposed to anaesthetic gases and X-rays (Sarto et al., 1984a; see IARC, 2000; 
Chessor et al., 2005), and some may have occasional exposure to low concentrations of 
formaldehyde (Gardner et al., 1989; see IARC, 2006). 

(d) Other uses 

In a wastewater treatment plant in the USA, ethylene oxide was used as a reaction 
chemical to modify starch in the starch processing area; in this area, full-shift personal 
breathing zone concentrations ranged from undetectable to 0.43 mg/m3 [0.24 ppm] for 
operators and from undetectable to 2.5 mg/m3 [1.4 ppm] for mechanics (McCammon et 
al., 1990). 
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Table 3. Concentrations of ethylene oxide observed in hospitals in various countries 

Concentration (mg/m3) Reference Country Year of 
sampling 

No. of 
sites 

Job or operation Duration of 
sampling 

No. of 
samples 

Range Mean 

Hemminki 
et al. (1982) 

Finland 1981 24 Sterilizer operators 
 
Sterilizing chamber open 

8-h TWA 
Peaks 
20 min 

NR 
NR 
NR 

0.2–0.0 
≤ 450 
9–18 

 

Mouilleseaux 
et al. (1983) 

France NR  4a Loading, sterilizing, unloading, 
 aerating; area sampling 

Few minutes 
6–8-h TWA 

270 
 14 

0.9–414 
0.1–9 

 

Wolfs et al. 
(1983) 

Belgium NR  3 
 1 
 1 

Sterilizer operators 
Sterilizer operators; leaking 
 equipment 
Sterilizer operators; box 
 sterilizer with capsules 

8-h TWA 
8-h TWA 
 
8-h TWA 

 28 
 16 
 
  5 

0.4–4.5 
0.5–32.9 
 
16.2–95.2 

0.5–2.9 
14.0 
 
27.0 

Hansen et al. 
(1984) 

USA NR  1    14 
 17 
 13 

< 0.13–7.7 
< 4.3–81 
4–1430 

 

Sarto et al. 
(1984a,b) 

Italy NR  6 Old sterilizers 
 Opening sterilizer; area 
  sampling 
 One sterilization cycle; 
  personal sampling 
 Standard working day; 
  personal sampling 

 
5 min 
 
Variable 
 
8-h TWA 

 
NR 
 
NR 
 
19 subjects 

 
23–288 
 
6.7–63.9 
 
6.7–36 

 
113 
 
28.4 
 
19.3 

    Second-generation sterilizers 
 Opening sterilizer; area 
  sampling 
 One sterilization cycle; 
  personal sampling 
 Standard working day; 
  personal sampling 

 
5 min 
 
Variable 
 
8-h TWA 

 
NR 
 
NR 
 
NR 

 
9–47 
 
0.5–4.7 
 
0.4–0.9 

 
15.5 
 
2.0 
 
0.63 
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Table 3 (contd) 

Concentration (mg/m3) Reference Country Year of 
sampling 

No. of 
sites 

Job or operation Duration of 
sampling 

No. of 
samples 

Range Mean 

Brugnone 
et al. (1985) 

Italy NR  1 Sterilization workers 8-h TWA 10 subjects 1.90–4.71  

Karelová 
et al. (1987) 

Former 
Czechosolovakia 

1984  Sterilization workers; area 
 sampling 

8-h TWA NR 0–4.8  

Sarto et al. 
(1987) 

Italy NR  1 Sterilizer workers 
Helpers 

7–8-h TWA 
7–8-h TWA 

4 subjects 
4 subjects 

11.5–16.7 
6.8–9.0 

14.3 
7.7 

Deschamps 
et al. (1989) 

France 1983–86  5 Opening sterilizer and handling 
 sterilized material; personal  
  samples 

2.5–102 min  10 0.4–70  

Mayer et al. 
(1991) 

USA 1985–86 
1987 
1988 

 1 Sterilizer operators; personal 
 samples 

8-h TWA 34 subjects 
NR 
 31 

≤ 4.3 
< 1.8 
< 0.18 

 

Sarto et al. 
(1991) 

Italy NR  1 Sterilization workers 
Preparation workers 

6.5-h TWA 
6.5-h TWA 

5 subjects 
5 subjects 

0.68b 
0.045 

 

Schulte et al. 
(1992) 

Mexico NR  1 Sterilizer operators 8-h TWA 22 subjects 0–2.4  

Koda et al. 
(1999) 

Japan NR  2 Central supply division 
 Working area (hospital A) 
 Near sterilizer (hospital A) 
 Working area (hospital B) 
 Near sterilizer (hospital B) 

  
322 
322 
298 
 35  

 
0.2–1.1 
0.2–1.1 
0.5–1.4 
2.0–2.3 

 
0.7 
0.5 
0.9 
2.2 
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Table 3 (contd) 

Concentration (mg/m3) Reference Country Year of 
sampling 

No. of 
sites 

Job or operation Duration of 
sampling 

No. of 
samples 

Range Mean 

Sobaszek 
et al. (1999) 

France 1988–95  2 Sterilization sites 
 Unloading; area samples 
 Unloading; personal samples 
 Bottle changing; personal 
  samples 

 
8-h TWA 
14–34 min 
7–9 min 

 
  5 
  5 
  5 

 
0.05–0.72 
0.09–11.1 
0.18–162 

 

Hori et al. 
(2002) 

Japan NR  6 Sterilization, one laundry 
 Area samples  
 Personal samples  

 
8-h TWA 
NR 

 
 37 
 37 

 
< 0.05–10.3 
< 0.05–0.49 

 

 USA NR  9 Sterilizer operators 8-h TWA 51 subjects 0–0.54  

NR, not reported; TWA, time-weighted average 
a One was a municipal sterilization and disinfection facility. 
b All samples had the same concentration. 
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Table 4. Exposure of hospital sterilizer operators to ethylene oxide (personal samples) in studies conducted by 
the National Institute for Occupational Safety and Health, in the USA, 1977–90 

Reference Period of 
measurements 

No. of 
hospitals 

Operation or conditions Duration of sampling No. of 
samples 

Concentration 
(mg/m3) 

Kercher & 
Mortimer 
(1987) 

NR  1 Before installation of controls (1984) 
 
 
After installation of controls (1985) 

Full-shift TWA 
Short-term (15–20 min) 
Short-term (1–2 min) 
Full-shift TWA 
Short-term (15–20 min) 
Short-term (1–2 min) 

NR 
NR 
NR 
NR 
NR 
NR 

[0.43] (average) 
[3.4] (average) 
[4.3] (average) 
[< 0.1] (average) 
[< 0.4] (average) 
[1] 

Boeniger 
(1988a) 

1987  1 Decontamination room 
Sterile room 

8-h TWA 
8-h TWA 

 2 
 6 

[0.58–0.77] 
[0.02–1.37] 

Boeniger 
(1988b) 

1987  1 Full shift 
Cracking sterilizer door open 
Transferring load to aerator 

4–7 h TWA 
30 sec 
30 sec 

 8 
 6 
15 

[0.04–0.40] 
[< 0.05–7.7] 
[0.23–18.9] 

Elliott et al. 
(1988) 

[1984–85] 12 Good engineering controls and good 
 work practice 
Good engineering controls and poor 
 work practice 
No engineering controls and good 
 work practices 
No engineering controls and poor 
 work practices 

8-h TWA 
Short-term (2–30 min) 
8-h TWA 
Short-term (2–30 min) 
8-h TWA 
Short-term (2–30 min) 
8-h TWA 
Short-term (2–30 min) 

 4 
 3 
15 
19 
14 
 4 
24 
 8 

ND 
ND 
[ND–0.29] 
[ND–5.4] 
[ND–0.83] 
[0.43–7.2] 
[ND–8.3] 
[0.43–186] 

Mortimer & 
Kercher (1989) 

1984–86  8  Full-shift TWA (6–8 h) 
Short-term (1–30 min) 

50 
59 

[ND–0.5] 
[ND–10.4] 

Newman & 
Freund (1989) 

1988  1  8-h TWA  8 [< 0.02] 

Shults & Seitz 
(1992) 

1991  1  6–8-h TWA  3 [< 0.02] 

ND, not detected; NR, not reported; TWA, time-weighted average 
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1.3.3 Environmental occurrence 

Most ethylene oxide is released into the atmosphere (WHO, 2003). Ethylene oxide 
degrades in the atmosphere by reaction with photochemically produced hydroxyl radicals. 
The half-life of ethylene oxide in the atmosphere, assuming ambient concentrations of 
5 × 105 hydroxy radicals/cm3, is 211 days. Data suggest that neither rain nor absorption 
into aqueous aerosols remove ethylene oxide from the atmosphere (National Library of 
Medicine, 2005). 

Releases of ethylene oxide (excluding sterilization) into the environment in Canada 
totalled 23 tonnes in 1996. The industry sectors that reported data were plastics and 
synthetics (0.24 tonnes), inorganic chemicals (6.1 tonnes), industrial organic chemicals 
(8.7 tonnes) and soap and cleaning compounds (8.0 tonnes) (WHO, 2003). An additional 
3.0 tonnes per year are estimated to be released from the servicing of medical facilities 
that use ethylene oxide in sterilization processes and commercial sterilization operations 
(WHO, 2003). By 1997, the emissions had been reduced by 82% from the 1993 levels. 

Emissions of ethylene oxide reported to the Environmental Protection Agency by 
industrial facilities in the USA declined from approximately 2900 tonnes in 1987 to 835 
tonnes in 1991 and 135.3 tonnes in 2005 (National Library of Medicine, 2006). Ethylene 
oxide is one of the 33 hazardous urban air pollutants identified as those that pose the 
greatest threat to human health in the largest number of urban areas (Environmental 
Protection Agency, 2000). 

In California, USA, concentrations of ethylene oxide in outdoor air were < 0.001–
0.96 mg/m3 (128 samples) in Los Angeles, 0.032–0.40 µg/m3 [0.018–0.22 ppb] 
(36 samples) in northern California and 0.03–0.36 µg/m3 [0.017–0.20 ppb] in a remote 
coastal location (Havlicek et al., 1992). 

Three of 50 24-h air samples collected outside randomly selected residences in 
Alberta, Ontario and Nova Scotia in Canada contained 3.7–4.9 µg/m3 ethylene oxide. 
Ethylene oxide was detected in only one sample (4 µg/m3) taken inside these 50 resi-
dences. The limit of detection was 0.19 µg/m3 (WHO, 2003).  

1.3.4  Other occurrence 

Food products, including herbs, spices, nuts, cocoa beans, cocoa, cocoa cake, raisins, 
dried vegetables and gums, were often treated with ethylene oxide in the 1980s. Of 204 
food products from retail shops in Denmark that were examined for ethylene oxide 
residues in 1985, 96 samples were found to have concentrations of ethylene oxide that 
ranged from 0.05 to 1800 mg/kg. The food products surveyed included herbs and spices 
(14–580 mg/kg), dairy products (0.06–4.2 mg/kg), pickled fish (0.08–2.0 mg/kg), meat 
(0.05–20 mg/kg), cocoa products (0.06–0.98 mg/kg) and black and herb teas (3–5 mg/kg; 
one sample contained 1800 mg/kg). In a follow-up survey of 59 honey samples, no 
ethylene oxide residue was detected (Jensen, 1988). 

A total of 200 samples of spices that are known to be consumed commonly without 
cooking (e.g. pepper, cinnamon/cassia, chilli, curry powder and paprika) were taken from 
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wholesalers and retailers in New Zealand in 1999. Only two samples of cinnamon 
contained detectable amounts (limit of detection, 2 mg/kg) of ethylene oxide (6 and 
15 mg/kg). Ethylene oxide intake, based on average spice consumption in New Zealand, 
was estimated to be 0.21 µg per person per day (conservative estimate) (Fowles et al., 
2001). 

Ethylene oxide occurs as a contaminant of skin care products because current 
commercial preparations of polyglycol ethers may contain ethylene oxide monomer 
residues of up to 1 ppm (Filser et al., 1994). This is in line with a study in which skin care 
products were reported to contain 0.08–1.5 mg/L ethylene oxide (Kreuzer, 1992). 

Ethylene oxide is formed during the combustion of fossil fuel, but the amount is 
expected to be negligible (WHO, 2003).  

Mainstream tobacco smoke contains 7 µg/cigarette ethylene oxide (IARC, 2004). 
Patients may be exposed during dialysis when the equipment has been sterilized with 

ethylene oxide (IPCS-CEC, 2001). 

1.4 Regulations and guidelines 

Occupational exposure limits and guidelines for ethylene oxide in a number of 
countries, regions or organizations are presented in Table 5. 

A tolerance of 50 ppm (mg/kg) has been established in the USA for residues of 
ethylene oxide when used as a post-harvest fumigant in or on raw black walnut meats, 
copra and whole spices (Environmental Protection Agency, 1992a). Ethylene oxide, 
either alone or with carbon dioxide or dichlorodifluoromethane, is permitted in the USA 
as a fumigant for the control of micro-organisms and insect infestation in ground spices 
and other processed natural seasoning materials, except mixtures to which salt has been 
added. Residues of ethylene oxide in ground spices must not exceed the established 
tolerance of 50 ppm (mg/kg) in whole spices (Environmental Protection Agency, 1992b). 

Table 5. Occupational exposure limits and guidelines for ethylene oxide 

Country/region or 
organization 

TWA 
(ppm)a 

STEL 
(ppm)a 

Carcinogenicityb Notes 

Australia 1  2  
Belgium 1  Ca  
Brazil 39    
Canada,  
 British Columbia 

 
0.1 

 
1 

 
1 

 
ALARA; skin 

 Quebec 1  A2 Recirculation 
prohibited 

China (mg/m3) 2 5  STEL based 
on ultra limit 
coefficient 

China, Hong Kong SAR 1  A2  
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Table 5 (contd) 

Country/region or 
organization 

TWA 
(ppm)a 

STEL 
(ppm)a 

Carcinogenicityb Notes 

China (Province of 
 Taiwan) 

1 2   

Czech Republic (mg/m3) 1 3  Skin 
Finland 1    
France 1.8    
Germany  1 (TRK)  2 (MAK) Skin 
Ireland 5  Ca2  
Japan-JSOH 1  1 Skin 

sensitizer-2 
Malaysia 1    
Mexico 1  A2  
Netherlands (mg/m3) 0.84  Ca  
New Zealand 1  A2  
Norway 1  Ca  
Poland (mg/m3) 1 3 Ca  
Romania 1    
South Africa-DOL CL 5    
Spain 1  Ca2  
Sweden 1 5 Ca Skin 
United Kingdom 5  R45  
USA  
 ACGIH 

 
1 

  
A2 

 

 NIOSH REL 0.1 5 Ca Per day 
 OSHA PEL 1 5 (ceiling) Ca  

From ACGIH Worldwide (2005); SZW (2006); Chien et al. (2007) 
ACGIH, American Conference of Governmental Industrial Hygienists; ALARA, as 
low as reasonably achievable; DOL CL, Department of Labour ceiling limits; JSOH, 
Japanese Society of Occupational Health; MAK, maximum allowed concentration; 
NIOSH, National Institute of Occupational Safety and Health; OSHA, Occupational 
Safety and Health Administration;  PEL, permissible exposure limit; REL, 
recommended exposure limit; STEL, short-term exposure limit; TRK, technical 
guidance concentration; TWA, time-weighted average 
a Unless otherwise specified 
b 2 (Australia), probable human carcinogen; 2 (Germany), considered to be 
carcinogenic to humans; Ca (except Norway), carcinogen/substance is carcinogenic; 
Ca (Norway), potential cancer-causing agent; 1, substance which causes cancer in 
humans/carcinogenic to humans; A2, suspected human carcinogen/carcinogenicity 
suspected in humans; Ca2, suspected human carcinogen; R45, may cause cancer  
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2.    Studies of Cancer in Humans 

The main findings of epidemiological studies of ethylene oxide and cancer risk are 
summarized in Table 6. 

2.1 Case reports 

Högstedt et al. (1979b) reported three cases of haematopoietic neoplasms that had 
occurred between 1972 and 1977 in workers at a Swedish factory where ethylene oxide 
and methyl formate had been used since 1968 to sterilize hospital equipment. Attention 
had been drawn to the case cluster by the factory safety committee. One woman with 
chronic myeloid leukaemia and another with acute myelogenous leukaemia had worked 
in a storage hall where they were exposed for 8 h per day to an estimated 20 ± 10 
(standard deviation [SD]) ppm [36 ± 18 mg/m3] ethylene oxide. The third case was that of 
a man with primary Waldenström macroglobulinaemia who had been manager of the 
plant since 1965 and had been exposed to ethylene oxide for an estimated 3 h per week. 
[The Working Group noted that Waldenström macroglobulinaemia is classified in the 
WHO Classification of Diseases as lymphoplasmocytic lymphoma.] 

Tompa et al. (1999) described a cluster of 16 cases of cancer (including eight women 
with breast cancer) over a 12-year period among 98 nurses who were exposed to ethylene 
oxide at a sterilizer unit in a hospital in Hungary. Airborne concentrations of ethylene 
oxide in the working area were reported to vary from 5 to 150 mg/m3. 

2.2 Cohort studies 

2.2.1 Europe 

Högstedt et al. (1979a, 1986) and Högstedt (1988) examined workers at a Swedish 
chemical plant where ethylene oxide had been produced by the chlorohydrin process. The 
cohort comprised men who had taken part in a medical survey in 1959–61 and included 
89 operators with regular exposure to ethylene oxide, 78 maintenance staff with inter-
mittent exposure and 66 unexposed men. All of the men had been exposed or employed 
for at least 1 year. Average exposures to ethylene oxide during 1941–47 were estimated to 
have been below 25 mg/m3, but occasional peaks exceeded the odour threshold of 1300 
mg/m3. During the 1950s and through to 1963, an average concentration of 10–50 mg/m3 
was estimated. In 1963, production of ethylene oxide ceased, but the compound continued 
to be used in manufacturing processes, and random samples showed workplace 
concentrations of ethylene oxide in the range of 1–10 mg/m3, with occasional higher 
values. Other exposures in the plant included chloroform (IARC, 1999b), chlorinated 
acetals, chloral (IARC, 1995), DDT (IARC, 1991), ethylene glycol, surfactants, cellulose 
ethers, ethylene (IARC, 1994), ethylene chlorohydrin, ethylene dichloride, bis(2-
chlorethyl)ether (IARC, 1987, 1999a) and propylene oxide (IARC, 1994, 1995, 1997). 
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Table 6. Epidemiological studies of exposure to ethylene oxide and cancer at various sites  

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

COHORT STUDIES 

Europe 

Lymphohaematopoeitic (LH) 

Högstedt et al. 
(1979a, 1986),  
Sweden 

89 operators with regular 
exposure to ethylene 
oxide and 78 maintenance 
staff with intermittent 
exposure, employed for 
≥ 1 year at a chemical 
plant, followed 1962–85 

 Leukaemia 
 

Operators 
Maintenance staff 

  2 
  1 

[10] 
[5] 

Estimated average 
exposure before 1963, 
5–25 ppm  
[9–45 mg/m3]; one 
CML, one acute 
leukaemia, one CLL 

Thiess et al. 
(1981), 
Germany 

602 male employees in a 
company in western 
Germany who worked for 
at least 6 months in 
ethylene oxide 
production, followed to 
June 1980 

 Myeloid leukaemia 
Lymphatic sarcoma 

   1 
  1 

6.67 
NR 

 

Högstedt et al. 
(1986), Sweden 

203 workers employed 
≥ 1 year in production of 
sterilized supplies, 
followed 1978–82 

 LH (200–209) All cohort members   2 [15] Estimated average 
past exposure in 
storeroom, 20 ppm 
[36 mg/m3]; one 
AML was part of a 
cluster which had 
originally prompted 
the study; one acute 
blastic leukaemia 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Högstedt et al. 
(1986), Sweden 

355 chemical workers and 
maintenance and 
technical personnel 
employed at a chemical 
plant, followed 1964–81 

Air sampling 
and interview 
with 
experienced 
staff 

CML All cohort members   1 11.6 deaths expected 
from all causes 

TWA exposures,  
1–8 ppm [1.8–14.4 
mg/m3] in 1963–76;  
0.4–2.0 ppm [0.7–
3.6 mg/m3] in 1977–
82 

Högstedt 
(1988), Sweden 

Follow-up of Högstedt 
et al. (1979a,b, 1986) 
 

  
Leukaemia 
 
Blood and lymphatic 
 malignancies 

 
All cohort 
Men 
All cohort 
Men 

 
  7 
  6 
  9 
  4 

SMR 
9.21 (NR) 
3.54 (1.3–7.7) 
4.59 (NR) 
6.11 (1.7–15.7) 

 

Gardner et al. 
(1989), United 
Kingdom 
(updated by 
Coggon et al., 
2004) 

1471 workers employed 
in production or use of 
ethylene oxide at 
4 chemical companies in 
1956–85, followed to 
31 December 2000 

Environmental 
and personal 
monitoring 
since 1977 

Leukaemia (204–208) 
Hodgkin lymphoma 
 (201) 
NHL (200) 
Multiple myeloma 
 (203) 

All cohort members 
 

  4 
  1 
 
  4 
  3 

1.41 (0.39–3.62) 
1.40 (0.04–7.82) 
 
1.38 (0.38–3.53) 
2.03 (0.42–5.94) 

 1405 workers potentially 
exposed to ethylene oxide 
in sterilization units at 8 
hospitals during 1964–86, 
followed to 31 December 
2000 

 Leukaemia 
Hodgkin lymphoma 
NHL 

All cohort members  
  

  1 
  1 
  3 

0.55 (0.01–3.06) 
2.98 (0.08–16.6) 
1.59 (0.33–4.66) 

Measured TWA 
concentrations 
< 5 ppm [9 mg/m3] in 
almost all jobs but 
with occasional peaks 
up to several hundred 
ppm; exposures 
probably higher in 
past 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Kiesselbach 
et al. (1990), 
Germany 

2658 employees from 6 
chemical companies 
exposed to ethylene oxide 
for ≥ 12 months during 
1928–82, followed to 31 
December 1982 

 LH  
Leukaemia 

All cohort members 
 

  5 
  2 

1.00 (0.32–2.3) 
0.85 (0.10–3.1) 

No data on exposure 
levels; risk estimates 
may have been 
seriously biased since 
most deaths in cohort 
were not ascertained 
from death 
certificates. 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months during 
1964–85 at 2 plants where 
medical equipment was 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 LH 
Leukaemia 

All cohort members 
All cohort members 
≥ 0.14 ppm–years 
 with induction 
 period of 10 years 

  6 
  2 
  2 

1.8 (0.65–3.88) 
2.4 (0.30–8.81) 
7.1 (0.87–25.8) 

 

Bisanti et al. 
(1993), 
Italy 

1971 male chemical 
workers licensed to 
handle ethylene oxide for 
≥ 1 year during 1938–84, 
followed 1940–84 

 LH 
Lymphosarcoma and 
 reticulosarcoma 
Leukaemia 

All cohort members 
 

  6 
  4 
 
  2 

2.5 (0.91–5.5) 
6.8 (1.9–17) 
 
1.9 (0.23–7.0) 

The 2 leukaemia 
deaths occurred in 
men with < 5 years 
of exposure and 
< 10 years after first 
exposure. 

Kardos et al. 
(2003), 
Hungary 

299 women employed on 
a hospital ward using 
ethylene oxide sterilizer 
in 1976–93, followed 
1987–99 

 Leukaemia All cohort members   1 4.38 deaths expected 
from all causes 

Deaths in the cohort 
ascertained from a 
different source from 
the reference rates 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Breast 

Gardner et al. 
(1989), United 
Kingdom 
(updated by 
Coggon et al., 
2004) 

1011 women potentially 
exposed to ethylene oxide 
in sterilization units at 8 
hospitals during 1964–86, 
followed to 31 December 
2000 

 Breast All cohort members 
Continual 
Unknown 

 11 
  5 
  6 

0.84 (0.42–1.51) 
0.70 (NR) 
1.16 (NR)  

 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months in 1964–
85 at 2 plants where 
medical equipment 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 Breast All cohort members   5 0.46 (0.15–1.08)  

Kardos et al. 
(2003), 
Hungary 

299 women employed on 
a hospital ward using 
ethylene oxide sterilizer 
in 1976–93, followed 
1987–99 

 Breast All cohort members   3 4.38 deaths expected 
from all causes 

Deaths in the cohort 
ascertained from a 
different source from 
the reference rates; 
one or more breast 
cancer cases may 
have been part of a 
cluster that prompted 
the study. 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Stomach  

Thiess et al. 
(1981), 
Germany 

602 employees exposed 
to alkylene oxides and 
other substances, 
employed in 1928–80 

Environmental 
monitoring 

Stomach All cohort members   4 [1.49] (NR)  

Högstedt et al. 
(1979a, 1986); 
Högstedt 
(1988), 
Sweden 

89 operators with regular 
exposure to ethylene 
oxide and 78 maintenance 
staff with intermittent 
exposure, employed for 
≥ 1 year at a chemical 
plant, followed 1962–85 

 Stomach  
All cohort members 

 
  5 

SMR 
9.03 (2.9–21.1)  

 

Högstedt 
(1988), 
Sweden 

539 men employed for 
≥ 1 year at a chemical 
plant followed 1960–85 

 Stomach Length of 
employment 
1–9 years 
≥ 10 years 
All 

 
 
  4 
  6 
 10 

 
SMR 
5.97 (NR) 
6.08 (NR) 
6.02 (2.9–11.1) 

 

Gardner et al. 
(1989), United 
Kingdom 
(updated by 
Coggon et al., 
2004) 

1471 workers in the 
production or use of 
ethylene oxide at 
4 chemical companies 
during 1956–85, followed 
to 31 December 2000 

Environmental 
and personal 
monitoring 
since 1977 

Stomach  
All cohort members 
Definite 
Probable 
Unknown 
 

 
  5 
  4 
  1 
  0 
 

SMR 
[0.62 (0.20–1.46)] 
0.78 (NR) 
0.57 (NR) 
0 (NR) 
 

Measured TWA 
concentrations 
< 5 ppm [9 mg/m3] in 
almost all jobs but 
with occasional peaks 
up to several hundred 
ppm; exposures 
probably higher in the 
past 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Kiesselbach 
et al. (1990), 
Germany 

2658 employees from 6 
chemical companies 
exposed to ethylene oxide 
for ≥ 12 months in 1928–
82, followed to 31 
December 1982 

 Stomach  
All cohort members 
 

 
 14 

SMR 
1.38 (0.75–2.31) 

No data on exposure 
levels; risk estimates 
may have been 
seriously biased since 
most deaths in cohort 
were not ascertained 
from death 
certificates. 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months during 
1964–85 at 2 plants using 
medical equipment 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 Stomach  
All cohort members 
Induction period of 
 10 years 

 
  0 
  0 

SIR 
0 (0–4.55) 
0 (0–8.38) 

 

Ambroise et al. 
(2005), 
France 

181 male workers 
employed as pest-control 
workers 1979–94, 
followed for mortality 
through to 2000 

 Stomach  
All cohort members 

 
  1 

SMR 
3.18 (0.08–17.70) 

No information 
available on 
individual level of 
exposures to 
pesticides, 
rodenticides or 
formaldehyde 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Brain 

Thiess et al. 
(1981), 
Germany 

602 employees exposed 
to alkylene oxides and 
other substances, 
employed in 1928–80 
 
 
 
 

Environmental 
monitoring 

Malignant tumour of 
 the brain 

Duration of 
exposure 
0.5–4 years 
5–9 years 
10–19 years 
≥ 20 years 
 

 
 
  0 
  0 
  0 
  1 

 
 
NR 
NR 
NR 
[41.7] (NR) 

 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months in 1964–
85 at 2 plants using 
medical equipment 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 Brain  
All cohort members 
All cohort members 
 ≥ 0.14 ppm–years 
Induction period of 
 10 years 

 
  4 
  3 
 
  3 

SIR 
1.69 (0.46–4.34) 
3.80 (0.78–11.1) 
 
2.80 (0.58–8.19) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Pancreas 

Hagmar et al. 
(1991, 1995), 
Sweden 

2170 workers employed 
for ≥ 12 months during 
1964–85 at 2 plants where 
medical equipment was 
sterilized with ethylene 
oxide, followed for cancer 
incidence to 1990 

 Pancreas  
All cohort members 
All cohort members 
 ≥ 0.14 ppm–years  
Induction period of 
 10 years 

 
  2 
  1 
 
  1 

SIR 
2.47 (0.30–8.92) 
2.86 (0.07–15.9) 
 
2.22 (0.06–12.4) 

 

Ambroise et al. 
(2005), France 

181 male workers 
employed as pest-control 
workers 1979–94, 
followed for mortality 
through to 2000 

 Pancreas  
All cohort members 

 
  0 

SMR 
0 (0–10.77) 

No information 
available on 
individual level of 
exposures to 
pesticides, 
rodenticides or 
formaldehyde 

USA 

Lymphohaematopoeitic (LH) 

Morgan et al. 
(1981), eastern 
Texas (reported 
in Shore et al., 
1993) 

767 men employed in 
1955–77 at a chemical 
plant for ≥ 5 years with 
potential exposure to 
ethylene oxide, followed 
1955–85  

Industrial 
hygiene 
survey in 
1977 

LH 
Leukaemia 

All cohort members 
 

  3 
  0 

10 (0.21–2.9) 
0.0 (0.0–3.4) 

Exposures in 1977 
< 10 ppm [18 
mg/m3]; included 
2 cases of Hodgkin 
disease  
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) 

18 235 workers employed 
at 14 industrial plants that 
used ethylene oxide for 
sterilization since 1943 
with ≥ 3 months exposure 
to ethylene oxide, 
followed to 1998 

  
LH 
 
 
 
 
 
 
 
Lymphoid-cell  
 
 
 
 
 
 
 
 
 
 
 
Hodgkin lymphoma 
 
 
 
 
 
 
 
 

 
All cohort members 
Cumulative exposure 
in ppm–days  
0–1199 
1200–3679 
3680–13 499 
≥ 13 500 
 
Men with 15- year 
lag (results from Cox 
regression) 
Cumulative exposure 
in ppm–days 
0 
>0–1199 
1200–3679 
3680–13 499 
≥ 13 500 
 
 
All cohort members 
Cumulative exposure 
in ppm–days 
0–1199 
1200–3679 
3680-13 499 
≥ 13 500 
 
 

 
 79 
 
 
 18 
 20 
 18 
 18 
 
 
 
 
 
 
 
 
 
 
 
 
 
  6 
 
 
  0 
  1 
  3 
  2 
 
 

SMR 
1.00 (0.79–1.24) 
 
 
0.77 (NR) 
1.31 (NR) 
1.10 (NR) 
0.94 (NR) 
 
 
 
 
 
 
1.00 
0.90 (0.16–5.24) 
2.89 (0.65–12.86) 
2.74 (0.65–11.55) 
3.76 (1.03–13.64) 
p-trend = 0.13 
 
1.24 (0.53–2.43) 
 
 
0 (NR) 
0.99 (NR) 
2.97 (NR) 
2.20 (NR) 
 
 

Adjusted for age, race 
(white/non-white), 
date of birth (within 5 
years); in an internal 
case–control analysis 
(excluding 1 small 
plant), log cumulative 
exposure to ethylene 
oxide lagged by 
15 years significantly 
related to mortality 
from LH cancers in 
men (p = 0.02), but 
not in women; 
duration of exposure, 
peak exposure and 
average exposure less 
predictive of 
mortality from LH 
cancer; similar 
pattern observed for 
lymphoid-cell 
tumours 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) (contd) 

  NHL 
 
 
 
 
 
 
 
Multiple myeloma 
 
 
 
 
 
 
 
Leukaemia 
 
 
 
 
 

All cohort members 
Cumulative exposure 
in ppm–days 
0–1199 
1200–3679 
3680–13 499 
≥ 13 500 
 
All cohort members 
Cumulative exposure 
in ppm–days 
0–1199 
1200–3679 
3680–13 499 
≥ 13 500 
 
All cohort members 
Cumulative exposure 
in ppm–days 
0–1199 
1200–3679 
3680–13 499 
≥ 13 500 

 31 
 
 
  7 
  8 
  6 
  9 
 
 13 
 
 
  1 
  5 
  3 
  4 
 
 29 
 
 
 10 
  6 
  6 
  3 

1.00 (0.72–1.35) 
 
 
0.76 (NR) 
1.34 (NR) 
0.85 (NR) 
1.21 (NR) 
 
0.92 (0.54–0.87) 
 
 
0.26 (NR) 
1.89 (NR) 
0.92 (NR) 
1.03 (NR) 
 
0.99 (0.71–1.36) 
 
 
1.15 (NR) 
1.06 (NR) 
0.93 (NR) 
0.43 (NR) 

 

Benson & Teta 
(1993), West 
Virginia 

278 men intermittently 
exposed to ethylene oxide 
in a chlorohydrin unit 
since 1949, followed to 
1988 
 

 LH All cohort members   8 2.94 (1.27–5.80) Primarily exposed to 
ethylene chloro-
hydrin, ethylene 
dichloride and 
bischloroethyl ether 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Teta et al. 
(1993), West 
Virginia 

1896 men potentially 
exposed to ethylene oxide 
since 1940 at 2 chemical 
plants but who never 
worked in chlorohydrin 
unit, followed to 1988 

 LH 
Lymphosarcoma and 
 reticulosarcoma  
Leukaemia 

All cohort members 
 

  7 
  2 
 
  5 

0.6 (0.2–1.2) 
1.0 (0.1–3.56) 
 
1.1 (0.4–2.5) 

 

Norman et al. 
(1995), New 
York State 

1132 workers employed 
in 1974–80 at a sterilizing 
plant that used ethylene 
oxide, followed for cancer 
incidence to 1957 

 Leukaemia 
 

All cohort members 
  

  1 1.85 (p = 0.42) 
 

 

Olsen et al. 
(1997), Texas 

1361 men employed for 
≥ 1 year and potentially 
engaged for ≥ 1 month in 
ethylene or propylene 
chlorohydrin production 
since 1941 at 4 chemical 
plants, followed to 1992 

 LH  Ever in ethylene 
chlorohydrin 
production 
Ever in ethylene 
chlorohydrin 
production with 
allowance for 25-
year induction 
period from first 
exposure 

 10 
 
 
  6 

1.29 (0.62–2.38) 
 
 
1.4 (0.52–3.12) 

 

Breast 

Norman et al. 
(1995), New 
York State 
 

1132 workers employed 
during 1974–80 at a 
sterilizing plant that used 
ethylene oxide, followed 
for cancer incidence to 
1957 

 Breast All cohort members 
 
 
All cohort members 

 12 
 
 
 12 

1.72* (0.99–3.00) 
 
 
1.57** (0.90–2.75) 

*Expected numbers 
from SEER rates for 
1978–81 
**Expected numbers 
from SEER rates for 
1981–85 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Steenland et al. 
(2003) 

7576 women worked for 
≥ 1 year at 13 plants, 
followed for breast cancer 
incidence to 1998 

 Breast 
Breast excluding 
 carcinoma in situ 
Breast 

    

All cohort members 
All cohort members 
 
Exposures in 
ppm–days with 
15-year lag 
0 
< 647 
647–2026 
2027–4919 
4920–14 620 
> 14 620 
Exposures in 
ppm–days with  
15-year lag 
0 
< 647 
647–2026 
2027–4919 
4920–14 620 
> 14 620 

319 
299 
 
 
 
 
 81 
 45 
 46 
 46 
 45 
 48 
 
 
 
 81 
 45 
 46 
 46 
 45 
 48 

0.87* (0.77–0.97) 
0.94 ([0.84–1.05]) 
 
 
 
 
1.00** (lagged out) 
1.07 (0.72–1.59) 
1.00 (0.67–1.50) 
1.24 (0.85–1.90) 
1.17 (0.78–1.78) 
1.74 (1.16–2.65) 
 
 
 
1.00*** (lagged out) 
1.06 (0.66–1.71) 
0.99 (0.61–1.60) 
1.24 (0.76–2.00) 
1.42 (0.88–2.29) 
1.87 (1.12–3.10) 

*Recognized to be 
an underestimate 
because of 
incomplete 
ascertainment of 
cases 
**Odds ratios 
calculated by Cox 
regression in a 
nested case–control 
analysis 
 
***Analysis 
restricted to subset 
of 5139 women 
with data on 
potential 
confounders from 
interviews; adjusted 
for parity, breast 
cancer in first-
degree relative 

Steenland et al. 
(2004) 

18 235 workers at 
14 industrial plants that 
used ethylene oxide for 
sterilization since 1943 
with ≥ 3 months’ 
exposure to ethylene 
oxide, followed to 1998 

 Breast 
 
 

All cohort members 
 
All female cohort 
 members 

103 
 
NR 

0.99 (0.84–1.17) 
 
0.99 (0.81–1.20) 

At least one cancer 
occurred in a man. 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Stomach  

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) 

18 254 workers at 14 
industrial plants that used 
ethylene oxide for 
sterilization since 1943 
with ≥ 3 months exposure 
to ethylene oxide, 
followed to 1998 

 Stomach  
All cohort members 
(Steenland et al., 
2004) 
Cumulative exposure 
in ppm–days  
< 1200  
1200–8500 
> 8500 
Total 
(Stayner et al., 1993) 

 
 25 
 
 
 
 
  5 
  4 
  1 
 10 
 

SMR 
1.07 (0.74-1.49) 
 
 
 
 
1.74 (0.57–4.07) 
1.24 (0.29–2.60) 
0.23 (0.11–1.32) 
0.90 (0.43–1.66) 
p trend = 0.04 

. 

Benson & Teta 
(1993), West 
Virginia  
 

278 men intermittently 
exposed to ethylene oxide 
in a chlorohydrin unit 
since 1949, followed to 
1988 

 Stomach All cohort members   1 [0.70] (0.2–3.92) Primarily exposed 
to ethylene chloro-
hydrin, ethylene 
dichloride and 
bischloroethyl ether 

Teta et al. 
(1993), 
West Virginia 

1896 men potentially 
exposed to ethylene oxide 
since 1940 at 2 chemical 
plants but who never 
worked in chlorohydrin 
unit, followed to 1988 

 Stomach  
All cohort members 
 

 
  8 

SMR 
1.60 (0.69–3.15) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Norman et al. 
(1995), New 
York State 

1132 workers employed 
during 1974–80 at a 
sterilizing plant using 
ethylene oxide, followed 
for cancer incidence to 
1957 

 Stomach All cohort members   0 –  

Olsen et al. 
(1997), 
Texas 

1361 men employed for 
≥ 1 year and potentially 
engaged for ≥ 1 month in 
ethylene or propylene 
chlorohydrin production 
since 1941 at 4 chemical 
plants, followed to 1992 

 Stomach  
Ever in ethylene 
chlorohydrin 
production 
Ever in ethylene 
chlorohydrin 
production with 
allowance for 25-
year induction 
period from first 
exposure 

 
  2 
 
 
  2 
 

SMR 
65 (8–234) 
 
 
[1.17 (0.14–4.23)] 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Brain  

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) 

18 254 workers employed 
at 14 industrial plants 
using ethylene oxide for 
sterilization since 1943 
with ≥ 3 months exposure 
to ethylene oxide, 
followed to 1998 

 Brain  
All cohort members 
(Steenland et al., 
2004) 
Cumulative exposure 
in ppm–days 
< 1200  
1200–8500 
> 8500  
Total 
(Stayner et al., 1993) 

 
 14 
 
 
 
 
  0 
  4 
  2 
  6 

SMR 
0.59 (0.36–0.91) 
 
 
 
 
0.0 
0.99 (0.27–2.53) 
0.59 (0.07–2.12) 
0.54 (0.20–1.18) 
p-trend = 0.43 

. 

Benson & Teta 
(1993), West 
Virginia 

278 men intermittently 
exposed to ethylene oxide 
in a chlorohydrin unit 
since 1949, followed to 
1988 

 Brain and other 
 nervous system 

All cohort members   1 [1.17] (0.3–6.56) Primarily exposed 
to ethylene chloro-
hydrin, ethylene 
dichloride and 
bischloroethyl ether 

Teta et al. 
(1993), 
West Virginia 

1896 men potentially 
exposed to ethylene oxide 
since 1940 at 2 chemical 
plants who never worked 
in chlorohydrin unit, 
followed to 1988 

 Brain and other 
 nervous system 

 
All cohort members 
 

 
 

SMR 
1.50 (0.55–3.27) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Norman et al. 
(1995), New 
York State 

1132 workers employed 
during 1974–80 at a 
sterilizing plant using 
ethylene oxide, followed 
for cancer incidence to 
1957 

 Brain All cohort members    0 –  

Olsen et al. 
(1997), 
Texas 

1361 men employed for 
≥ 1 year and potentially 
engaged for ≥ 1 month in 
ethylene or propylene 
chlorohydrin production 
since 1941 at 4 chemical 
plants, followed to 1992 
 

 Brain and other 
 nervous system 
 (191–192) 

 
Ever in ethylene 
chlorohydrin 
production 
Ever in ethylene 
chlorohydrin 
production with 
allowance for 25-
year induction 
period from first 
exposure 

 
  3 
 
 
  3 
 

SMR 
1.23 (0.25–3.58) 
 
 
[2.73 (0.56–7.97)] 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Pancreas 

Steenland et al. 
(1991); Stayner 
et al. (1993); 
Steenland et al. 
(2004) 

18 254 workers employed 
at 14 industrial plants 
using ethylene oxide for 
sterilization since 1943 
with ≥ 3 months exposure 
to ethylene oxide, 
followed to 1998 

 Pancreas  
All cohort members 
(Steenland et al., 
2004) 
Cumulative exposure 
in ppm–days 
< 1200  
1200–8500 
> 8500  
Total 
(Stayner et al., 1993) 

 
 38 
 
 
 
 
  3 
 10 
  3 
 16 
 

SMR 
0.92 (0.69–1.21) 
 
 
 
 
0.69 (0.14–2.03) 
1.70 (0.81–3.12) 
0.50 (0.10–1.47) 
0.98 (0.57–1.61) 
p-trend = 0.38 

. 

Benson & Teta 
(1993), West 
Virginia 

278 men intermittently 
exposed to ethylene oxide 
in a chlorohydrin unit 
since 1949, followed to 
1988 

 Pancreas All cohort members   8 4.92 (1.58–11.40) Primarily exposed 
to ethylene chloro- 
hydrin, ethylene 
dichloride and 
bischloroethyl ether 

Teta et al. 
(1993), 
West Virginia 
 
 

1896 men potentially 
exposed to ethylene oxide 
since 1940 at 2 chemical 
plants, who never worked 
in chlorohydrin unit, 
followed to 1988 

 Pancreas  
All cohort members 
 

 
  4 

SMR 
0.61 (0.17–1.56) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

Norman et al. 
(1995), New 
York State 

1132 workers employed 
in 1974–80 at a sterilizing 
plant using ethylene 
oxide, followed for cancer 
incidence to 1957 

 Pancreas All cohort members   2 3.92 (p = 0.09) 
 

 

Olsen et al. 
(1997), Texas 
 

1361 men employed for 
≥ 1 year and potentially 
engaged for ≥ 1 month in 
ethylene or propylene 
chlorohydrin production 
since 1941 at 4 chemical 
plants, followed to 1992 

 Pancreas  
Ever in ethylene 
chlorohydrin 
production 
Ever in ethylene 
chlorohydrin 
production with 
allowance for 25-
year induction 
period from first 
exposure 

 
  1 
 
 
  1 
 

SMR 
0.25 (0.1–1.40) 
 
 
0.40 (0.1–2.26) 
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Table 6 (contd) 

Reference, 
location 

Cohort description Exposure 
assessment 

Organ site (ICD code) Exposure 
categories 

No. of 
cases/ 
deaths 

Relative risk 
(95% CI) 

Adjustments and 
comments 

CASE–CONTROL STUDY 

Swaen et al. 
(1996), Belgium 

210 employees of a 
chemical manufacturer 
between 1966 and 1992 

 Hodgkin lymphoma All cohort members  
3 ex-
posed 
cases 

Odds ratio 
8.5 (1.4–39.9) 

 

META-ANALYSIS 

Teta et al. 
(1999), 
Germany, Italy, 
Sweden, United 
Kingdom, USA  

Nearly 33 000 workers 
 

  
Leukaemia 
NHL 
Stomach 
Brain 
Pancreas 

  
 35 
 33 
 59 
 25 
 37 

Meta-SMR 
1.08 (0.61–1.93) 
1.34 (0.96–1.89) 
1.23 (0.71–2.13)  
0.96 (0.49–1.91) 
0.95 (0.69–1.31) 

 

AML, acute myelogenous leukaemia; CI, confidence interval; CLL, chronic lymphocytic leukaemia; CML, chronic myelogenous leukaemia; ICD, International 
Classification of Diseases; NHL, non-Hodgkin lymphoma; NR, not reported; SEER, Surveillance, Epidemiology and End Results; SIR, standardized incidence ratio; 
SMR, standardized mortality ratio; TWA, time-weighted average 
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The cohort was followed from 1962 to 1985 through national registries. Among the 
ethylene oxide operators, 34 deaths from all causes occurred (25.0 expected), including 
14 cancer deaths (6.1 expected) of which five were due to stomach cancer (0.6 expected) 
and two to leukaemia (0.2 expected; one chronic myelogenous and one acute leukaemia 
not further specified). No overall excess mortality from cancer was observed among the 
maintenance staff who had intermittent exposure or among the unexposed workers; 
however, four of the maintenance men had died from stomach cancer (0.6 expected) and 
one from chronic lymphocytic leukaemia (0.2 expected).  

Two hundred and three workers employed for at least 1 year at the Swedish factory 
described in Section 2.1 were subsequently followed up for mortality through national 
census, death and emigration registries (Högstedt et al., 1986). During 1978–82, five 
deaths occurred (4.9 expected), four of which were from cancer (1.6 expected). Two of 
the deaths were from lymphatic and haematopoietic malignancies (0.13 expected), but 
one of these decedents (who had acute myelogenous leukaemia) had been part of the 
original case cluster that had prompted the study. The other died from acute blastic 
leukaemia. 

The above reports also described a third cohort of Swedish workers who were 
exposed to ethylene oxide in a plant where the compound was produced by direct 
oxidation of ethylene (Högstedt et al., 1986; Högstedt, 1988). The cohort comprised 128 
workers who were employed in the production of ethylene oxide or ethylene glycol and 
had had almost pure exposure to ethylene oxide; 69 workers who were employed in the 
processing of ethylene oxide and propylene oxide to non-ionic surfactants and polyols 
and whose principal exposure was to ethylene oxide and propylene oxide but who had 
also been exposed to various amines, sodium nitrate (IARC, 2009), formaldehyde (IARC, 
2006) and 1,2-butene oxide; and 158 maintenance and technical personnel who had had 
multiple exposures that included ethylene oxide. Analyses of air samples and interviews 
with experienced staff indicated 8-h TWA exposures to ethylene oxide of 1–8 ppm [1.8–
14.4 mg/m3] during 1963–76, which fell to 0.4–2.0 ppm [0.7–3.6 mg/m3] during 1977–
82. Expected numbers of cancers and deaths were calculated from 5-year age-, sex- and 
calendar year-specific rates for the national population. During follow-up from 1964 to 
1981 using national registries, eight deaths were observed in the entire cohort compared 
with 11.6 expected; one man in the maintenance and repair group died from chronic 
myelogenous leukaemia. During extended follow-up to 1985, a fatal case of reticular-cell 
sarcoma was recorded among the production workers [expected number not given]. [The 
Working Group noted that the cohort was not defined precisely.] 

Högstedt (1988) also presented findings on cancer incidence (ascertained through the 
national cancer registry) for the three cohort studies described above. After exclusion of 
the three cases in the initial cluster at the sterilizing plant, seven leukaemias were 
observed (0.8 expected from national rates [standardized incidence ratio (SIR), 9.2]). For 
blood and lymphatic malignancies, nine deaths were observed (two expected; 
standardized mortality ratio [SMR], 4.59). Confidence intervals (CIs) were reported only 
for the SMRs of men. 
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Thiess et al. (1981) examined the mortality of 602 active and former male 
employees at a company in western Germany who had worked for at least 6 months in 
an area of alkylene oxide production. Until 1965, ethylene oxide had been made from 
ethylene chlorohydrin, but thereafter it was produced by direct oxidation of ethylene. 
Propylene oxide had been made since 1959 by a propylene chlorohydrin process. 
Industrial hygiene measurements in 1978 showed that the average concentration of 
ethylene oxide was < 4 ppm [7.2 mg/m3], but no earlier measurement was available. 
Discussions with long-standing employees indicated that exposures before that time 
would have been higher. Other potential exposures included propylene oxide, butylene 
oxide, dioxane, epichlorohydrin, dichloropropane, ethylene chlorohydrin, propylene 
chlorohydrin, aniline, piperazine, cyclohexylamine, cyclohexane, formaldehyde, 
isobutyraldehyde, ethyleneimine, hydrocyanic acid, hydrogen sulfide, aluminium 
chloride, benzene, phenol, cyanuric acid, acrylic acid and acetylene alcohols (IARC, 
1987, 1994, 1999a, 2006). The first worker was employed in 1928, and follow-up was 
from that year until 30 June 1980. The expected numbers of deaths in the cohort were 
calculated for each 5-year age group, using mortality rates for the populations of 
Ludwigshafen and Rhinehessia-Palatinate during 1970–75 and of Germany during 
1971–74 as a reference. In addition, an internal comparison group of 1662 persons 
who were employed in a styrene production facility on the same site was used. During 
follow-up, 56 deaths were recorded in the exposed cohort, whereas the expected num-
bers were 71.5 (Ludwigshafen), 73.4 (Rhinehessia-Palatinate), 76.6 (Germany) and 
57.9 (styrene cohort). Fourteen of the deaths were due to cancer, whereas 16.6 were 
expected from national statistics [SMR, 0.84]. The deaths from cancer included one 
case of myeloid leukaemia (< 0.15 expected) and one case of lymphatic sarcoma. [The 
Working Group noted that no indication of the completeness with which the cohort 
was identified was given, and that the methods of follow-up were not stated. It is not 
clear how losses to follow-up were handled in the analysis.] 

Gardner et al. (1989) studied 2876 workers at four British chemical companies where 
ethylene oxide or its derivatives had been manufactured and in eight hospitals where 
ethylene oxide had been used as a sterilant. In one company, ethylene oxide had been 
produced by the chlorohydrin process during 1950–60 and by direct oxidation of ethylene 
from 1959 onwards; in the second company, the chlorohydrin process had been used 
during 1955–70 and direct oxidation was used thereafter; in the third company, ethylene 
oxide had been produced during 1960–81 only by direct oxidation; and in the fourth 
company, ethylene oxide had been used in the manufacture of derivatives since 1959. The 
eight hospitals had started using ethylene oxide between 1962 and 1972. The cohort 
comprised all workers at each factory and hospital who had had probable exposure to 
ethylene oxide during specified periods for which employment records were complete. 
Sixteen subjects had to be excluded because such information was not available in full. 
Jobs held by cohort members at the factories were classified as having involved definite, 
probable or possible exposure to ethylene oxide. At the hospitals, jobs were classed as 
involving continual, intermittent or possible exposure. Environmental and personal moni-
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toring since 1977 had shown a TWA concentration of < 5 ppm [9 mg/m3] in almost all 
jobs, but with occasional peaks of exposure up to several hundred parts per million as a 
result of operating difficulties in the chemical plants and during loading and unloading of 
sterilizers in the hospitals. Exposures were thought to have been higher in earlier years, 
and peak exposures above the odour threshold of 700 ppm [1260 mg/m3] were reported 
both by the chemical manufacturers and at the hospitals. Cohort members at the manufac-
turing plants were potentially exposed to many other chemicals, including chlorohydrin, 
propylene oxide, styrene and benzene; some of the hospital workers had occasionally 
been exposed to formaldehyde and carbon tetrachloride. The cohort was followed for 
mortality through the National Health Service Central Register, with supplementary infor-
mation from social security records for some subjects. In the most recently published 
analysis of this study (Coggon et al., 2004), the results of which subsumed earlier 
findings, the cohort was followed for mortality to 2000. Follow-up for 51 untraced 
subjects was cut off at the last known date of employment. A further 206 subjects had 
emigrated or were otherwise lost to follow-up, and were considered to be at risk up to the 
date when they were last known to be alive. Observed mortality was compared with that 
expected from national death rates by sex, age and calendar period. No significant 
elevations of mortality were observed for any category of cancer either in the cohort as a 
whole, or separately in the chemical manufacturers and hospital workers. Among the 
1471 chemical workers (all but one of whom were men), 366 deaths (366.9 expected) 
occurred from all causes, including 120 (108.6 expected; SMR, 1.11; 95% CI, 0.92–1.32) 
from all cancers combined. Increased non-significant risks were found for leukaemia, 
lymphoma and multiple myeloma. Lymphatic and haematopoietic cancer was more 
common in chemical workers who were classed as having had definite exposure to 
ethylene oxide (nine deaths versus 4.9 expected; SMR, 1.84), but there was no excess in 
the hospital workers who were classed as continually exposed (one death versus 2.6 
expected). 

Most of the above cohort was included in a larger study of employees from six 
chemical companies in western Germany (Kiesselbach et al., 1990). The 2658 cohort 
members had been exposed to ethylene oxide for at least 12 months before 31 December 
1982. The year of first exposure ranged from 1928 to 1981, but most had first been 
exposed after 1950. Other possible exposures included benzene (IARC, 1987), 
4-aminobiphenyl and 2-naphthylamine (IARC, 1987), but no information was given on 
the extent of exposure to these substances. Subjects who had left employment were traced 
through local registries and, in the case of foreigners who had returned home, by letter or 
by asking fellow countrymen who were still working in the plant. Of the cohort members, 
97.6% were traced successfully to 31 December 1982. For those who had died, the cause 
of death was ascertained from death certificates (27.6% of all deaths), lay statements, the 
physician who last treated the patient or hospital reports. Mortality was compared with 
that expected from 5-year age-, sex- and calendar period-specific rates in the national 
population; no statistics were available for periods before 1951, and the rates for 1951 
were used. In total, 268 deaths were observed, whereas 307.6 were expected. There were 
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68 deaths from cancer (69.9 expected; SMR, 0.97; 95% CI, 0.76–1.24), including three 
from oesophageal cancer (1.5 expected), 14 from stomach cancer (10.2 expected; SMR, 
1.38; 95% CI, 0.75–2.31) and five from lymphatic and haematopoietic cancer (5.0 
expected; SMR, 1.00; 95% CI, 0.32–2.34). Two deaths were ascribed to leukaemia (2.4 
expected). When expected numbers were calculated on the basis of rates in the states in 
which each plant was situated, the findings were very similar. Based on calculations in 
which the first 10 years of exposure for each subject were ignored, mortality ratios were 
similar to those in the main analysis. It was possible to classify exposure to ethylene oxide 
for 67.2% of subjects as ‘weak’, ‘medium’ or ‘high’. The excess mortality from stomach 
cancer was greatest in those with weak or medium exposure and with less than 15 years 
of total exposure. When foreign workers were excluded from the analysis, there was no 
change in the observed number of deaths and mortality ratios were only slightly 
increased. [The Working Group noted that the full eligibility criteria for inclusion in the 
cohort were not reported, no data were given on probable levels of exposure to ethylene 
oxide or on the nature of the processes in which subjects worked, and risk estimates may 
have been seriously biased since certificates were available for only about one-quarter of 
deaths in the cohort.] 

Hagmar et al. (1991) studied employees at two Swedish plants that produced 
disposable medical equipment that was sterilized with ethylene oxide. In plant A, a 50:50 
mixture of ethylene oxide and methyl formate had been used since 1970. In 1973, 
personal sampling for two packers indicated an exposure to ethylene oxide of 24 ppm 
[43 mg/m3]. After 1981, monitoring was carried out annually over 1–3 days for sterilizers 
and packers and showed a continuous decrease in exposure such that, after 1985, only 
sterilizers were exposed to concentrations greater than 0.2 ppm [0.4 mg/m3] (the limit of 
detection of the method used). In plant B, a 50:50 mixture of ethylene oxide and methyl 
formate was used from 1964 but was replaced by an ethylene oxide:carbon dioxide 
mixture in 1978. In 1975, personal monitoring indicated exposures of 4–5 ppm [7–
9 mg/m3] ethylene oxide for four packers. After 1985, the 8-h TWA concentration was 
< 0.2 ppm [0.4 mg/m3] for all employees except sterilizers and store workers. The 
authors estimated that sterilizers were exposed to up to 75 ppm [135 mg/m3] in the 
earliest years of operation at this plant. On the basis of estimates of exposure in 
different job categories and time periods, the authors calculated individual cumulative 
exposures for 97% of subjects at plant A and 89% at plant B. The cohort comprised 594 
men and 557 women who had been employed at plant A for at least 12 months between 
1970 and 1985 and who were still working after 1 June 1975, and 267 men and 752 
women who had been employed at plant B for at least 12 months between 1964 and 
1985 and were still working after 1 January 1972. These subjects were followed 
through to 1986 for mortality and from 1972 to 1985 for cancer registration. None was 
lost to follow-up. Expected mortality was calculated on the basis of calendar year-, sex- 
and 5-year age-specific rates (cut-off at age 80 years) for the county in which the plants 
were located, and expected cancer incidence was calculated from corresponding 
registration rates in the same area. Fifteen deaths were observed (25.7 expected), 
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including eight from cancer (9.0 expected), two from gastrointestinal cancer (2.1 
expected) and one from haematopoietic and lymphatic cancer (1.0 expected). The 
observed/expected numbers of incident cancers were 21/26.8 for cancers at any site, 
0/0.5 for stomach cancer, 1/1.6 for brain cancer, 2/1.3 for lymphoma and myeloma and 
one case of polycythaemia vera with 0.7 cases of leukaemia, polycythaemia vera and 
myelofibrosis expected. Among subjects with more than 1 ppm–year of cumulative 
exposure to ethylene oxide, two cases of cancer (3.3 expected) and no lymphatic or 
haematopoietic cancer (0.2 expected) were observed. Follow-up for cancer incidence 
was subsequently extended to 1990, again with no losses to follow-up (Hagmar et al., 
1995). In total, 40 cases of cancer were recorded with 46.28 expected. No significant 
excesses in mortality were observed for any individual site of cancer, either with or 
without allowance for a 10-year induction period from first exposure. With no allowance 
for an induction period, the numbers of observed/expected cases were 5/10.8 (SIR, 0.5; 
95% CI, 0.15–1.08) for cancer of the breast, 6/3.37 (SIR, 1.78; 95% CI, 0.65–3.88) for 
lymphatic and haematopoietic cancer and 2/0.82 (SIR, 2.44; 95% CI, 0.30–8.81) for 
leukaemia. Among 930 subjects with cumulative exposures of at least 0.14 ppm–years, 
after allowance for a minimum induction period of 10 years, two cases of leukaemia were 
observed compared with 0.28 expected (SIR, 7.1; 95% CI, 0.87–25.8). 

Bisanti et al. (1993) studied a cohort that comprised all 1971 male chemical workers 
in the Lombardy and Piedmont regions of Italy who had held a licence to handle ethylene 
oxide for at least 1 year during 1938–84; 637 had held licences for ethylene oxide only 
and 1334 for ethylene oxide and other toxic gases. Some workers may have been exposed 
to ethylene oxide before they obtained a licence. The cohort was followed from 1 January 
1940 to 31 May 1984, and vital status was ascertained at the census office at the place of 
residence of each subject. Sixteen subjects (0.8%) who were lost to follow-up were 
considered to be still alive. Expected numbers of deaths were calculated from 5-year age-, 
sex- and calendar period-specific rates for the regional (Lombardy) population. Seventy-
six deaths were recorded (98.8 expected), including 43 from cancer (33.0 expected). The 
SMRs were 1.22 (95% CI, 0.40–2.87) for stomach cancer, 2.54 (95% CI, 0.52–7.44) for 
cancer of the pancreas, 1.61 (95% CI, 0.04–8.95) for cancer of the kidney, 6.82 (95% CI, 
1.86–17.45) for lymphosarcoma and reticulosarcoma and 1.93 (95% CI, 0.23–6.99) for 
leukaemia. The two deaths from leukaemia occurred among men who had had less than 
5 years of exposure and after a latency of less than 10 years since first exposure to 
ethylene oxide. Among the men who had held licences only for ethylene oxide, 27 deaths 
(30.1 expected) occurred (SMR, 0.87; 95% CI, 0.57–1.27), 15 of which were from cancer 
(10.5 expected; SMR, 1.42; 95% CI, 0.79–2.34), including one from stomach cancer (1.3 
expected; SMR, 0.76; 95% CI, 0.02–4.26), three from lymphosarcoma and reticulo-
sarcoma (0.2 expected; SMR, 16.93; 95% CI, 3.49–49.53) and two from leukaemia (0.3 
expected; SMR, 6.50; 95% CI, 0.79–23.49). Results obtained from national mortality 
rates as the basis for expected numbers were similar. [The Working Group noted that no 
data were available on levels of exposure to ethylene oxide or on exposure to other 
chemicals.] 
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Following the observation of a cluster of breast cancer cases at a hospital in Hungary 
(Tompa et al., 1999; see Section 2.1), Kardos et al. (2003) systematically followed 299 
women who were employed on a ward where an ethylene oxide sterilizer was used during 
1976–93. The cohort was followed from 1987 to 1999, and deaths among cohort 
members were ascertained from various databases, with personal contact to confirm the 
vital status of those who did not appear in any of these records. A total of 11 deaths from 
cancer were identified (three breast, two ovary, two lung and one each of large bowel, 
uterus, leukaemia and peritoneum) compared with 4.38 expected from national age- and 
calendar period-specific rates (SMR, 2.51; 95% CI, 1.25–4.49). Expected numbers based 
on local mortality rates were similar. [The Working Group noted that deaths in the cohort 
were ascertained from a different source from the reference rates. Also, it was unclear 
whether any of the cases from the original cluster were included in the study.] 

Prompted by a perceived excess of cancer among pest-control officers of a large 
French city, Ambroise et al. (2005) conducted a historical cohort study of 181 men who 
had worked in the pest control department during 1979–84. The cohort was followed for 
mortality up to 2000 through registry offices of birthplaces and records held by the Institut 
National de la Statistique et des Etudes Economiques; causes of death were obtained by 
matching with a national file of death certificates or from records held by the personnel 
department (three cases). For three subjects who died abroad, vital status was established 
by interview with colleagues. Ethylene oxide had been used to sterilize hospital equip-
ment, but no exposure measurements were reported. Individual exposures to ethylene 
oxide were assigned by application of a job–exposure matrix to occupational histories 
abstracted from administrative records. At least 140 subjects were classed as having 
worked with ethylene oxide. In the cohort as a whole, 39 deaths from all causes occurred, 
including 21 from cancer (9.36 expected from regional sex- and age-specific rates by 
calendar year). However, no statistically significant excess of mortality was observed for 
any specific site of cancer and no consistent trend of cancer mortality was observed in 
relation to estimated cumulative exposures to ethylene oxide. [The Working Group noted 
that less weight can be given to the overall excess of cancer in this study, since the 
investigation was prompted by a perceived excess of tumours.] 

2.2.2 USA 

Morgan et al. (1981) reported a retrospective cohort study of 767 men who had been 
employed between 1955 and 1977 at a chemical plant in eastern Texas where ethylene 
oxide was produced. All of the men had worked at the factory for at least 5 years and 
were ‘potentially exposed’ to the compound. Potential exposure to ethylene oxide was 
determined by personnel at the company on the basis of work histories. In an industrial 
hygiene survey in 1977, all samples taken in the production area contained less than 
10 ppm [18 mg/m3] ethylene oxide. Vital status was ascertained for more than 95% of the 
cohort members from a combination of plant records, ‘personal knowledge’ and tele-
phone follow-up. Altogether, 46 deaths were recorded, whereas 80 were expected on the 
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basis of US vital statistics. Death certificates were obtained for 42 of the 46 deceased 
subjects. Eleven deaths were from cancer (15.2 expected), and non-significant excesses 
were found for mortality from cancers of the pancreas (three versus 0.8 expected) and 
brain and central nervous system (two versus 0.7 expected) and from Hodgkin disease 
(two versus 0.4 expected); no deaths from leukaemia occurred. [The Working Group 
noted that details on the nature of the manufacturing process, the extent to which exposure 
readings were representative of earlier conditions in the plant and potential confounding 
exposures were lacking.] The results of an extended follow-up of this cohort to 1985 
(follow-up rate, 99.7%) were reported by Shore et al. (1993) as part of a meta-analysis of 
cohort studies on ethylene oxide. Three deaths from brain cancer (1.1 expected), three 
from lymphatic and haematopoietic cancer (3.0 expected), none from leukaemia (1.1 
expected) and none from stomach cancer [expected number not given] were observed. 

A series of studies was carried out on a cohort of 2174 male employees at two 
chemical plants in West Virginia where ethylene oxide had been produced and used 
(Greenberg et al., 1990; Benson & Teta, 1993; Teta et al., 1993). It was produced by the 
chlorohydrin process during 1925–57 and by direct oxidation from 1937 to 1971. After 
1971, the plants continued to use ethylene oxide that had been produced elsewhere. The 
cohort comprised men who had been employed at the plants during 1940–78 and assigned 
at any time before 1979 to a chemical production department in which ethylene oxide was 
judged to have been manufactured or used at the time of the assignment. The first large-
scale environmental monitoring project at the plant began in 1976. The 8-h TWA concen-
tration of ethylene oxide in departments where it was used was generally less than 1 ppm 
[1.8 mg/m3] but ranged up to 66 ppm [120 mg/m3]. The authors estimated that the 8-h 
TWA concentration in ethylene oxide production by direct oxidation in the 1960s ranged 
from 3 to 20 ppm [5.4–36 mg/m3] and that exposures during production by the chloro-
hydrin process were probably higher. Departments were classified as having high, 
medium or low exposure concentrations according to the operations carried out, and the 
classification was validated by reference to reported incidents of acute exposure. The 
cohort was followed to the end of 1988, and vital status was ascertained for more than 
98% of subjects. Death certificates were obtained for 99% of decedents, and expected 
numbers of deaths were calculated on the basis of national 5-year age- and calendar 
period-specific rates in white men.  

A total of 278 men had worked in a chlorohydrin unit that primarily produced 
ethylene chlorohydrin, with ethylene dichloride and bischloroethyl ether as by-products 
(Benson & Teta, 1993). For part of the time, propylene chlorohydrin had also been 
produced. Ethylene oxide was handled only sporadically and in small volumes. Of these 
men, 147 had died while 140.8 deaths were expected. The deaths included 40 from cancer 
(30.8 expected; SMR, 1.30; 95% CI, 0.9–1.8), eight from lymphatic and haematopoietic 
cancer (2.7 expected; SMR, 2.9; 95% CI, 1.3–5.8) and eight from pancreatic cancer (1.6 
expected; SMR, 4.9; 95% CI, 1.6–11.4). In a comparison with workers from other plants 
in the same locality, the risks for cancer of all types, for lymphatic and haematopoietic 
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cancer, leukaemia and pancreatic cancer increased with duration of assignment to the 
chlorohydrin unit.  

Among the 1896 men who had never been assigned to the chlorohydrin unit, 431 
deaths occurred whereas 547.7 were expected (Teta et al., 1993). The numbers of 
observed/expected deaths were 110/128.1 (SMR, 0.86; 95% CI, 0.7–1.0) for cancer at any 
site, 8/5.0 (SMR, 1.6; 95% CI, 0.7–3.2) for stomach cancer, 4/6.6 (SMR, 0.6; 95% CI, 
0.2–1.6) for pancreatic cancer, 6/4.0 (SMR, 1.5; 95% CI, 0.6–3.3) for cancers of the brain 
and nervous system, 7/11.8 (SMR, 0.6; 95% CI, 0.2–1.2) for lymphatic and haemato-
poietic cancer, 2/2.0 for lymphosarcoma and reticulosarcoma (International Classification 
of Diseases [ICD]-9 200), 5/4.7 (SMR, 1.1; 95% CI, 0.4–2.5) for leukaemia and aleu-
kaemia and 0/1.2 for Hodgkin disease. No significant excess of mortality was observed 
for any cause of death. No excesses of mortality from leukaemia or stomach cancer were 
observed among men who had spent 2 or more years in high-exposure departments. 
Comparison with death rates of workers from plants in the same location who had never 
been assigned to ethylene oxide production or use showed no significant trend with 
duration of assignment for all cancers, leukaemia or pancreatic, brain or stomach cancers; 
however, a two- to threefold increase in the risk for leukaemia (based on three cases) was 
observed among workers with more than 10 years of assignment to ethylene oxide 
departments. This study confirmed and amplified the findings of an earlier case–control 
study at the same plants (Ott et al., 1989). 

Steenland et al. (1991) followed 18 254 employees at 14 industrial plants where 
ethylene oxide had been used to sterilize medical supplies or spices or in the testing of 
sterilizing equipment. The plants were selected because they held adequate records on 
personnel and exposure and their workers had accumulated at least 400 person–years at 
risk before 1978. Only workers with at least 3 months of exposure to ethylene oxide were 
included in the cohort. Forty-five per cent of the cohort were men, 79% were white, 1222 
were sterilizer operators and 15 750 were employed before 1978. Analysis of 627 per-
sonal 8-h TWA samples indicated that average exposure during 1976–85 was 4.3 ppm 
[7.7 mg/m3] for sterilizer operators; on the basis of 1888 personal samples, the average 
level for other exposed workers was 2.0 ppm [3.6 mg/m3]. Many companies began to 
install engineering controls in 1978, and exposures before that year were thought to have 
been higher. There was no evidence of potentially confounding exposure to other 
occupational carcinogens. The cohort was followed up to 1987 through the national death 
index and records of the Social Security Administration, the Internal Revenue Service and 
the US Postal Service; 95.5% were traced successfully. The expected numbers of deaths 
were calculated from rates in the US population, stratified according to age, race, sex and 
calendar year. In total, 1177 cohort members had died (1454.3 expected), including 40 for 
whom no death certificate was available. There were 343 deaths from cancer (380.3 
expected; SMR, 0.9; 95% CI, 0.8–1.0). The observed/expected numbers of deaths were 
36/33.8 (SMR, 1.07; 95% CI, 0.7–1.5) for all lymphatic and haematopoietic cancer, 
including 8/5.3 (SMR, 1.5; 95% CI, 0.7–3.0) for lymphosarcoma-reticulosarcoma 
[ICD-9 200], 4/3.5 (SMR, 1.1; 95% CI, 0.3–2.9) for Hodgkin lymphoma, 13/13.5 (SMR, 
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0.97; 95% CI, 0.5–1.7) for leukaemia, 8/6.7 (SMR, 1.2; 95% CI, 0.6–2.4) for non-
Hodgkin lymphoma [ICD-9 202] and 3/5.1 (SMR, 0.6; 95% CI, 0.1–1.7) for myeloma; 
6/11.6 (SMR, 0.5; 95% CI, 0.2–1.1) for cancer of the brain and nervous system; 11/11.6 
(SMR, 0.95; 95% CI, 0.5–1.7) for cancer of the stomach; 16/16.9 (SMR, 0.95; 95% CI, 
0.5–1.5) for cancer of the pancreas; 8/7.7 (SMR, 1.0; 95% CI, 0.4–2.1) for cancer of the 
oesophagus; and 13/7.2 (SMR, 1.8; 95% CI, 0.96–3.1) for cancer of the kidney. Mortality 
ratios for subjects who were first exposed before 1978 were virtually identical to those for 
the full cohort. No significant trend in mortality was observed in relation to duration of 
exposure, but the mortality ratios for leukaemia (1.79 based on five deaths) and non-
Hodgkin lymphoma (1.92 based on five deaths) were higher after allowance for a latency 
of more than 20 years. Among the sterilizer operators, mortality ratios (and observed 
numbers of deaths) were 2.78 (two) for leukaemia and 6.68 (two) for lympho-
sarcoma/reticulosarcoma; no death from stomach cancer was observed. 

In a further analysis of the same study (Stayner et al., 1993), an exposure–response 
analysis was conducted using previously derived quantitative estimates of individual 
exposure to ethylene oxide (Greife et al., 1988). Analysis was limited to 13 of the 
facilities studied, since information on exposures at the other facility was inadequate. 
Mortality from lymphatic and haematopoietic cancer was greatest in the highest category 
of cumulative exposure to ethylene oxide (> 8500 ppm–days) (13 deaths; SMR, 1.24; 
95% CI, 0.66–2.13), but the trend across three categories of cumulative exposure was 
weak (χ2, 0.97; p = 0.32). A similar pattern was observed for non-Hodgkin lymphoma, 
but not for leukaemia. In addition, a Cox proportional hazard model was used to examine 
risk in relation to cumulative exposure (ppm–days), average exposure (ppm), maximal 
exposure (ppm) and duration of exposure (days) to ethylene oxide. A significant positive 
trend in risk with increasing cumulative exposure to ethylene oxide was observed for all 
neoplasms of the lymphatic and haematopoietic tissues [p = 0.03, two-tailed]. Moreover, 
this trend was strengthened [p = 0.004] when the analysis was restricted to neoplasms of 
lymphoid cell origin (lymphocytic leukaemia, ICD-9 204; non-Hodgkin lymphoma, 
ICD-9 200, 202). The exposure–response relationship between cumulative exposure to 
ethylene oxide and leukaemia was positive but non-significant [p =0.15]. The regression 
coefficients for neoplasms of the lymphatic and haematopoietic tissues for duration of, 
average and maximal exposure were either weakly positive or negative. In this analysis, 
no significant increase was found for cancers of the stomach, pancreas, brain or kidney. 
[The Working Group gave greater weight to the internal exposure–response analyses 
using Cox regression than to those based on SMRs, since the latter are more vulnerable to 
bias.] 

Wong and Trent (1993) reported a separate analysis of mortality in approximately the 
same population (Steenland & Stayner, 1993), with similar results. The cohort comprised 
18 728 employees, and follow-up was to the end of 1988. [The Working Group noted that 
this report adds little useful information to that provided by Steenland et al. (1991).] 

Norman et al. (1995) studied cancer incidence among 1132 workers (82% women) 
who were employed during 1974–80 at a plant in New York State that used ethylene 
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oxide to sterilize medical equipment and supplies. The cohort included both regular 
employees (45%) and others who had worked only on a temporary basis and who were 
considered to have lower potential exposures. The investigation was prompted by the 
demonstration of elevated levels of sister chromatid exchange in the workforce. Leaks of 
ethylene oxide had been documented on several occasions. From three 2-h samples 
collected in 1980, the 8-h TWA exposures of sterilizer operators were estimated to be 50–
200 ppm [90–360 mg/m3]. Hygiene at the plant was subsequently improved, and later 8-h 
TWA exposures were thought to be 5–20 ppm [9–36 mg/m3]. The cohort was followed 
for cancer incidence up to 1987, using data from various sources: health examinations 
(mostly conducted during 1982–85), telephone interviews (up to 1987), mailed surveys in 
1987 and 1990, annual searches of the New York State Cancer Registry during 1985–89 
and a search of the National Death Index in 1998. Expected numbers of cancers were 
derived from age- and sex-specific rates in the Surveillance, Epidemiology and End 
Result (SEER) programme for 1978–81. A small proportion of subjects (about 2%) had to 
be excluded from the analysis of cancer incidence because information was insufficient. 
A total of 28 cancers were identified (24 from the cancer registry and four from other 
sources), including 12 breast cancers (6.96 expected; SIR, 1.72; 95% CI, 0.99–3.00). 
When the expected number of breast cancers was calculated from SEER rates for 1981–
85, it was slightly higher (7.64), and the excess fell just short of statistical significance 
(SIR, 1.57; 95% CI, 0.90–2.75). Among regular employees, nine cases of breast cancer 
occurred compared with 5.28 expected from SEER rates for 1981–85 (SIR, 1.70; 95% CI, 
0.89–3.23). When analysis was restricted to workers who had completed at least one 
health examination or follow-up survey (approximately 79% of the total), the number of 
cases of breast cancer observed was again 12, but the expected number (from SEER rates 
for 1978–81) was reduced to 4.98. The time between first exposure and diagnosis of 
breast cancer was ≤ 11 years for each of the 12 observed breast cancer cases, and for one 
case was only 12 months. No statistically significant excess of mortality was observed for 
cancers at any other sites.  

Lucas and Teta (1996) subsequently drew attention to the potential for early detection 
bias, among others, in this cohort, because the participants were under active health 
surveillance and the earlier investigation of cytogenetic abnormalities may have raised 
awareness of cancer risks. The authors acknowledged this concern, but noted that none of 
the cases of breast cancer was discovered by screening carried out at the health 
examinations that formed part of the study (Norman et al., 1996). 

Olsen et al. (1997) analysed mortality from pancreatic and lymphatic and 
haematopoietic cancer at four chemical plants where ethylene oxide had been produced 
by the chlorohydrin process. Production of ethylene oxide had occurred during 1941–67 
at one plant, 1951–71 and 1971–80 at the second, 1959–70 at the third and 1936–50 at the 
fourth. At other times, and sometimes in parallel with ethylene oxide, the plants had also 
produced propylene oxide by the chlorohydrin process. Workers engaged in the 
production of ethylene chlorohydrin and its conversion to ethylene oxide had potential 
exposure to ethylene oxide, but no data were reported on levels of exposure. The cohort 
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comprised men who had been employed at the relevant facilities for at least 1 year and 
who had worked for at least 1 month in a job that had probably been in ethylene or 
propylene chlorohydrin production at some time since these processes began. Vital status 
was followed through to 1992 from date of entry into the cohort or (for those who entered 
the cohort before 1940) from 1940. This was achieved by record linkage with the Social 
Security Administration and the National Death Index, and causes of death were obtained 
for those cohort members who had died. In the main analysis, cause-specific mortality 
was compared with that expected from death rates in the US national population stratified 
by age, sex, race (white) and calendar year. Among the 1361 men eligible for study, 300 
deaths occcurred in total, including 281 in the subset who had worked at some time in the 
ethylene chlorohydrin process. Within this subcohort, 70 deaths from cancer overall (73.8 
expected) were observed, including one from pancreatic cancer (3.7 expected) and 10 
from lymphatic and haematopoietic cancer (7.1 expected; SMR, 1.29; 95% CI, 0.62–
2.38). With allowance for a 25-year induction period from first exposure, six lymphatic 
and haematopoietic cancers (4.2 expected; SMR, 1.44; 95% CI, 0.52–3.12) were 
observed. In internal analyses that used a control group of other male employees from the 
same company at two of the three sites where the study plants were located, there was a 
weak trend of increasing mortality from lymphatic and haematopoietic cancer in relation 
to duration of employment in any chlorohydrin production (ethylene or propylene), but 
this was not statistically significant. No data were presented on specific malignancies 
other than pancreatic and lymphatic and haematopoietic cancers.  

In a report related to the study of Steenland et al. (1991), Steenland et al. (2003) 
examined the incidence of breast cancer in a subset of 7576 women who had worked for 
1 year or longer at 13 of the 14 plants. The other plant was excluded because of its small 
size (only 19 women who were employed for 1 year). A postal questionnaire (sup-
plemented by a telephone interview for non-responders) was used to collect information 
from cohort members (or, if they had died, from their next of kin) on history of breast 
cancer and various known and suspected risk factors for the disease. For plants that were 
still using ethylene oxide in the mid-1980s when the cohort had originally been 
assembled, individual work histories were updated with the assumption that women 
continued to work in the same job with the same level of exposure to ethylene oxide 
through to the date when they were last employed at the plant (in practice, this had little 
impact on estimates of cumulative exposures since, by the mid-1980s, exposure inten-
sities were very low). Mortality follow-up for the cohort was extended to 1998 by the 
same methods that had been used previously. The incidence of breast cancer (also through 
to 1998) was established from a combination of questionnaire reports, death records and 
cancer registrations; the latter were available in nine of the 11 states in which the plants 
were located. Life-table analysis was used to compare overall incidence of breast cancer 
in the cohort with that in the general population of women covered by the (SEER) 
programme, with adjustment for age, calendar period and race (white/non-white). A total 
of 319 incident cases of breast cancer were identified including 20 with carcinoma in situ 
and 124 who had died by the end of 1998. This gave an SIR of 0.87 (95% CI, 0.77–0.97) 
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for the cohort as a whole, which was recognized to be an underestimate because 
ascertainment of cases was incomplete for women who were not interviewed and for 
those who did not live in states that had cancer registries. When cases of carcinoma in situ 
were excluded, the SIR increased slightly to 0.94. With a 15-year lag, there was a sig-
nificant trend of higher SIRs with higher cumulative exposures (p = 0.002), but this was 
less marked (p = 0.16) in an unlagged analysis. In addition to the external comparison, a 
nested case–control design with Cox regression was used to assess internal exposure–
response relationships. In these analyses, risk sets matched on race were constructed for 
each case by randomly selecting 100 controls from the pool of all women who had 
survived without breast cancer to at least the same age as the index case. In an analysis 
that included all 319 cases and in which exposures were lagged by 15 years, the odds ratio 
for the highest fifth of cumulative exposure relative to no exposure was 1.74 (95% CI, 
1.16–2.65). In a similar analysis that was restricted to the subset of 5139 women who 
were interviewed (233 cases) and adjusted for parity and history of breast cancer in a first 
degree relative (the two potential risk factors that were found to be important predictors of 
breast cancer), the corresponding odds ratio was 1.87 (95% CI, 1.12–3.10).  

[The Working Group noted that, for cancers that have a high survival rate in the 
general population, such as breast cancer, studies based on incidence rather than mortality 
may be more sensitive in the detection of an elevated risk associated with an occupational 
exposure. In contrast, several methodological difficulties complicate the interpretation of 
studies on the incidence of breast cancer in occupational cohorts, including potential 
differences in reproductive histories associated with employment and the possibility of 
differential rates by occupational exposure. The Steenland et al. (2003) study was able to 
address some but not all of these potential limitations and was judged by the Working 
Group to provide the most pertinent evidence on the potential association of breast cancer 
with exposure to ethylene oxide.] 

An updated analysis of mortality from cancer in the cohort of employees at 14 
industrial plants was reported by Steenland et al. (2004) and included 18 235 subjects 
who were followed up to 1998. Work histories for individuals employed at plants that 
were still using ethylene oxide at the time the cohort had originally been assembled were 
extended to their last date of employment at the relevant plant, with an assumption that 
they did not change their job or exposure to ethylene oxide during the additional period of 
employment. Life-table analyses were conducted with the national population of the USA 
as a reference. In total, 2852 deaths from all causes (SMR, 0.90; 95% CI, 0.88–0.93) were 
observed, including 860 from cancer (SMR, 0.98; 95% CI, 0.92–1.03). The only category 
of malignancy for which mortality was significantly elevated was cancer of the bone 
(SMR, 2.82; 95% CI, 1.23–2.56). However, this finding was based on only six observed 
deaths, and there was no indication of an increase in risk with increasing cumulative 
exposure. Overall, mortality from cancer of the stomach (25 deaths; SMR, 0.98; 95% CI, 
0.74–1.49), cancer of the breast (103 deaths; SMR, 0.99; 95% CI, 0.84–1.17), lymphatic 
and haematopoietic cancer (79 deaths; SMR, 1.00; 95% CI, 0.79–1.24), non-Hodgkin 
lymphoma (31 deaths; SMR, 1.00; 95% CI, 0.72–1.35), Hodgkin disease (six deaths; 
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SMR, 1.24; 95% CI, 0.53–2.43), myeloma (13 deaths; SMR, 0.92; 95% CI, 0.54–0.87) 
and leukaemia (28 deaths; SMR, 0.99; 95% CI, 0.71–1.36) was unremarkable. In an 
internal analysis (excluding one small plant for which exposure data were not available), 
cases of lymphatic and haematopoietic and breast cancer were matched for race, sex and 
date of birth with controls (100 per case) who had survived without these cancers to at 
least the age of the index case. When log cumulative exposures to ethylene oxide were 
lagged by 15 years, a statistically significant positive trend (p = 0.02) was observed for 
mortality from lymphatic and haematopoietic cancer in men but not in women. However, 
duration of, peak, average or cumulative exposure did not predict mortality from 
lymphatic and haematopoietic cancer. A similar pattern was observed for lymphoid-cell 
tumours specifically (including non-Hodgkin lymphoma, myeloma and lymphocytic 
leukaemia). With a lag of 20 years, mortality from breast cancer was highest in women 
who had the highest quarter of exposures (odds ratio, 3.13; 95% CI, 1.42–6.92 relative to 
no exposure). 

2.3 Case–control study 

Swaen et al. (1996) carried out a case–control study within the workforce of a 
chemical manufacturing plant in Belgium to investigate an increased incidence of 
Hodgkin lymphoma that had been noted by the medical director at the facility. Ten cases, 
diagnosed during 1968–91, were compared with a total of 200 individually matched con-
trols. The controls had been employed at the plant for at least 3 consecutive months and 
were actively employed at the time that their matched case was diagnosed (a person could 
serve as a control for more than one case). The job histories of cases and controls were 
abstracted from personnel records and reviewed by a company industrial hygienist 
(blinded to health status), who assessed their potential exposure to a range of chemicals. 
For 24.3% of subjects who had inadequate occupational histories, additional data were 
then sought (unblinded to health status) from medical records. Three cases were classed 
as exposed to ethylene oxide (odds ratio, 8.5; 95% CI, 1.4–39.9), but one of these cases 
had been reclassified as a large-cell anaplastic carcinoma when pathology samples were 
reviewed. 

2.4 Meta-analysis 

Teta et al. (1999) updated the earlier meta-analysis of Shore et al. (1993) with 
inclusion of data from the study reported by Olsen et al. (1997) and the updated follow-up 
of Swedish sterilant workers reported by Hagmar et al. (1995). Thus, a total of 10 
individual cohorts were studied. Altogether, 876 cases of cancer were recorded compared 
with 928 expected, giving a meta-SMR standardized for age, sex and calendar year of 
0.94 (95% CI, 0.85–1.05). Observed/expected numbers for specific cancers were: 
pancreas, 37/39 (meta-SMR, 0.95; 95% CI, 0.69–1.31); brain, 25/26 (meta-SMR, 0.96; 
95% CI, 0.49–1.91); stomach, 59/48 (meta-SMR, 1.23; 95% CI, 0.71–2.13); leukaemia, 
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35/32 (meta-SMR, 1.08; 95% CI, 0.61–1.93); and non-Hodgkin lymphoma, 33/25 (meta-
SMR, 1.34; 95% CI, 0.96–1.89). None of the cancers analysed showed significant trends 
in risk with increasing duration or intensity of exposure; however, the risk for brain 
cancer increased with time since first exposure (p < 0.05 based on four studies). 

3. Studies of Cancer in Experimental Animals 

3.1 Inhalation exposure 

Carcinogenicity bioassays of inhalation exposure to ethylene oxide in mice and rats 
are summarized in Tables 7 and 8, respectively. 

3.1.1 Mouse 

In a screening assay based on increased multiplicity and incidence of lung tumours in 
a strain of mice that is highly susceptible to the development of this neoplasm, groups of 
30 female strain A/J mice, 8–10 weeks of age, were exposed by inhalation to 0, 70 or 
200 ppm [0, 128 or 366 mg/m3] ethylene oxide (at least 99.7% pure) for 6 h per day on 
5 days per week for up to 6 months in two independent experiments; in the second 
experiment, the 70-ppm group was omitted. Two groups of 30 female mice were exposed 
to room air and served as negative controls, and two groups of 20 female mice received a 
single intraperitoneal injection of 1000 mg/kg bw urethane and served as positive controls 
for both experiments. At the end of the 6th month, the survivors were killed and examined 
for pulmonary adenomas. In the first experiment, survival was 30/30 (0 ppm), 28/30 
(70 ppm), 29/30 (200 ppm) and 19/20 (urethane); that in the second experiment was 
29/30 (0 ppm), 28/30 (200 ppm) and 19/20 (urethane). The numbers of animals with 
pulmonary adenomas among survivors (and tumour multiplicity) in the first experiment 
were: untreated controls, 8/30 (0.46 ± 0.38 [± SD] adenomas/mouse); low-dose, 16/28 
(0.86 ± 0.45); high-dose, 25/29 (2.14 ± 0.49); and urethane-treated, 19/19 (20.1 ± 1.77); 
those in the second experiment were: untreated controls, 8/29 (0.22 ± 0.38); ethylene 
oxide-treated, 12/28 (0.73 ± 0.98); and urethane-treated, 19/19 (23.5 ± 6.49). The tumour 
multiplicity increased significantly in each experiment (p < 0.05, Duncan’s new multiple-
range test); in the first experiment, it also increased significantly in a dose-dependent 
manner [p < 0.001, Cochran-Armitage trend test] (Adkins et al., 1986). 

Groups of 50 male and 50 female B6C3F1 mice, 8 weeks of age, were exposed by 
inhalation to 0, 50 or 100 ppm [0, 92 or 183 mg/m3] ethylene oxide (> 99% pure) for 6 h 
per day on 5 days per week for up to 102 weeks, at which time the experiment was 
terminated. Mean body weights of treated males and females were similar to those of 
controls. At the end of the study, 28/50 control, 31/50 low-dose and 34/50 high-dose 
males, and 25/50 control, 24/50 low-dose and 31/50 high-dose females were still alive. 
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Table 7. Carcinogenicity studies of inhalation exposure to ethylene oxide in experimental mice 

Strain Sex No./group 
at start 

Purity  Dose and duration of 
exposure 

Duration 
of study 

Incidence of tumours Result Comments Reference 

Strain 
A/J 

F 30 ≥ 99.7% 0, 70, 200 ppm, 
6 h/day, 5 days/week 
0, 200 ppm, 6 h/day, 
5 days/week 

Up to 6 
months 
Up to 6 
months 

Lunga: 8/30, 16/28, 
25/29 
Lunga: 8/29, 12/28 

p < 0.001 
(trend) 
NS 

Two independent 
experiments; 
tumour 
multiplicities 
increased with 
dose in both 
experiments 
(p < 0.05) 

Adkins et al. 
(1986) 

B6C3F1 M 50 > 99% 0, 50, 100 ppm, 6 
h/day, 5 days/week 

102 
weeks 

Lungb: 11/50, 19/50, 
26/50 
Harderian glandc: 1/43, 
9/44, 8/42d  

p = 0.002 
(trend) 
p < 0.03 
(trend) 

 National 
Toxicology 
Program 
(1987) 

B6C3F1 F 50 > 99% 0, 50, 100 ppm, 6 
h/day, 5 days/week 

102 
weeks 

Lungb: 2/49, 5/48, 
22/49 
Harderian glandc: 
1/46, 6/46d, 8/47 
Lymphoma: 
9/49, 6/48, 22/49 
Uteruse: 
0/49, 2/47, 5/49 
Mammary glandf: 
1/49, 8/48, 6/49 

p < 0.001 
(trend) 
p < 0.04 
(trend) 
p = 0.023 
(trend) 
p < 0.03 
(trend) 
p = 0.012 
(low dose 
only) 

 National 
Toxicology 
Program 
(1987); Picut 
et al. (2003) 

F, female; M, male; NS, not significant 
a Mice with one or more pulmonary adenomas/total mice at risk 
b Mice with one or more tumours/total mice at risk, alveolar/bronchiolar adenomas and carcinomas combined 
c Papillary cystadenomas  
d A cystadenocarcinoma was also present in an animal with a cystadenoma. 
e Adenocarcinomas, including one tumour in a low-dose mouse originally reported as an adenoma 
f Carcinomas 
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Table 8. Carcinogenicity studies of inhalation exposure to ethylene oxide in experimental rats 

Strain Sex No./group 
at start 

Purity  Dose and 
duration of 
exposure 

Duration 
of study 

Incidence of tumours Result Comments Reference 

Fischer 344 M 80 99.7% 0, 50, 
100 ppm, 
7 h/day, 
5 days/week 

2 years Braina: 0/76, 2/77, 5/79 
 
Mononuclear-cell 
leukaemia: 24/77, 38/79, 
30/76 
Peritesticular mesothelioma: 
3/78, 9/79, 21/79 

p < 0.05 
(high dose) 
p = 0.03 
(low dose) 
 
p = 0.002 
(high dose) 

 Lynch et al. 
(1984a) 

Fischer 344 M 120 > 99.9% 0, 10, 33, 
100 ppm, 
6 h/day, 
5 days/week 

2 years Brainb: 1/181, 0/92, 3/85, 
6/87 
Mononuclear-cell 
leukaemia: 13/97, 9/51, 
12/39, 9/30 
Peritesticular mesothelioma: 
2/97, 2/51, 4/39, 4/30 
Subcutaneous fibroma: 
3/97, 9/51, 1/39, 11/30 

p < 0.05 
(trend) 
p < 0.05 
(trend) 
 
p < 0.005 
(trend) 
p < 0.01 
(high dose) 

Fischer 344 F 120 > 99.9% 0, 10, 33, 
100 ppm, 
6 h/day, 
5 days/week 

2 years Brainb: 0/187, 1/94, 2/90, 
2/78 
Mononuclear-cell 
leukaemia: 11/116, 11/54, 
14/48, 15/26 

p < 0.05 
(trend) 
p < 0.005 
(trend) 

Early deaths due 
to viral sialo-
dacryoadenitis;  
no increases in 
tumour incidence 
up to 18 months; 
sites other than 
brain include only 
necropsies after 
24 months. 

Snellings et al. 
(1984); 
Garman et al. 
(1985, 1986) 

F, female; M, male 
a Brain tumours were gliomas. Focal proliferations of glial cells (termed ‘gliosis’) were also observed in two low-dose rats and four high-dose rats. 

b Brain tumours included gliomas only. Numbers include rats killed both at 18 months and at the conclusion of the 2-year study. 
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The incidence of alveolar/bronchiolar carcinomas in male mice was 6/50 control, 10/50 
low-dose and 16/50 high-dose (p = 0.019, incidental tumour test for trend). A slight 
increase in the incidence of alveolar/bronchiolar adenomas also occurred. The combined 
incidence of lung tumours was 11/50 control, 19/50 low-dose and 26/50 high-dose 
(p = 0.002, incidental tumour test for trend). In females, the incidence of alve-
olar/bronchiolar adenomas (2/49 control, 4/48 low-dose and 17/49 high-dose) and alve-
olar/bronchiolar carcinomas (0/49 control, 1/48 low-dose and 7/49 high-dose) and the 
combined incidence of lung tumours (2/49 control, 5/48 low-dose and 22/49 high-dose) 
were all significantly increased (p < 0.001, incidental tumour test for trend). The incid-
ence of papillary cystadenoma of the Harderian gland increased significantly in animals 
of each sex (males: 1/43 control, 9/44 low-dose and 8/42 high-dose; females: 1/46 
control, 6/46 low-dose and 8/47 high-dose; p < 0.04, incidental tumour test for trend in 
both sexes). In addition, one papillary cystadenocarcinoma of the Harderian gland was 
observed in one high-dose male and one in a low-dose female. In females, the incidence 
of malignant lymphomas was 9/49 control, 6/48 low-dose and 22/49 high-dose mice 
(p = 0.023, life-table test for trend). An increase in the incidence of uterine adeno-
carcinomas was observed in 0/49 control, 2/47 low-dose and 5/49 high-dose females 
(p < 0.03, incidental tumour test for trend). The incidence of mammary gland carcinomas 
in females was 1/49 control, 8/48 low-dose (p = 0.012, incidental pair-wise tumour test) 
and 6/49 high-dose mice (National Toxicology Program, 1987). Because of the rarity of 
primary epithelial tumours of the uterus in long-term inhalation studies in mice, data on 
the pathology and incidence of uterine tumours in B6C3F1 mice from 2-year National 
Toxicology Program inhalation bioassays of bromoethane, chloroethane and ethylene 
oxide were reviewed. Diagnoses of uterine adenocarcinoma in the 1987 bioassay of 
ethylene oxide were confirmed (Picut et al., 2003). [The Working Group noted that the 
diagnosis of uterine adenoma in one low-dose female was revised to adenocarcinoma.] 

3.1.2 Rat 

Groups of 80 male weanling Fischer 344 rats were exposed by inhalation to 0 
(control; filtered air), 50 or 100 ppm [92 or 180 mg/m3] ethylene oxide (purity, 99.7%) 
vapour for approximately 7 h per day on 5 days per week for 2 years. The mortality rate 
was increased in the two treated groups over that in controls, and the increase was 
significant for the high-dose group (p < 0.01). Mononuclear-cell leukaemia was observed 
in 24/77 control rats, in 38/79 rats exposed to 50 ppm ethylene oxide and in 30/76 
exposed to 100 ppm. The overall increase in the incidence of mononuclear-cell leukaemia 
was significant (p = 0.03) in the low-dose group, but the increase could not be ascertained 
in the high-dose group because of excessive mortality. Peritoneal mesotheliomas in the 
region of the testis developed in 3/78 control, 9/79 low-dose and 21/79 high-dose rats; the 
increase was significant for the high-dose group (p = 0.002). Gliomas (mixed cell type) 
were found in 0/76 control, 2/77 low-dose and 5/79 high-dose animals (p < 0.05, pair-
wise comparison for the high dose). Focal proliferation of glial cells (termed ‘gliosis’) 
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was observed in two rats exposed to 50 ppm and four rats exposed to 100 ppm ethylene 
oxide. [The Working Group noted that lesions such as those described as ‘gliosis’ are 
probably glial tumours, and that true gliosis is a reactive lesion and not a neoplasm.] The 
incidence of other neoplasms was comparable in the control and treated groups and was 
not associated with exposure to ethylene oxide. A high incidence of proliferative lesions 
described as ‘multifocal cortical hyperplasia’ and ‘cortical nodular hyperplasia’ was 
observed in the adrenal cortex of animals exposed to ethylene oxide (Lynch et al., 1984a).  

Three groups of 120 male and three groups of 120 female Fischer 344 rats, 8 weeks of 
age, were exposed by inhalation to 10, 33 or 100 ppm [18, 59 or 180 mg/m3] ethylene 
oxide (purity, > 99.9%) vapour for 6 h per day on 5 days per week for up to 2 years. Two 
control groups (I and II), each of 120 male and 120 female rats, were exposed in 
inhalation chambers to room air. All animals that died or were killed when moribund and 
those killed at scheduled intervals of 6, 12, 18 and 24 (females)–25 (males) months were 
examined. During month 15 of exposure, mortality increased in both treated and control 
groups due to a viral sialodacryoadenitis. Mortality was higher in the groups exposed to 
33 and 100 ppm ethylene oxide than in the other groups and was also higher in females 
than in males. Up to 18 months of exposure, no significant increase in tumour incidence 
was observed. In treated rats killed after 18 months, the incidence of brain tumours 
classified as ‘gliomas, malignant reticulosis and granular-cell tumours’ was increased in 
animals of each sex. The incidence of brain tumours (gliomas only) among rats killed at 
18 and 24–25 months was: males: 1/181 (controls), 0/92 (10 ppm), 3/85 (33 ppm) and 
6/87 (100 ppm) (p < 0.05, Cox’s test for adjusted trend and Fisher’s exact test for high-
dose versus control); and females: 0/187 (controls), 1/94 (10 ppm), 2/90 (33 ppm) and 
2/78 (100 ppm) (p < 0.05, Cox’s test for adjusted trend). In females killed after 24 months 
of exposure, mononuclear-cell leukaemia was found in 5/60 (control I), 6/56 (control II), 
11/54 (10 ppm), 14/48 (33 ppm) and 15/26 (100 ppm) animals; the incidence of 
leukaemia was reported by the authors to be significantly increased in the 100-ppm group 
(p < 0.001) and in a mortality-adjusted trend test (p < 0.005). In males, mononuclear-cell 
leukaemia was found in 5/48 (control I), 8/49 (control II), 9/51 (10 ppm), 12/39 (33 ppm) 
and 9/30 (100 ppm) animals (p < 0.05, mortality-adjusted trend test). Peritoneal 
mesotheliomas originating in the testicular serosa were found in 1/48 (control I), 1/49 
(control II), 2/51 (10 ppm), 4/39 (33 ppm) and 4/30 (100 ppm) males (p < 0.005, trend 
test). The incidence of subcutaneous fibromas in male rats of the high-dose group was 
also significantly increased: 1/48 (control I), 2/49 (control II), 9/51 (10 ppm), 1/39 
(33 ppm) and 11/30 (100 ppm) (p < 0.01) (Snellings et al., 1984; Garman et al., 1985, 
1986). 
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3.2 Oral administration 

Rat 

Groups of 50 female Sprague-Dawley rats, approximately 100 days of age, were 
administered 7.5 or 30.5 mg/kg bw ethylene oxide (purity, 99.7%) in a commercial vege-
table oil [composition unspecified] by gastric intubation twice weekly for 107 weeks 
(average total dose, 1186 or 5112 mg/kg bw, respectively). Controls comprised one group 
of 50 untreated female rats and a second group of 50 female rats treated with vegetable oil 
alone. The survival rate of rats in the high-dose group was lower than that of the control 
groups. Treatment with ethylene oxide resulted in a dose-dependent increase in the 
incidence of forestomach tumours, which were mainly squamous-cell carcinomas. Such 
tumours were not found in the untreated or vehicle controls. In the low-dose group, 8/50 
animals developed squamous-cell carcinomas, 4/50 had carcinomas in situ and 9/50 had 
papillomas, hyperplasia or hyperkeratosis of the forestomach. In the high-dose group, 
31/50 animals developed malignant tumours of the stomach; 29 were squamous-cell 
carcinomas of the forestomach and two were fibrosarcomas, one of which was located in 
the glandular stomach. In addition, 4/50 had carcinomas in situ and 11/50 had papillomas, 
hyperplasia or hyperkeratosis of the forestomach. Many of the stomach tumours found in 
the high-dose group metastasized or grew invasively into neighbouring organs. There was 
no increase in the incidence of tumours at other sites in the treated animals over that in 
controls (Dunkelberg, 1982).  

3.3 Dermal application 

Mouse 

Thirty female ICR/Ha Swiss mice, 8 weeks of age at the start of treatment, received 
topical applications of approximately 100 mg of a 10% solution of ethylene oxide (purity, 
99.7%) in acetone on the clipped dorsal skin three times a week for life. The median 
survival time was 493 days. No skin tumour was observed (Van Duuren et al., 1965). 
[The Working Group noted the high volatility of ethylene oxide which would tend to 
reduce the dose that the animals received.] 

3.4 Subcutaneous administration 

Mouse 

Groups of 100 female NMRI mice, 6–8 weeks of age, received subcutaneous 
injections of 0.1, 0.3 or 1.0 mg/mouse ethylene oxide (purity, 99.7%) in tricaprylin once a 
week for 95 weeks (mean total dose, 7.3, 22.7 or 64.4 mg/mouse). Groups of 200 un-
treated and 200 tricaprylin-treated mice served as controls. The survival rate of the group 
given the highest dose was reduced. Ethylene oxide induced a dose-dependent increase in 



244 IARC MONOGRAPHS VOLUME 97  
 

 

the incidence of sarcomas at the injection site. Sarcomas occurred in 0/200 untreated 
controls, 4/200 animals treated with tricaprylin alone, and 5/100, 8/100 and 11/100 
animals that received 0.1, 0.3 and 1 mg ethylene oxide, respectively [p < 0.001, Cochran-
Armitage test for trend]. No significant increase in the incidence of tumours at other sites 
was observed (Dunkelberg, 1981). 

3.5 Induction of enzyme-altered foci in a two-stage liver system  

Rat 

Litters of Sprague-Dawley rats, 3–5 days of age, were exposed with their dams by 
inhalation to 0 ppm (five male and nine female rats), 33 ppm (60 mg/m3, 10 females), 
55 ppm (100 mg/m3, four males and seven females) or 100 ppm (183 mg/m3, four males 
and eight females) ethylene oxide [purity unspecified] for 8 h per day on 5 consecutive 
days per week for 3 weeks. One week later, the offspring were administered, as a 
promoting agent, 10 mg/kg bw Clophen A 50 (a mixture of polychlorinated biphenyls 
[not otherwise specified]) orally by gavage twice a week for up to 8 additional weeks, at 
which time the experiment was terminated. The livers were examined for adenosine 
triphosphatase-deficient and γ-glutamyltranspeptidase-positive foci. In females that 
received the two highest doses, but not in males, the number and total area of adenosine 
triphosphatase-deficient foci increased significantly (p < 0.05, Student’s t test) in 
comparison with the controls that received Clophen A 50 only. There was no significant 
difference in the number or total area of γ-glutamyltranspeptidase-positive foci between 
controls and animals given the high dose of ethylene oxide (Denk et al., 1988). 

4.    Mechanistic and Other Relevant Data  

4.1 Absorption, distribution, metabolism and excretion 

4.1.1 Humans 

(a) Absorption, distribution and excretion 

Ethylene oxide is readily taken up by the lungs and is absorbed relatively efficiently 
into the blood. A study of workers exposed to ethylene oxide revealed an alveolar reten-
tion of 75–80%, calculated from hourly determinations of ethylene oxide concentrations 
in the environmental air that ranged from 0.2 to 24.1 mg/m3 [0.11–13.2 ppm] and in 
alveolar air that ranged from 0.05 to 6 mg/m3 [0.03–3.3 ppm] (Brugnone et al., 1985, 
1986). At steady state, therefore, 20–25% of inhaled ethylene oxide that reached the 
alveolar space was exhaled as the unchanged compound and 75–80% was taken up by the 
body and metabolized. Blood samples taken from workers 4 h after the workshift gave 
venous blood:alveolar air coefficients of 12–17 and venous blood:environmental air 
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coefficients of 2.5–3.3. The difference from the value of 90 samples determined for the 
blood:air partition coefficient in vitro was explained by incomplete saturation of tissues 
and limitation of the metabolic rate by the rate of lung uptake (Brugnone et al., 1986).  

(b) Metabolism 

The following overall schema describes the mammalian metabolism of ethylene 
oxide (Figure 2). Ethylene oxide is converted (a) by enzymatic and non-enzymatic 
hydrolysis to ethylene glycol, which is partly excreted as such and partly metabolized 
further via glycolaldehyde, glycolic acid and glyoxalic acid to oxalic acid, formic acid and 
carbon dioxide; and (b) by conjugation with glutathione (GSH) followed by further 
metabolism to S-(2-hydroxyethyl)cysteine, S-(2-carboxymethyl)cysteine and N-acetylated 
derivatives (N-acetyl-S-(2-hydroxyethyl)cysteine (also termed S-(2-hydroxyethyl)mercap-
turic acid or HEMA) and N-acetyl-S-(2-carboxymethyl)cysteine) (Wolfs et al., 1983; 
Popp et al., 1994), which are partly converted to thiodiacetic acid (Scheick et al., 1997).  

Figure 2. Metabolism of ethylene oxide 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Adapted from Wolfs et al. (1983); Scheick et al. (1997) 
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Blood concentrations of ethylene glycol were determined at the end of day 3 of a 
normal working week in sterilization personnel who were exposed to ethylene oxide. 
TWA concentrations of ethylene oxide determined over 8 h ranged from 0.3 to 52 ppm 
[0.55–95.2 mg/m3] (overall mean, 4.2 ppm [7.7 mg/m3]). The mean concentrations of 
ethylene glycol in the blood of exposed subjects were twice as high (90 mg/L) as those in 
controls (45 mg/L) (Wolfs et al., 1983).  

The concentration of thioethers excreted in urine collected at the end of sterilization 
processes was found to be twice as high in nonsmoking personnel (10.2 mmol/mol 
creatinine) exposed to peak concentrations of 1–200 ppm [1.83–366 mg/m3] ethylene 
oxide as that in unexposed workers (5.46 mmol/mol creatinine). The concentration of 
ethylene oxide in air was not monitored routinely (Burgaz et al., 1992). 

The glutathione-S-transferase (GST) activity for ethylene oxide in human liver 
cytosolic fractions was low (too low to determine the Michaelis-Menten constant [Km] 
value). The maximum velocity (Vmax) varied from 7.6 to 10.6 nmol/min/mg protein. 
Epoxide hydrolase (EH) activity in the microsomal fraction of the human liver averaged 
1.8 nmol/min/mg protein. The Km for hydrolysis has been estimated to be approximately 
0.2 mM, but non-enzymatic hydrolysis was significant and precluded accurate deter-
mination (Fennell & Brown, 2001). 

Metabolism of ethylene oxide to the GSH conjugate and ethylene glycol is generally 
considered to be the major pathway for the elimination of DNA-reactive ethylene oxide. 
However, strongly suggestive evidence in vitro was presented by Hengstler et al. (1994) 
that glycolaldehyde is formed by further metabolism of ethylene glycol and that this 
derivative leads to DNA–protein cross-links and to DNA strand breaks (as measured with 
the alkaline elution assay) after in-vitro incubation with human peripheral mononuclear 
blood cells.  

(c) GST polymorphisms 

Ethylene oxide is a substrate of the GST isoenzyme T1 (Hayes et al., 2005). This 
isoenzyme is polymorphic and a relatively large population (in Caucasians about 20%, in 
Asians almost 50%) has a homozygous deletion (null genotype) (Bolt & Thier, 2006). As 
expected, these individuals show a significantly higher amount of hydroxyethyl valine in 
their haemoglobin due to the metabolism of endogenous ethylene to endogenous ethylene 
oxide (Thier et al., 2001). Nevertheless, the influence of this genetic trait on the formation 
of these haemoglobin adducts by workplace exposure to exogenous ethylene oxide is 
much less clear, as discussed below. 

In the cytoplasm of erythrocytes obtained from 36 individuals, ethylene oxide was 
eliminated three to six times faster in samples from so-called conjugators (defined by a 
standardized conjugation reaction of methyl bromide and GSH; 75% of the population) 
than in those from the remaining 25% (who lack this GST-specific activity). In the latter 
samples, disappearance did not differ from that of controls. In this experiment, the dis-
appearance of ethylene oxide was investigated in the gas phase of closed vials that 
contained GSH and cytoplasm of erythrocytes (Hallier et al., 1993). 
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In contrast, several publications reported no or an unclear association between 
GSTT1 status and hydroxyethyl adducts after workplace exposure to ethylene oxide 
(HEMA formation) (Haufroid et al., 2007) or exposure to ethylene oxide from cigarette 
smoking (hydroxyethyl valine in haemoglobin) (Müller et al., 1998). Other studies 
reported a relatively weak but significant association (0.17 ± 0.03 N-(2-hydroxy-
ethyl)valine formed in haemoglobin versus 0.08 ± ≤ 0.01; p ≤ 0.02) after exposure to 
ethylene oxide of individuals who had homozygous deletion of the GSTT1 gene com-
pared with those who had at least one copy of the gene (Yong et al., 2001). 

The different impact of the GSTT1 polymorphism is due to the fact that, in the study 
of Hallier et al. (1993), cytoplasm of erythrocytes was exposed to ethylene oxide, while in 
the subsequent studies, the whole human organism was exposed to ethylene oxide. 
Similarly, Föst et al. (1995) also observed that, when ethylene oxide is added to whole 
blood of various individuals, the impact of the GSTT1 polymorphism is significant.  

In-vitro incubation of mononuclear blood cells from various individuals with 
polymorphisms in GSTs (GSTM1, GSTT1 and GSTP1) did not demonstrate a significant 
influence on ethylene oxide-induced DNA strand breaks (measured by the Comet assay) 
and on micronucleus formation in binucleated cells (Godderis et al., 2006). This lack of 
an effect is presumably due to the null or negligible contribution of GSTM1 and GSTP1 
enzymes to ethylene oxide metabolism and to a too small (20%) contribution of GSTT1 
activity in the human whole organism (Figure 2). 

(d) Haemoglobin adducts  

Ethylene oxide is an electrophilic agent that alkylates nucleophilic groups in 
biological macromolecules. Haemoglobin adducts have been used to monitor tissue doses 
of ethylene oxide (Calleman et al., 1978; Farmer et al., 1987; Osterman-Golkar & 
Bergmark, 1988; Ehrenberg, 1991; Ehrenberg & Törnqvist, 1992). The results have 
shown measurable increases in hydroxyethyl haemoglobin adducts that are dependent on 
the workplace exposure concentration (reported and discussed in IARC, 1994).  

Cigarette smoke contains ethylene oxide, and hydroxyethyl valine in the haemoglobin 
of smokers correlates with the number of cigarettes smoked (Fennell et al., 2000; Bono et 
al., 2002; Wu et al., 2004). The umbilical cord blood of smoking pregnant women 
contained increased levels of hydroxyethyl valine, which were quantitatively related to 
the increased levels in maternal blood (Farmer et al., 1996a). Levels of this adduct were 
significantly higher in the haemoglobin of newborns from smoking compared with those 
from nonsmoking mothers (147 ± 68 compared with 42 ± 18 pmol/g haemoglobin; 
p ≤ 0.01) (Tavares et al., 1994). In GSTT1-null individuals, levels of hydroxyethyl valine 
were significantly elevated when normalized to smoking status or levels of cotinine. The 
lack of functional GSTT1 was estimated to increase the internal dose of ethylene oxide 
derived from cigarette smoke by 50–70% (Fennell et al., 2000). Ethylene oxide is also 
formed endogenously in humans (Bolt, 1996). This may limit the sensitivity of this adduct 
as a biomarker for cigarette smoking; indeed, the formation of hydroxyethyl valine was 
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not associated with exposure to secondhand smoke or with tea or alcoholic beverage 
consumption, age or gender (Wu et al., 2004).   

(e)  Toxicokinetic modelling 

A recent model by Fennell and Brown (2001) determined a half-life of ethylene oxide 
in the human body of 47.6 min, taking into account the enzymatic disposition of ethylene 
oxide by human liver microsomal EH (mEH) and cytosolic GST by their Km and Vmax 
characteristics, as well as a possible depletion of GSH. This half-life value was quite close 
to the 42-min value obtained by Filser et al. (1992). In this human model, the majority of 
ethylene oxide is metabolized by hydrolysis, and only approximately 20% is converted to 
GSH conjugates. There is little change in metabolism with increasing exposure 
concentration. At given exposure concentrations of ethylene oxide (1, 100 and 300 ppm 
[1.83, 183 and 549 mg/m3]), blood concentration was sensitive to alveolar ventilation and 
to Km and Vmax for liver mEH but relatively insensitive to the liver GSH concentration and 
the rate of GSH synthesis in the liver. 

4.1.2 Experimental systems 

(a) Absorption, distribution and excretion 

Pulmonary uptake of ethylene oxide is expected to be rapid and dependent only upon 
the alveolar ventilation rate and concentration in the inspired air, since this compound is 
very soluble in blood (IPCS, 1985). Ethylene oxide is absorbed rapidly through the 
respiratory tract in rats (Filser & Bolt, 1984; Koga et al., 1987; Tardif et al., 1987), mice 
(Ehrenberg et al., 1974; Tardif et al., 1987) and rabbits (Tardif et al., 1987). Close to 
100% of inhaled ethylene oxide was absorbed by mice that were exposed for 1–2 h to 2–
55 mg/m3 (1.1–30 ppm) (Ehrenberg et al., 1974). 

The permeation rate of a solution of 1% ethylene oxide in water (w/v) through 
excised human skin at 30 ºC was determined to be 0.125 mg/(cm2 × h) (Baumbach et al., 
1987).  

The pharmacokinetics of inhaled ethylene oxide have been investigated in male 
Sprague-Dawley (Filser & Bolt, 1984) and Fischer 344 rats (Krishnan et al., 1992). The 
studies were carried out in closed exposure chambers of 6.4 and 9.5 L occupied by two 
and three rats, respectively. The initial concentrations of ethylene oxide vapour in the 
chamber atmospheres were up to about 1100 ppm [2000 mg/m3]. Filser and Bolt (1984) 
showed that ethylene oxide is rapidly taken up by the lungs because the clearance due to 
uptake, which reflects the rate of transfer of ethylene oxide from the atmosphere into the 
organism, was 11 100 mL/h (185 mL/min) for two Sprague-Dawley rats that weighed 
500 g. Johanson and Filser (1992) calculated a value of 58 mL/min for one Sprague-
Dawley rat that weighed 250 g by allometric scaling, according to the method of Filser 
(1992). This value represents 50% of the alveolar ventilation (117 mL/min; Arms & 
Travis, 1988), which indicates that about 50% of the amount inhaled into the lung is 
exhaled again without becoming systemically available via the bloodstream. A possible 
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explanation for this finding is that there is a ‘wash in-wash out’ effect in the upper air-
ways (Johanson & Filser, 1992), which may be more effective in rats than in humans 
(Filser et al., 1993). The maximal accumulation of ethylene oxide in the body of Sprague-
Dawley rats, determined as the thermodynamic partition coefficient for whole body:air, 
was 30. Because of fast metabolic elimination, the concentration ratio at steady state for 
whole body:air, calculated for two animals that weighed 500 g, was only 1.52 over the 
entire dose range. A re-calculation of this parameter according to Filser (1992) for one 
Sprague-Dawley rat that weighed 250 g yielded a value of 1.88, which is similar to the 
coefficient for venous blood:environmental air found in workers exposed to ethylene 
oxide under steady-state conditions (see above).  

An almost uniform distribution of ethylene oxide within the body was concluded 
from the similar tissue:air partition coefficients for organs of male Fischer 344 rats deter-
mined in vitro: fat, 44.1; muscle, 48.3; brain, 58.7; lung, 60.9; liver, 61.6; blood, 64.1; and 
testes, 83 (Krishnan et al., 1992).  

Elimination of ethylene oxide was described by first-order kinetics over the whole 
concentration range examined in both Sprague-Dawley (Filser & Bolt, 1984) and Fischer 
344 rats (Krishnan et al., 1992). At steady state, the clearance due to metabolism in re-
lation to the concentration in the atmosphere was 10 600 mL/h (177 mL/min) for two 
Sprague-Dawley rats that weighed 500 g (Filser & Bolt, 1984). Re-calculation for one 
Sprague-Dawley rat that weighed 250 g according to the method of Filser (1992) gave a 
value of almost 55 mL/min. On the basis of the finding that clearance due to metabolism 
in relation to the concentration in the atmosphere is nearly identical to that due to uptake, 
uptake of ethylene oxide by inhalation was concluded to be the rate-limiting step for 
metabolism of this compound. Alveolar retention in one Sprague-Dawley rat that 
weighed 250 g was calculated as 47% on the basis of a ventilation rate of 117 mL/min 
and clearance of metabolism in relation to the concentration in the atmosphere of 55 
mL/min. The half-life was reported to be 6 min in two animals that weighed 500 g (Bolt 
& Filser, 1987).  

Clearance rates of ethylene oxide from the blood, brain, muscle and testes were nearly 
identical. Following a 4-h inhalation exposure of B6C3F1 mice and Fischer 344 rats to 
100 ppm [183 mg/m3], the average blood elimination half-lives were 2.4–3.2 min in mice 
and 11–14 min in rats (Brown et al., 1996, 1998). 

In male Fischer 344/N rats exposed by nose-only inhalation for 60 min to 5 ppm 
[9.2 mg/m3] ethylene oxide, a steady-state blood level of about 60 ng/g was reached after 
15 min (Maples & Dahl, 1993). 

After 4-h inhalation exposures of B6C3F1 mice to 0, 50, 100, 200, 300 or 400 ppm [0, 
91.5, 183, 366, 549 or 732 mg/m3] ethylene oxide, concentrations of ethylene oxide in the 
blood increased linearly with inhaled concentrations of less than 200 ppm, but the blood 
concentration increased more rapidly than linearly above that level. GSH levels in the 
liver, lung, kidney and testes decreased as exposures increased above 200 ppm, which 
indicated that, at low concentrations, GSH conjugation is responsible for the dis-
appearance of ethylene oxide but, at higher concentrations when tissue GSH begins to be 
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depleted, the elimination occurs via a slower hydrolysis process, which leads to a greater 
than linear increase in blood concentrations of ethylene oxide (Brown et al., 1998).  

(b) Metabolism 

For an overview of mammalian metabolism of ethylene oxide, see Figure 2. 
For early identification and quantification of mammalian metabolites of ethylene 

oxide, see IARC (1994). 
After intravenous injection of 1 and 10 mg/kg bw ethylene oxide to male Sprague-

Dawley rats, HEMA was excreted as a constant percentage of the dose: about 30% from 0 
to 12 h and 5% from 12 to 24 h. Following administration of 100 mg/kg bw ethylene 
oxide, the corresponding percentages were 16% and 5%, respectively. These results 
indicate that the capacity for GSH conjugation at the high dose could have been exceeded 
within the first 12 h (Gérin & Tardif, 1986).  

Ethylene glycol, 2-hydroxyethylmercapturic acid, 2-methylthioethanol and 2-mer-
captoethanol were identified as metabolites in the urine of male Wistar rats exposed for 
6 h to 500 ppm [915 mg/m3] ethylene oxide (Koga et al., 1987). The amounts of ethylene 
glycol in the urine of male Wistar rats collected during 6-h exposures to 50, 100, 200, 300 
and 500 ppm [91.5, 183, 366, 549 and 915 mg/m3] ethylene oxide and up to 20 h there-
after were 0.2, 0.35, 1.0, 2.5 and 4.2 mg, and thus increased disproportionately to the ex-
posure concentrations (Koga et al., 1985). These findings may indicate a relative decrease 
in GSH conjugation. 

The pattern of excretion of ethylene oxide metabolites in mice, rats and rabbits was 
investigated in urine collected 24 h after treatment with ethylene oxide, either intra-
venously (20 and 60 mg/kg bw) or by inhalation for 6 h (about 200 ppm [366 mg/m3]). 
Marked species differences were seen (Table 9), since metabolites that resulted from 
conjugation of ethylene oxide with GSH were found in the urine of male Swiss CD-1 
mice and male Sprague-Dawley rats but not in that of rabbits [strain not given]. HEMA 
was excreted in the urine of mice and rats, but S-(2-hydroxyethyl)cysteine and 
S-(carboxymethyl)cysteine were present only in the urine of mice. Ethylene glycol, the 
reaction product of the enzymatic and non-enzymatic hydrolysis of ethylene oxide, was 
found in the urine of all three species (Tardif et al., 1987).  

(c) GSH depletion 

Treatment of animals with ethylene oxide lowered the concentration of GSH in 
various tissues. Immediately after a 4-h exposure of male Swiss-Webster mice and 
Fischer 344 rats to atmospheric concentrations of 100, 400 and 900 ppm [183, 732 and 
1647 mg/m3] (mice) and 100, 600 and 1200 ppm [183, 1098 and 2196 mg/m3] (rats) 
ethylene oxide, concentration-related decreases in GSH levels were observed in the 
kidney, heart, lung, brain, stomach, spleen, testis and liver of both species, in the blood of 
mice but not of rats and in bone marrow, which was examined in rats only. In both 
species, the GSH levels were reduced to a greater extent in the liver, lung and stomach 
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Table 9. Urinary excretion of ethylene oxide metabolites within 24 h after 
treatment of mice, rats and rabbits with ethylene oxide intravenously or by 
inhalation 

Treatment Urinary metabolites (µmol/100 g bw) (mean values) 

 N-Acetyl-S-(2-
hydroxy-
ethyl)cysteine 

S-(2-Hydroxy-
ethyl)cysteine 

S-(Carboxy-
methyl)cysteine 

Ethylene 
glycol 

20 mg/kg 
intravenously 

    

 Mouse  3.75 2.62 0.85 1.48 
 Rat 14.00 ND ND 2.68 
 Rabbit ND ND ND 0.95 
60 mg/kg 
intravenously 

    

 Mouse  9.53 6.80 4.30 3.55 
 Rat 32.28 ND ND 8.59 
 Rabbit ND ND ND 3.76 
200 ppm 
[366 mg/m3], 6 h 
inhalation 

    

 Mouse  4.63 2.62 2.83 0.77 
 Rat 19.61 ND ND 1.84 
 Rabbit ND ND ND 2.56 

Adapted from Tardif et al. (1987) 
ND, not detected 

than in other organs. After exposure to the highest concentrations, GSH levels in the 
tissues were depressed to 20–30% of the control values (McKelvey & Zemaitis, 1986). 

Concentrations of GSH in the hepatic cytosol of male Wistar rats decreased to 37% of 
that of controls after a single exposure (4 h) to 500 ppm [915 mg/m3] ethylene oxide, to 
13% after exposure to 1500 ppm [2745 mg/m3] (Katoh et al., 1990) and to 5% after 
exposure to 2500 ppm [4575 mg/m3] (Nakashima et al., 1987). Immediately after the last 
of a series of repeated exposures of male Wistar rats to 500 ppm [915 mg/m3] ethylene 
oxide for 6 h per day on 3 days per week for 6 weeks, the hepatic GSH concentration was 
decreased by 50%. Control values were reached again 12 h thereafter (Katoh et al., 1989).  

The consequences of GSH depletion on the occurrence of non-linear increases in the 
concentration of ethylene oxide in the blood with increasing external doses of ethylene 
oxide is discussed in Section 4.1.2(a). Haemoglobin adduct formation in mice and rats 
exposed to 0, 3, 10, 33, 100 and 300 (rats only) ppm [0, 5.49, 18.3, 60.39, 183 and 
549 mg/m3] ethylene oxide for 6 h per day on 5 days per week for 4 weeks was linear in 
both species up to 33 ppm, after which the slope increased more than proportionately 
(Walker et al., 1992a). The dose-related decrease in hepatic GSH concentration (Brown 
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et al., 1998) provides a plausible explanation for the more than proportional increase in 
hydroxyethylated haemoglobin (see below). In both rats and mice, depletion of GSH was 
already considerable following a single exposure to high levels (i.e. 550 mg/m3) of 
ethylene oxide (McKelvey & Zemaitis, 1986; Brown et al., 1998). 

(d)  Haemoglobin adducts 

Binding of ethylene oxide to haemoglobin has been reviewed in some detail (IARC, 
1994). In-vitro treatment of mouse, rat and human cells with ethylene oxide demonstrated 
the formation of adducts with S-cysteine, histidine and N-terminal valine in haemoglobin. 
The second-order rate constants were approximately the same for histidine and valine 
across the three species; however, large species differences were seen with respect to 
S-cysteine (Segerbäck, 1990). In studies of the fate of ethylene oxide in mice, single 
exposures to this epoxide produced in a dose-dependent manner haemoglobin adducts 
that disappeared at a rate predicted by the normal life-span of the red blood cells. These 
data suggested that stable haemoglobin adducts would accumulate over the lifetime of the 
erythrocyte during chronic exposures to ethylene oxide and provided the basis for the 
concept of using haemoglobin adducts to monitor integral doses of alkylating agents. 
Single intraperitoneal injections of and multiple inhalation exposures to ethylene oxide 
generally yielded linear dose–response relationships between dose and histidine and 
valine haemoglobin adduct levels. However, chronic inhalation exposures of male Fischer 
344 rats to 10, 33 or 100 ppm [18.3, 60.4 or 183 mg/m3] ethylene oxide under cancer 
bioassay conditions (6 h per day on 5 days per week for 2 years) resulted in a non-linear 
dose–response curve for Nτ-(2-hydroxyethyl)histidine (Osterman-Golkar et al., 1983). 
Comparisons of the data from single-dose or 4-week inhalation exposure studies of rats 
versus a study of rats exposed for 2 years suggested that the dose–response relationship 
between the concentration of ethylene oxide and the formation of haemoglobin adducts 
can change over time during repeated exposure to this epoxide (Walker et al., 1992a). 

More recent studies on haemoglobin adducts in ethylene oxide-exposed mice and rats 
have focused on (a) potential species differences in the relationships between exposure, 
accumulation of haemoglobin adducts over time during repeated exposures and the 
dynamics in loss of adducts after discontinuation of exposures (Fennell et al., 1992; 
Walker et al., 1992a); and (b) comparisons of the formation and persistence of adducts in 
haemoglobin and DNA (Walker et al., 1993), and the relationships between exposure, 
levels of haemoglobin adducts as a marker of dose and induction of somatic mutations 
(Tates et al., 1999). Results of species comparisons of the formation and persistence of 
N-(2-hydroxyethyl)valine have been summarized previously (IARC, 1994). In brief, 
dose-related levels of N-(2-hydroxyethyl)valine were reported to be similar in mice and 
rats exposed to ethylene oxide (3–100 ppm [5.49–183 mg/m3] for 4 weeks), while the 
adducts were lost in a species-specific pattern related to a differing life-span of red blood 
cells in each species. However, the relationships between N-(2-hydroxyethyl)valine in 
haemoglobin and N7-(2-hydroxyethyl)guanine in DNA varied with length of exposure, 
interval since exposure, species and tissue, which led the authors to conclude that the 
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haemoglobin adducts were unlikely to provide accurate predictions of DNA adducts in 
tissues under conditions in which the actual scenario of exposure to ethylene oxide is 
unknown (Walker et al., 1993). Tates et al. (1999) measured N-(2-hydroxyethyl)valine to 
determine blood levels of ethylene oxide in rats and then used the estimated blood doses 
to compare the mutagenic effects of ethylene oxide via three routes of exposure, including 
single intraperitoneal injections, ingestion via the drinking-water or inhalation; 
comparisons of the mutagenic responses from alternative treatments with ethylene oxide 
are considered below. Other studies that measured the formation of N-(2-hydroxy-
ethyl)valine in mice and rats after inhalation of ethylene oxide have typically used this 
haemoglobin adduct as a marker of exposure for comparison with DNA adducts in the 
same animals (Walker et al., 2000; Rusyn et al., 2005). In general, the same relationships 
were found as those reported in the earlier rodent studies of ethylene oxide that are 
summarized above. 

(e) Toxicokinetic modelling 

A physiologically based pharmacokinetic model has been developed for dosimetry of 
inhaled and intravenously injected ethylene oxide in rats (Krishnan et al., 1992). The 
model enables the determination of tissue distribution, metabolic pathways, i.e. hydrolysis 
by EH and conjugation with GSH by GST, depletion of hepatic and extrahepatic GSH 
and binding of ethylene oxide to haemoglobin and DNA. The biochemical parameters 
used in the model were obtained by fitting data obtained after inhalation of ethylene oxide 
in closed chambers to data on tissue GSH concentrations (McKelvey & Zemaitis, 1986) 
and on levels of hydroxyethyl adducts in haemoglobin and tissue DNA (Potter et al., 
1989). The model was validated by comparing simulated and published data on urinary 
excretion of HEMA after inhalation and intravenous administration of ethylene oxide 
(Gérin & Tardif, 1986; Tardif et al., 1987) and on levels of hydroxyethyl adducts in 
haemoglobin and tissue DNA after exposure for 6 h to 300 ppm [549 mg/m3] ethylene 
oxide (Walker et al., 1990, 1992a). The second-order rate constants obtained for the 
binding of ethylene oxide to amino acid residues in haemoglobin are similar to those pub-
lished by Segerbäck (1990). According to the model, total adduct formation in haemo-
globin and DNA accounted for 0.25% and 0.001% of the inhaled dose, respectively. After 
exposure to atmospheric concentrations of up to 500 ppm [915 mg/m3] ethylene oxide, 
the model predicted first-order kinetics for whole-body elimination, but non-linearity in 
individual metabolic pathways and exhalation. Comparison of the predictions for low and 
500-ppm exposures indicated that the share of GSH conjugation decreased from 38 to 
27%, whereas the share of hydrolysis increased from 31 to 36% and that of exhalation 
from 23 to 28% (Krishnan et al., 1992). 

More recent physiologically based pharmacokinetic models of uptake and metabolism 
of ethylene oxide in mice, rats and humans were published by Csanády et al. (2000) and 
Fennell and Brown (2001). These models predicted adequately blood and tissue concen-
trations of ethylene oxide in rats and mice (with the exception of the testes). Simulations 
by the model of Fennell and Brown (2001) indicate that, in mice, rats and humans, about 
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80%, 60% and 20% of ethylene oxide, respectively, would be metabolized via GSH con-
jugation. Nevertheless, modelling 6-h inhalation exposures gave simulated ethylene oxide 
areas under the curve and blood peak concentrations that were similar for mice, rats and 
humans (Fennell & Brown, 2001). Thus, exposure to a given concentration of ethylene 
oxide in air results in similar predicted blood ethylene oxide areas under the curve for 
mice, rats and humans.  

4.1.3 Comparison of rodent and human data 

A striking difference between rodents and humans in the metabolism of ethylene 
oxide is the predominance of the GSH pathway in mice and rats, while in humans (and in 
other larger animals tested to date), the pathway initiated by enzymatic and non-enzym-
atic hydrolysis is of greater importance (Jones & Wells, 1981; Martis et al., 1982; Gérin 
& Tardif, 1986; Tardif et al., 1987; Brown et al., 1996) which is consistent with the 
observed levels of the ethylene oxide that conjugate GSTT1 in the order mice > rats > 
humans. This leads to an onset of significant GSH depletion in rodents at exposure 
concentrations that were used in toxicological investigations, namely between 33 and 
100 ppm [60.4 and 183 mg/m3] ethylene oxide in ambient air (see above). However, it is 
important to note that carcinogenicity in rats was already observed at the lower exposure 
concentration of 10 ppm [18.3 mg/m3] ethylene oxide in one study (see Section 3).  

Although the physiologically based pharmacokinetic models constructed by Fennell 
and Brown (2001) indicated profound differences in the relative contribution of the 
different metabolic pathways, when differences in uptake and metabolism are taken into 
account, simulated blood peak concentrations and areas under the curve were similar for 
mice, rats and humans (human levels within about 15% of rat and mouse levels). Thus, 
exposure to a given concentration of ethylene oxide in air gives similar predicted blood 
levels of ethylene oxide and areas under the curve for mice, rats and humans (in the range 
of exposures used in the rodent cancer bioassays, i.e. 100 ppm [183 mg/m3] and below; 
above these concentrations, the differences in GSH depletion may be expected to lead to 
significant differences in the levels of ethylene oxide in blood with comparable concen-
trations in the ambient air).  

Human erythrocytes are rich (but polymorphic) in the ethylene oxide-metabolizing 
enzyme GSTT1, but, in the experimental animals investigated, this protective enzyme is 
not present in the erythrocytes (Hallier et al., 1993). This adds a further complexity to 
species differences in the metabolism of ethylene oxide. 

4.2 Genetic and related effects 

The direct reaction of ethylene oxide with DNA is thought to initiate the cascade of 
genetic and related events that lead to cancer (Swenberg et al., 1990). Ethylene oxide is a 
direct alkylating agent and reacts with nucleophiles without the need for metabolic trans-
formation. It uses the general SN2 mechanism and has a high Swain-Scott substrate 
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constant (Golberg, 1986), both of which favour efficient N7-alkylation of guanine (and 
other ring nitrogens to a lesser extent) due to the electron density distribution of purines 
and the steric availability of the N7-position of guanine (Kolman et al., 2002). The 
reactivity of this agent is due to the strain of the oxirane ring and the partial positive 
charge on the carbon atoms, which give the compound its electrophilic character and 
predispose the ring to open and form a hydroxyethylcarbonium ion (Golberg, 1986). 
Several published reviews contain details of earlier studies of the reactivity and genetic 
toxicity of ethylene oxide in humans and experimental systems (Kolman et al., 1986; 
Dellarco et al., 1990; Walker et al., 1990; IARC, 1994; Natarajan et al., 1995; Health 
Canada, 1999; Preston, 1999; Thier & Bolt, 2000; Health Canada, 2001; Kolman et al., 
2002; WHO, 2003). This update is focused primarily upon recently published in-vivo 
studies of ethylene oxide-exposed humans and rodent models that shed light on the mode 
of action and the extent to which species comparisons may be pertinent to an evaluation 
of the carcinogenicity of this chemical in humans.  

4.2.1 Humans 

(a) DNA adducts 

For nearly 20 years, it has been known that the endogenous formation of ethylene and 
its conversion to ethylene oxide leads to 2-hydroxyethylation of DNA to yield back-
ground levels of N7-(2-hydroxyethyl)guanine (7-HEG) in unexposed humans (reviewed 
in Bolt, 1996; Farmer & Shuker, 1999; Walker et al., 2000; Marsden et al., 2007). 
Ethylene is generated in vivo during normal physiological processes such as lipid per-
oxidation, oxidation of methionine, oxidation of haeme in haemoglobin and/or through 
the metabolizing activity of intestinal bacteria (reviewed in Thier & Bolt, 2000). Walker 
et al. (2000) described a series of studies of background levels of these adducts in 
different tissues of unexposed humans, and showed that lower endogenous levels of 
7-HEG have typically been found with more sensitive detection methods than those 
employed in reports on the impact of endogenously versus exogenously derived ethylene 
oxide (Bolt, 1996). Farmer and Shuker (1999) suggested that, in order to estimate the 
increase in cancer risk attributable to a given external exposure, it is clearly important to 
establish and consider background levels of corresponding DNA damage so that the scale 
of the incremental increase can be calculated. It is mainly for this reason that more 
sensitive and specific analytical methods have been developed for the measurement of 
background and treatment-induced levels of 7-HEG than for any other single DNA 
adduct (reviewed in Zhao et al., 1999; Liao et al., 2001; Kao & Giese, 2005). 

Since endogenous DNA damage through lipid peroxidation is thought to contribute 
significantly to cancer in humans (Marnett, 2002), Zhao and Hemminki (2002) investi-
gated the association between age and endogenous formation of 7-HEG in 34 younger 
and older healthy human subjects (mean ages, 39.8 and 82.8 years, respectively). Steady-
state levels of 7-HEG in the DNA of peripheral blood lymphocytes were similar in the 
younger and older subjects (means, 3.8 ± 3.4 and 3.0 ± 2.7 adducts/107 nucleotides, 
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respectively), which suggests that endogenous DNA damage by ethylene oxide that arises 
from ethylene generated by lipid peroxidation and the repair of such damage is in-
dependent of age as a contributing factor to cancer risk. 

A single study has been performed to examine the formation of 7-HEG in humans 
exposed to ethylene oxide in the workplace (Yong et al., 2007). 7-HEG was quantified, 
using the method of Kao and Giese (2005), in peripheral blood granulocytes from 58 
hospital workers exposed to ethylene oxide during the unloading of sterilizers or when 
working adjacent to sterilizers. Cumulative exposure to ethylene oxide (ppm–h) was 
estimated during the 4-month period before the collection of blood samples. There was 
considerable interindividual variation in the levels of 7-HEG in both unexposed control 
and ethylene oxide-exposed workers, ranging from 1.6 to 241 adducts/107 nucleotides. 
The mean levels in the unexposed, low-ethylene oxide exposure (< 32 ppm–h) 
[58.6 mg/m3–h] and high-ethylene oxide exposure (> 32 ppm–h) groups were 3.8, 16.3 
and 20.3 adducts/107 nucleotides, respectively, but the differences were not statistically 
significant after adjustment for cigarette smoking and other potential confounders. Since 
the life-span of granulocytes is less than 1 day compared with a life-span of up to several 
years for lymphocytes, the large inter-individual variation in 7-HEG levels as well as 
elevated values in individual ethylene oxide-exposed workers may have reflected very 
recent transient peak exposures that were not captured in the overall 4-month cumulative 
exposure estimates. 

(b) Mutations and other genetic related effects (see also Table 10) 

Studies of human exposures to ethylene oxide have focused upon individuals who 
were employed in the operation of hospital or factory sterilization units and workers who 
were involved in ethylene oxide manufacturing or processing. Selected studies showed 
that exposure to ethylene oxide results in chromosomal alterations that are related to both 
the level and duration of exposure, while a single study suggested that exposure to 
ethylene oxide causes gene mutations. Several other biomarkers of DNA damage (un-
scheduled DNA synthesis, DNA single-strand breaks, premature centromere division and 
DNA–protein cross-links) have been studied by only a few investigators; results are 
summarized at the end of this section. 

Preston (1999) provided a critical assessment of the cytogenetic effects of ethylene 
oxide in vitro and in vivo, discussed the basic guidelines for cytogenetic assays in 
population monitoring and hazard identification, and exhaustively reviewed reports of 
human cytogenetic studies of ethylene oxide through to 1996. Occupational exposures to 
ethylene oxide have resulted in increased levels of chromosomal events, which included 
sister chromatid exchange, chromosomal aberrations and micronucleus formation in 
blood cells. Cytogenetic end-points can serve as markers of exposure to ethylene oxide 
and DNA damage. Moreover, several large prospective studies have demonstrated that, 
on a population basis, increased levels of chromosomal aberration or micronucleus for-
mation are indicative of an increased risk for cancer development (Hagmar et al., 1998; 
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Table 10. Cytogenetic observations in humans exposed to ethylene oxide 

Exposure time (years) Ethylene oxide in air (ppm)a Cytogenetic effectsb No. of exposed No. of 
controls  

Range Mean Range Mean 
(TWA) 

CA MN SCE 

Reference 

12   8   0−36c    + Garry et al. (1979) 

12 
 5 

 11 
 11 

1−8 
0.8−3 

4 
1.6 

0.5−1 
5−10 

 − 
+ 

  Pero et al. (1981) 

18 (factory I) 
10 (factory II) 

 11 
  9 

0.5−8 
0.5−8 

3.2 
1.7 

 < 1 
< 1 

+ 
+ 

+d 
− 

− 
− 

Högstedt et al. (1983, 
1990)  

 9 (low-dose task) 
 5 (high-dose task) 

 13 
 13 

   13e 

501e 
  − 

+ 
Yager et al. (1983) 

14  14   < 0.07−4.3f    − Hansen et al. (1984) 

10 (nonsmokers) 
15 (smokers) 

 15 
  7 

0.5−10 
0.5−10 

5.7 
4.5 

[15–123]    + 
+ 

Laurent et al. (1984) 

22 (low exposure) 
10 (moderate exposure) 
19 (high exposure) 

 22 
 10 
 19 

1−4 3 0.2−0.5f 

0−9.3f 

3.7−20 f 

0.35 
1.84 
10.7 

(+) 
 
+ 

 + 
+ 
+ 

Sarto et al. (1984a,b; 
1987)  

13 (work site I) 
22 (21)g (work site II) 
26 (25)g (work site III) 

 12 
 19 (20)g 
 22 (21)g 

 3.2 
3.1 
4 

0.5f 

5−10f 

5−20f 

 − 
− 
(+) 

 − 
(+) 
+ 

Stolley et al. (1984); 
Galloway et al. (1986) 

33 (production workers)  32 1−14  ≤ 0.05−8 ≤ 0.01h +   Clare et al. (1985) 

50 141 1−10  1−40f  +  + Richmond et al. (1985) 

36  35 1−14  0.05−8 0.12 −   van Sittert et al. (1985) 
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Table 10 (contd) 

Exposure time (years) Ethylene oxide in air (ppm)a Cytogenetic effectsb No. of exposed No. of 
controls  

Range Mean Range Mean 
(TWA) 

CA MN SCE 

Reference 

22 (sterilization unit) 
21 (factory workers) 
25 (laboratory workers) 

 10 
 20 
 20 

1–8  
2–17 
1–15 

 0−2.6 
0−4.5 
0−4.8 

 + 
+ 
+ 

  Karelová et al. (1987) 

 9 
 3 

 27 
 27 

0.5−12 5 0.025−0.38f 

> 0.38i 
  − 

+ 
 Sarto et al. (1990) 

34  23  8 0.008−2.4f < 0.3 − − + Mayer et al. (1991) 

 5 
 5 

 10 
 10 

0.1−4 
4−12 

8.6  
< 1−4.4 

0.025 
0.38 

 − 
− 

− 
+ 

Sarto et al. (1991) 

 9 (hospital workers) 
15 (factory workers) 

  8 
 15 

2−6 
3-27 

4 
12 

22−72 
14−400  

0.025j 

5j 
+ 
+ 

− 
+ 

+ 
+ 

Tates et al. (1991) 

10  10  3 60−69  +  + Lerda & Rizzi (1992) 

32 
11 

  8 
  8 

 5.1 
9.5 

0−0.3f 

0.13−0.3f 
0.04 
0.16 

 − 
− 

+ 
+ 

Schulte et al. (1992) 

47  47     < 1 –  – Tomkins et al. (1993) 

14 (hospital workers, 
nonsmokers) 
11 (hospital workers, 
smokers) 

 14 
 
 11 

  0.5−208f 
 

0.5−417f 

   − 
 
− 

Popp et al. (1994) 

75  22 3−14 7 2−5  + +  Ribeiro et al. (1994) 
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Table 10 (contd) 

Exposure time (years) Ethylene oxide in air (ppm)a Cytogenetic effectsb No. of exposed No. of 
controls  

Range Mean Range Mean 
(TWA) 

CA MN SCE 

Reference 

28 (hospital workers) 
10 (hospital workers) 

  8   0−0.30 
0.13−0.30 

0.08 
0.17 

 − 
− 

+ 
+ 

Schulte et al. (1995) 

 7 (production workers) 
 7 (production workers) 
 7 (production workers) 

  7  Accidental 
< 5 
> 15 

 28−429 
< 0.005−0.02 
< 0.005−0.01 

  − 
− 
− 

− 
− 
− 

Tates et al. (1995) 

 9 (low exposure, 
hospital workers) 
27 (high exposure, 
hospital workers) 

 48 
 
 10 

 4 
 
15 

2.7−10.9 
 
2.7−82 

2.7 
 
5.5 

+ 
 
+ 

 − 
 
+ 

Major et al. (1996) 

CA, chromosomal aberrations; MN, micronuclei; SCE, sister chromatid exchange; TWA, time-weighted average 
Blanks not studied 
a 1 ppm = 1.83 mg/m3 ethylene oxide 
b +, positive; −, negative 
c Maximum concentration measured during purge cycle 
d Positive for erythroblasts and polychromatic aberrations; negative for peripheral blood lymphocytes 
e Average 6-month cumulative dose in mg ethylene oxide 
f TWA 
g Numbers in parentheses are for chromosomal aberrations evaluated by Galloway et al. (1986) 
h Calculated by linear extrapolation 
i Exposed acutely from sterilizer leakage 
j Estimated 40-h TWA based on haemoglobin adducts 
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Liou et al., 1999; Smerhovsky et al., 2001; Hagmar et al., 2004; Boffetta et al., 2007; 
Bonassi et al., 2007).  

The induction of increased frequencies of sister chromatid exchange has been found 
to be a sensitive indicator of genotoxic exposure to ethylene oxide in humans (Tates et al., 
1991). Evaluation of the impact of exposure to ethylene oxide on changes in the fre-
quency of sister chromatid exchange should take into consideration the observation that 
the available studies assessed a wide range of exposure concentrations and conditions, 
including moderately high-dose acute exposures and chronic exposures at varying con-
centrations of ethylene oxide. Some interesting trends are apparent across studies. Those 
that failed to find significant increases in frequencies of sister chromatid exchange 
following exposure to ethylene oxide were primarily studies of workers who were 
exposed to approximately 5 ppm [9.15 mg/m3] or less (TWA) (Högstedt et al., 1983; 
Yager et al., 1983; Hansen et al., 1984; Stolley et al., 1984; Sarto et al., 1991; Tates et al., 
1995), although a number of studies report increased frequencies of sister chromatid ex-
change in workers exposed to less than 5 ppm (TWA) (Sarto et al., 1984a, 1987; Mayer et 
al., 1991; Tates et al., 1991; Schulte et al., 1992, 1995). Significant increases in frequen-
cies of sister chromatid exchange were commonly found in studies that evaluated indi-
viduals who were exposed to concentrations of ethylene oxide > 5 ppm (TWA) (Garry et 
al., 1979; Yager et al., 1983; Laurent et al., 1984; Sarto et al., 1984a; Stolley et al., 1984; 
Tates et al., 1991; Lerda & Rizzi, 1992; Schulte et al., 1992). It should be noted that 
comparisons among studies are complicated by differences in the methodology used to 
record and report exposure concentrations of ethylene oxide; this problem is further 
complicated by the fact that, although workers were generally exposed to low average 
levels in some studies, acute high exposures were noted to have occurred (Tates et al., 
1991). In spite of these complications, several studies found significant differences in 
sister chromatid exchange frequencies in individuals and/or groups exposed to levels of 
ethylene oxide higher than the designated low-exposure group from the same or similar 
environment (Yager et al., 1983; Sarto et al., 1984a; Stolley et al., 1984; Tates et al., 
1991; Schulte et al., 1992). These findings support the observation that sister chromatid 
exchange frequencies varied with level and frequency of exposure to ethylene oxide. Two 
studies investigated changes in frequencies of sister chromatid exchange over time and 
found that they remained elevated for at least 6 months even when exposures were de-
creased or ceased after the first assessment (Sarto et al., 1984b; Stolley et al., 1984). A 
relationship between changes in frequencies of sister chromatid exchange and cigarette 
smoking has also been found by several investigators (Sarto et al., 1991); because data on 
exposure to cigarette smoke as a potential confounding factor was not consistently 
included in all studies, it is not always possible to determine the primary cause for the 
observed changes in sister chromatid exchange frequency (Sarto et al., 1991).  

Because increased frequencies of some classes of chromosomal aberration are asso-
ciated with an increased risk for the development of cancer (Sorsa et al., 1990), several 
studies have investigated the induction of increased frequencies of chromosomal 
aberrations in individuals exposed to ethylene oxide. Workers exposed to a range of 
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concentrations from 0.01 ppm to 200 ppm [0.02–366 mg/m3] have been evaluated; the 
majority of the studies found significant increases in chromosomal aberrations (Pero 
et al., 1981; Högstedt et al., 1983; Sarto et al., 1984b; Richmond et al., 1985; Galloway 
et al., 1986; Karelová et al., 1987; Högstedt et al., 1990; Tates et al., 1991; Lerda & 
Rizzi, 1992; Ribeiro et al., 1994; Major et al., 1996). One study found significant 
increases in chromosomal aberrations in individuals exposed to concentrations of 
ethylene oxide of approximately 1 ppm [1.83 mg/m3] and below (Högstedt et al., 1983), 
although the majority of positive studies evaluated exposure conditions in which higher 
concentrations of ethylene oxide were present. Other studies of workers exposed to 
concentrations of ethylene oxide of approximately 1 ppm [1.83 mg/m3] TWA and below 
did not find evidence of increased chromosomal aberrations (van Sittert et al., 1985; 
Mayer et al., 1991). Chromosomal aberration frequencies have been found to correlate 
with exposure concentrations of ethylene oxide and/or duration of exposure (Clare et al., 
1985; Galloway et al., 1986; Tates et al., 1991; Lerda & Rizzi, 1992). As noted for 
studies of sister chromatid exchange, chromosomal aberrations can be influenced by 
concurrent exposure to cigarette smoke and by ageing; these factors, combined with 
differences in the methods used to determine the magnitude of the exposures to ethylene 
oxide, limit the conclusions that can be drawn from comparisons between studies 
(Preston, 1999). As reported for sister chromatid exchange, the validity of these 
comparisons is supported by the observation that some investigators found significant 
increases in chromosomal aberrations in high-dose groups but not in low-dose groups 
exposed in the same or similar environments (Sarto et al., 1984b; Galloway et al., 1986).  

Fewer investigators have evaluated the impact of exposure to ethylene oxide on the 
frequencies of micronucleated cells, and comparisons are therefore limited for this cyto-
genetic marker. The available studies showed a combination of positive and negative 
effects. Högstedt et al. (1990) and Ribeiro et al. (1994) found increased frequencies of 
micronucleated lymphocytes in workers while Tates et al. (1991) found significant 
increases in micronucleus frequencies in workers exposed to high but not to low doses. 
Exposure concentrations in all of these studies varied, but ranged from < 1 ppm to 
400 ppm [1.83–732 mg/m3] ethylene oxide. Studies that evaluated individuals exposed to 
levels of ethylene oxide ≤ 1 ppm gave negative results (Högstedt et al., 1983; Sarto et al., 
1990, 1991; Tates et al., 1995). 

Two studies determined micronucleus frequencies in tissues other than lymphocytes. 
Ribeiro et al. (1994) evaluated both peripheral blood lymphocytes and exfoliated buccal 
cells in individuals exposed to 2–5 ppm [3.66–9.15 mg/m3] ethylene oxide (TWA); 
micronucleus frequencies in buccal cells had a negative association while lymphocytes 
had a significantly positive association with the effects of ethylene oxide. Sarto et al. 
(1990) found significant increases in micronucleus frequencies in nasal mucosal cells but 
not in exfoliated buccal cells of workers exposed to ethylene oxide at concentrations 
below 0.38 ppm [0.7 mg/m3] (TWA) (some workers experienced acute exposure to 
ethylene). Exposure to cigarette smoke and age were not discussed as potential con-
founders in these studies. These mixed results led to the conclusion by Tates et al. (1991) 
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that the relative sensitivity of end-points for the detection of exposure to ethylene oxide in 
humans was in the following order: haemoglobin adducts > sister chromatid exchange > 
chromosomal aberrations > micronucleus formation > hypoxanthine–guanine phosphori-
bosyl transferase gene (HPRT) mutants. However, HPRT mutation is a marker of heri-
table DNA change and thus should not be expected to be sensitive as an indicator of 
exposure. 

Several studies reported individual differences in the magnitude of response for one 
or more biomarkers that were not accounted for by adjusting for known confounders such 
as smoking or age (Laurent et al., 1984; Sarto et al., 1984a). Yong et al. (2001) evaluated 
the relationship between levels of haemoglobin adducts, sister chromatid exchange 
frequencies and GSTT1 genotype and found that individuals who had the null GSTT1 
genotype had significantly higher levels of haemoglobin adducts and lower frequencies of 
sister chromatid exchange than individuals who had at least one positive allele. Because 
these findings were made after most of the above reports, the impact of individual geno-
type upon the markers listed above is not known. The results of Yong et al. (2001) 
suggest that studies that found significant variations between individuals may have 
detected the impact of GSTT1 genotype upon the study end-points, and support the need 
to consider genotype in future studies of ethylene oxide-induced effects.  

Only three reports have addressed the issue of whether occupational exposure to 
ethylene oxide is associated with the induction of gene mutations. In the first study, the 
T-cell cloning assay was used to measure HPRT mutant frequencies in peripheral blood 
lymphocytes from nine ethylene oxide-exposed hospital workers and 15 ethylene oxide-
exposed factory workers (Tates et al., 1991). Hospital workers included nurses and tech-
nicians who were involved in the sterilization of medical equipment and were exposed to 
ethylene oxide once or twice a week for about 10 min. The concentrations of ethylene 
oxide ranged from 20 to 25 ppm [36.6–45.8 mg/m3] in the sterilization room and from 22 
to 72 ppm [40.3.–131.8 mg/m3] in front of the sterilizer immediately after opening (as 
measured by GC). The hospital workers were matched for age, sex and smoking habits 
with a control group of eight unexposed administrative workers. The factory workers 
were employed at a plant that was involved in the production of ethylene oxide-sterilized 
disposable medical equipment, and were similarly matched with a group of 15 unexposed 
controls in the same factory. During a 4-month monitoring period (equivalent to the life-
span of erythrocytes in humans), five workers were engaged in ‘daily’ sterilization 
activities, two workers were involved in ‘daily’ sterilization except for leave periods of 7 
or 11 days and eight remaining workers were ‘occasionally’ exposed to ethylene oxide 
during exposure control, packing and quality control of sterilized products. Before the 
collection of samples in early 1990, the mean duration of exposure of factory workers was 
12 years (range, 3–27 years), with average ambient exposure levels from 1989 onwards 
that were estimated to be about 17 ppm [∼31 mg/m3] ethylene oxide. Based on measure-
ments of N-(2-hydroxyethy)valine haemoglobin adducts that integrate exposure over 
time, average exposures to ethylene oxide in the 4 months before blood sampling were 
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estimated to be a 40-h TWA of 0.025 ppm [0.046 mg/m3] for hospital workers and 5 ppm 
[9.15 mg/m3] for factory workers (Tates et al. 1991).  

The average HPRT mutant frequencies in hospital workers (12.4 ± 9.9 × 10–6) and 
factory workers (13.8 ± 4.4 × 10–6) were remarkably similar and showed increases of 55% 
and 60%, respectively, above background in their respective control groups (8.0 ± 3.6 × 
10–6 and 8.6 ± 4.4 × 10–6); however, the mutagenic response was significantly elevated 
only in the factory workers. Tates et al. (1991) suggested that the statistically significant 
increase in the mutant frequency in the factory workers, and not the hospital workers, may 
have been due to some extent to the larger study populations of factory workers and their 
controls, but the investigators concluded that the difference was more probably due to the 
higher exposure concentrations and tissue doses of ethylene oxide in factory workers. The 
mean cloning efficiency was uniformly lower in the exposed factory workers than in their 
control group (as well as the hospital workers exposed and their control groups), which 
might exaggerate the effect of exposure to ethylene oxide on HPRT mutant frequency in 
factory workers; however, adjustments (using multiplicative and additive models) for the 
observed effect of cloning efficiency, age and smoking status in factory workers appeared 
to justify the conclusion that the increased HPRT mutant frequency in this group was due 
to exposure to ethylene oxide. [While the Working Group recognized the importance of 
this study, it also noted inconsistencies in the results with regard to the response in 
relation to the exposure concentrations and duration of exposure, as well as the apparent 
similarity of the mutational spectrum of the exposed group and that of control 
populations.] 

In a follow-up study of workers in an ethylene oxide production plant, Tates et al. 
(1995) again used the T-cell cloning assay to measure HPRT mutant frequencies in three 
exposed and one unexposed groups (seven subjects per group). Group I workers were 
incidentally exposed to acute high concentrations of ethylene oxide, while group II and III 
workers were chronically exposed to low concentrations of ethylene oxide for < 5 years 
and > 15 years, respectively. No significant differences in mutant frequencies were 
observed between any combination of worker or control groups, which implies that 
incidental exposure to high levels of ethylene oxide (28−429 ppm [52–785 mg/m3]) or 
chronic exposure to low concentrations of ethylene oxide (< 0.005−0.02 ppm [< 0.01–
0.04 mg/m3]) did not cause any measurable permanent gene mutations in lymphocytes. 

A few investigations extended the number of biomarkers evaluated to characterize 
ethylene oxide-induced effects to include unscheduled DNA synthesis and induction of 
DNA single-strand breaks, premature centromere division and DNA–protein cross-links. 
Induction of unscheduled DNA synthesis was decreased compared with controls in 
workers exposed to a range of concentrations of ethylene oxide that included levels below 
1 ppm [mg/m3] (TWA) (Pero et al., 1981; Sarto et al., 1987; Mayer et al., 1991); the 
significance of this finding was not clear, but one investigator considered the decrease to 
reflect diminished DNA repair capacity (Pero et al., 1981). DNA single-strand breaks 
were not found to be increased in ethylene oxide-exposed workers in one study (Mayer et 
al., 1991), but were shown to be increased by alkaline elution in peripheral blood 
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mononuclear cells from hospital and factory workers occupied in sterilizing medical 
devices (Fuchs et al., 1994). In nonsmokers, significantly higher elution was observed in 
ethylene oxide-exposed workers than controls, with remarkable individual differences in 
susceptibility according to GSTT1 polymorphism. In smokers, a similar trend was ob-
served in ethylene oxide-exposed subjects but the response was smaller and non-
significant. Only one study evaluated premature centromere division as a potential 
indicator of genomic instability (Major et al., 1999); an increase in this phenomenon was 
observed in ethylene oxide-exposed subjects that correlated with increased chromosomal 
aberrations. Another study measured DNA–protein cross-links by alkaline filter elution in 
hospital workers and found a significant correlation between reduced elution rates and 
exposure to ethylene oxide (Popp et al., 1994). 

4.2.2  Experimental systems  

(a) DNA adducts 

The relative amounts of adducts found in two independent studies of the reactivity of 
ethylene oxide with double-stranded DNA in vitro (Segerbäck, 1990; Li et al., 1992) are 
compared in tables in Segerbäck (1994) and Kolman et al. (2002). In vitro, the reaction of 
ethylene oxide with nucleic acids occurs mainly at ring nitrogens, and leads to the for-
mation of 7-HEG, O6-(2-hydroxyethyl)guanine (O6-HEG) and reaction products with N1, 
N3, N7 and N6 of adenine and N3 of cytosine, uracil and thymine. Depending upon the in-
vitro study, 7-HEG accounted for up to 90% of alkylation products and smaller amounts 
of other DNA adducts were formed. Segerbäck (1990) reported that treatment of calf 
thymus DNA with 14C-labelled ethylene oxide resulted in the formation of 7-HEG, N3-(2-
hydroxyethyl)adenine (3-HEA) and O6-HEG at a ratio of 100:4.4:0.5. In contrast, Walker 
et al. (1992b) found that the ratio of the steady-state concentrations of 7-HEG, 3-HEA 
and O6-HEG was 100:0.3:0.4 following repeated exposures of rats to ethylene oxide, 
which indicates that 3-HEA and O6-HEG do not accumulate in vivo at levels predicted by 
the in-vitro ratios of these adducts and 7-HEG. 

Many studies have evaluated DNA adducts as a molecular dosimeter following single 
or repeated exposures of mice and rats to ethylene oxide by intraperitoneal injection or 
inhalation. 7-HEG has consistently been found to be the predominant adduct; relatively 
small amounts of O6-HEG and 3-HEA were identified in a single investigation of in-vivo 
adduct formation in tissues of ethylene oxide-exposed rats (Walker et al., 1992b). Time-
course studies have demonstrated that 7-HEG accumulated at steady-state levels after 4 
weeks of inhalation exposure of mice and rats to high concentrations of ethylene oxide 
(100 ppm [183 mg/m3] in mice and 100 or 300 ppm [183 or 549 mg/m3] in rats) for 6 h 
per day on 5 days per week (Walker et al., 1990, 1992b; Rusyn et al., 2005); in contrast, 
adducts reached a plateau after 1 week of exposure during in-vivo conversion of 
exogenous ethylene to low levels of ethylene oxide (~6 ppm [∼11 mg/m3]) in most tissues 
of mice and rats exposed to 3000 ppm ethylene by inhalation 6 h per day on 5 days per 
week for 4 weeks (Walker et al., 2000; Rusyn et al., 2005). These data support the 
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hypothesis that, after repeated exposures of rodents to high concentrations of ethylene 
oxide, the discrepancies between the time to steady state (i.e. ≥ 28 days) and the DNA 
adduct half-life values [cited in the previous review of ethylene oxide (IARC, 1994); i.e. 
half-life of 1.0−2.3 days in most mouse tissues and 2.9−4.8 days in most rat tissues 
(Walker et al., 1992b)] were most probably related to a greater dependence on spon-
taneous depurination for loss of 7-HEG than at lower levels of exposures to ethylene 
oxide at which DNA repair is not saturated (Walker et al., 2000). In contrast, the patterns 
of elimination of 7-HEG adducts after a single 6-h exposure of rats to 40 or 3000 ppm 
ethylene exhibited slow linear loss of adducts from the brain, liver and spleen in animals 
exposed to endogeneously formed low-level ethylene oxide equivalents of ~1−6 ppm 
[1.83–11 mg/m3] (Rusyn et al., 2005).  

Dose–response studies in mice and rats exposed to 3, 10, 33 or 100 ppm [5.49, 18.3, 
60.4 or 183 mg/m3] ethylene oxide for 6 h per day on 5 days per week for 4 weeks 
showed that the formation of 7-HEG at any given exposure level was similar for all 
tissues (brain, liver, lung, spleen) except the testis (within a factor of three) (Walker et al., 
1992b; Wu et al., 1999a; Rusyn et al., 2005), which suggests that, since not all of these 
tissues are targets for cancer, other critical factors may be involved in the species and 
tissue specificity for tumour induction by this chemical (Walker et al., 1992b). 
Nevertheless, in rats exposed by inhalation for 6 h per day on 5 days per week for 
4 weeks to 0, 50, 100 or 200 ppm [0, 91.5, 183 or 366 mg/m3] ethylene oxide, statistically 
significant linear relationships were found between mean levels of 7-HEG and increases 
in Hprt mutant frequencies and between 7-HEG and elevations in sister chromatid 
exchange or so-called high-frequency cells (van Sittert et al., 2000). Similar relationships 
between levels of 7-HEG and Hprt mutant frequencies were observed in mice exposed for 
4 weeks to the same concentrations of ethylene oxide, except that the dose–response 
curves were sublinear and showed a greater effect per unit dose for both biomarkers with 
increasing exposure (see Fig. 4 in Walker et al., 1997a). Thus, while levels of ethylene 
oxide-induced 7-HEG do not correlate directly with species/tissue susceptibility, they 
appear to predict the occurrence of increased frequencies of gene mutations and sister 
chromatid exchange in the lymphocytes of ethylene oxide-exposed rodents. 

Background levels of 7-HEG in mice and rats have been investigated in numerous 
reports on the validation of sensitive methods to measure this adduct and/or establish the 
relative contribution of DNA damage that arises from endogenously and exogenously 
derived ethylene oxide (Föst et al., 1989; Walker et al., 1992b; Eide et al., 1999; Wu 
et al., 1999a,b; Zhao et al., 1999; van Sittert et al., 2000; Walker et al., 2000; Rusyn et al., 
2005; Marsden et al., 2007). Most recently, Marsden et al. (2007) developed a highly 
sensitive LC–MS/MS assay with selected reaction monitoring and established the lowest 
background levels of 7-HEG (1.1−3.5 adducts/108 nucleotides) reported to date for 
multiple tissues (colon, heart, kidney, liver, lung, spleen and stomach) in male Fischer 
344 rats, which corroborated and extended an earlier report of ∼2.6 7-HEG adducts/108 
nucleotides in liver DNA from unexposed male Lewis rats (van Sittert et al., 2000). 
Marsden et al. (2007) also measured exogenously derived 7-HEG following intra-
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peritoneal administration of a single dose or three daily doses of 0.01–1.0 mg/kg ethylene 
oxide. These relatively low doses resulted in modest but generally dose-related increases 
in the observed concentrations of 7-HEG (i.e. background levels from endogenous 
ethylene oxide plus levels from exogenous ethylene oxide) in various tissues, except at 
the lowest concentration for which the measured amounts of 7-HEG in various tissues did 
not differ from those detected in control animals. The latter finding indicates that any 
increase in 7-HEG was negligible compared with the endogenous DNA damage already 
present. 

(b) Mutations and other genetic effects (see Table 11 for details and 
references) 

As a direct-acting alkylating agent, ethylene oxide has displayed genotoxic activity in 
nearly all studies in experimental systems, with a few notable dose-related exceptions in 
ethylene oxide-exposed rodents. In vitro, ethylene oxide caused DNA damage and gene 
mutations in bacteriophage, bacteria, fungi, insects and mammalian cells, and gene 
conversion in yeast (IARC, 1994). Given the general consistency of the in-vitro data in 
Table 11, only studies conducted in in-vivo systems are detailed here.  

In-vivo exposure to ethylene oxide induced DNA damage and heritable mutations in 
germ cells of rodents, which caused alkali-labile sites and single-strand breaks in mouse 
sperm and spermatids, and chromosomal aberrations in mouse spermatocytes. It also 
induced dominant lethal effects in mice and rats, and heritable translocations in mice. 
Reviews of these studies have been published (Health Canada, 1999, 2001; WHO, 2003). 
It should be noted that these (mostly dose-related) effects were observed at relatively high 
concentrations of ethylene oxide (165–300 ppm [302–549 mg/m3]; lower doses not 
tested) that exceeded the high dose used in the rodent carcinogenicity studies of this 
chemical. 

Results of in-vivo gene mutation studies in rodents have given consistently positive 
results following ingestion, injection or inhalation of ethylene oxide. The in-vivo 
mutagenicity of ethylene oxide at the Hprt locus of somatic cells was demonstrated 
following intraperitoneal injection and after repeated inhalation exposures of mice. The 
impact of age-dependent trafficking on the ‘manifestation’ of mutant T-cells in rodents 
was taken into consideration in designing the Hprt mutation studies (Walker et al., 1999). 
In young adult male lacI transgenic mice of B6C3F1 origin, inhalation exposures for 
4 weeks to ethylene oxide resulted in significant non-linear increases in the frequencies of 
Hprt mutations in splenic T cells. The average induced mutant frequencies (i.e. the 
average observed mutant frequency after treatment minus the average background mutant 
frequency) following exposures to 50, 100 or 200 ppm [91.5, 183 or 366 mg/m3] ethylene 
oxide were 1.6, 4.6 and 11.9 × 10–6; greater relative mutagenic efficiencies (mutations per 
unit dose) were observed at higher than at lower concentrations. The small but significant 
mutagenic response induced at 50 ppm ethylene oxide (the low-dose concentration in the 
carcinogenicity bioassay in mice) was only 73% above the average control animal value 
of 2.2 ± 0.3 × 10–6 (p = 0.009). In a follow-up study of rodents exposed for 4 weeks to 
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Table 11. Genetic and related effects of ethylene oxide 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

DNA single-strand breaks, Chinese hamster V79 cells in vitro + NT 0.5 mM 1 hc Herrero et al. (1997)  
Gene mutation, Chinese hamster ovary cells, Hprt locus in vitro + + 0.5 mM 5 hc Tan et al. (1981) 
Gene mutation, Chinese hamster ovary cells, Hprt locus in vitro + NT ≤ 2000 ppm 1h Zamora et al. (1983) 
Micronucleus formation, Chinese hamster V79 cells in vitro + NT 12 344 ppm 30 min Zhong et al. (1992) 
Chromosomal aberrations, Chinese hamster V79 cells in vitro + NT 3500 ppm 30 min Zhong et al. (1992) 
Cell transformation, mouse C3H/10T1/2 cells + NT 2.5 mM 1 hc Kolman et al. (1989) 
DNA single-strand breaks, human diploid fibroblasts in vitro + NT 2.5 mM 1 hc  Nygren et al. (1994) 
DNA double-strand breaks, human diploid fibroblasts in vitro + NT 10 mM 1 hc Nygren et al. (1994) 
DNA single-strand breaks, human lymphocytes in vitro + NT 0.5 mM 1 hc Hengstler et al. (1997) 
Unscheduled DNA synthesis, human lymphocytes in vitro + NT 0.1mM 24 hc Pero et al. (1981) 
Gene mutation, human fibroblasts in vitro + NT 2.5 mM 1 hc Kolman et al. (1992) 
Gene mutation, human fibroblasts in vitro + NT 5 mM 1 hc Bastlová et al. (1993) 
Sister chromatid exchange, human fibroblasts in vitro + NT 36 ppm 24 hc Star (1980) 
Sister chromatid exchange, human lymphocytes in vitro + NT 0.22  mM 20 min Garry et al. (1982) 
Sister chromatid exchange, human lymphocytes in vitro + NT ∼1 mM 3 sc Tucker et al. (1986) 
Sister chromatid exchange, human lymphocytes in vitro + NT ∼2.5 mM 1 hc Agurell et al. (1991) 
Sister chromatid exchange, human lymphocytes in vitro +d NT 1000 ppm 90 min  Hallier et al. (1993) 
Chromosomal aberrations, human amniotic cell line in vitro + NT ≥ 5 mM 1 h Poirier & Papadopoulo 

(1982) 
DNA single-strand breaks, mouse spermatids in vivo +  1800 ppm inh 1 h Sega et al. (1988) 
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Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

DNA single-strand breaks, mouse spermatids in vivo +  100 mg/kg × 1 ip Sega & Generoso (1988) 
Gene mutation, mouse spleen T lymphocytes, Hprt locus in vivo +  600 mg/kg ip Walker & Skopek 

(1993) 
Gene mutation, mouse spleen T lymphocytes, Hprt locus in vivo +  50 ppm inhe × 4 wk Walker et al. (1997a) 
Gene mutation, mouse and rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  200 ppm inhe × 4 wk Walker et al. (1997b, 
2000) 

Gene mutation, mouse lung, LacI transgene in vivo +  200 ppm inhe × 4 wk Sisk et al. (1997) 
Gene mutation, mouse bone marrow, spleen, LacI transgene in 
 vivo 

–  200 ppm inhe × 4 wk Sisk et al. (1997) 

Gene mutation, male Lewis rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  20 mg/kg × 1 ip Tates et al. (1999) 

Gene mutation, male Lewis rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  2 mM dw, 30 d Tates et al. (1999) 

Gene mutation, male Lewis rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  50 ppm inhe × 4 wk Tates et al. (1999) 

Gene mutation, male Lewis rat spleen T lymphocytes, Hprt locus 
 in vivo 

+  200 ppm inhe × 4 wk van Sittert et al. (2000) 

Gene mutation, mouse bone marrow, LacI transgene in vivo +  100 ppm inhe × 48 wk Recio et al. (2004) 
Gene mutation, mouse testis, LacI transgene in vivo +  25 ppm inhe × 48 wk Recio et al. (2004) 
Mouse specific locus, spermatogonial stem cells in vivo –  255 ppm inh 6 h/df Russell et al. (1984) 
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Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Mouse specific locus, spermatogonial stem cells in vivo (+)  200 ppm inh 6 h/dg Lewis et al. (1986) 
Sister chromatid exchange, rabbit lymphocytes in vivo +  50 ppm inhe × 12 wk Yager & Benz (1982) 
Sister chromatid exchange, male Fischer 344 rat lymphocytes in 
 vivo 

+  451 ppm inh 6 h Kligerman et al. (1983)  

Sister chromatid exchange, monkey lymphocytes in vivo +  50 ppm inh 7 h/dh, 
5 d/wk, 2 years 

Lynch et al. (1984b); 
Kelsey et al. (1988) 

Sister chromatid exchange, rabbit lymphocytes in vivo +  200 ppm inh 6 h/d, 
40 days 

Yager (1987) 

Sister chromatid exchange, Swiss mouse bone-marrow cells in 
 vivo 

+  30 mg/kg ip × 1 Farooqi et al. (1993) 

Sister chromatid exchange, male Fischer 344 rat bone-marrow 
 cells and spleen in vivo 

+  100 ppm inhe, 3 mo Ong et al. (1993) 

Sister chromatid exchange, male Fischer 344 rat lymphocytes in 
 vivo 

+  150 ppm inhe × 1–4 wk Preston & Abernethy 
(1993) 

Sister chromatid exchange, male Lewis rat splenic lymphocytes 
 in vivo 

(+)  50–200 ppm inhe × 4 wk van Sittert et al. (2000); 
Lorenti Garcia et al. 
(2001) 

Micronucleus formation, mouse and rat bone-marrow cells in vivo +  100 mg/kg × 1 iv Appelgren et al. (1978) 
Micronucleus formation, mouse bone-marrow cells in vivo +  125 mg/kg × 1 ip Jenssen & Ramel (1980) 
Micronucleus formation, rat bone-marrow cells in vivo +  100 ppm inhe, 3 mo Hochberg et al. (1990) 
Micronucleus formation, Swiss mouse bone-marrow cells in vivo +  30 mg/kg ip × 1 Farooqi et al. (1993) 
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Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Micronucleus formation, male Fischer 344 rat and B6C3F1 mouse 
 bone marrow in vivo 

+  200 ppm inhe × 4 wk Vergnes & Pritts (1994) 

Micronucleus formation, male Lewis rat splenic lymphocytes in 
 vivo 

–  50–200 ppm inhe × 4 wk van Sittert et al. (2000); 
Lorenti Garcia et al. 
(2001) 

Chromosomal aberrations, male Swiss mouse bone-marrow cells 
 in vivo 

+  200 ppm inh 6 h/d Ribeiro et al. (1987a) 

Chromosomal aberrations, Swiss mouse bone-marrow cells in 
 vivo 

+  30 mg/kg × 1 ip Farooqi et al. (1993) 

Chromosomal aberrations, male Fischer 344 rat lymphocytes in 
 vivo 

–  450 ppm inh 6 h/d, 3 d Kligerman et al. (1983) 

Chromosomal aberrations, monkey lymphocytes in vivo +  100 ppm inh 7 h/d, 

5 d/wk, 2 years 
Lynch et al. (1984b) 

Chromosomal aberrations, male Fischer 344 rat lymphocytes in 
 vivo 

–  150 ppm inhe × 1–4 wk Preston & Abernethy 
(1993) 

Chromosomal aberrations, male Lewis rat lymphocytes in vivo –  50–200 ppm inhe × 4 wk van Sittert et al. (2000); 
Lorenti Garcia et al. 
(2001) 

Chromosomal aberrations, mouse spermatocytes treated in vivo +  400 ppm inh 6 h/d Ribeiro et al. (1987a) 
Dominant lethal mutation, mouse in vivo –  25 mg/kg × 1 iv Appelgren et al. (1977) 
Dominant lethal mutation, mouse in vivo +  150 mg/kg × 1 ip Generoso et al. (1980) 
Dominant lethal mutation, mouse in vivo +  250 ppm inhe × 2 wk Generoso et al. (1983) 
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Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Dominant lethal mutation, mouse in vivo +  300 ppm inh 6 h/d × 4 d Generoso et al. (1986) 
Dominant lethal mutation, mouse in vivo +  204 ppm inh 6 h/d j Generoso et al. (1990) 
Dominant lethal mutation, rat in vivo +  1000 ppm inh 4 h Embree et al. (1977) 
Mouse heritable translocation +  30 mg/kg ip × 5 d/wk, 

5 wk 
Generoso et al. (1980) 

Mouse heritable translocation +  165 ppm 6 h/d j Generoso et al. (1990) 
Binding (covalent) to calf thymus DNA in vitro + NT 2M 10 h Li et al. (1992) 
Binding (covalent) to human DNA in vitro + NT 1 mM 3 h Pauwels & Veulemans 

(1998) 
Binding (covalent) to mouse DNA in vivo +  1.15 ppm inh 75 min Ehrenberg et al. (1974) 
Binding (covalent) to rat DNA in vivo +  20.4 µmol/kg × 1 ip Osterman-Golkar et al. 

(1983) 
Binding (covalent) to rat DNA in vivo +  100 ppm inh 4 h Föst et al. (1989) 
Binding (covalent) to rat DNA in vivo +  1 ppm inh 6 h Potter et al. (1989) 
Binding (covalent) to rat DNA in vivo +  300 ppm inhe × 4 wk Walker et al. (1990) 
Binding (covalent) to mouse DNA in vivo +  300 ppm inh 1 h Sega et al. (1991) 
Binding (covalent) to mouse DNA in vivo +  33 ppm inhe × 4 wk  Walker et al. (1992b) 
Binding (covalent) to rat DNA in vivo +  10 ppm inhe × 4 wk Walker et al. (1992b) 
Binding (covalent) to rat DNA in vivo +  ∼ 4.6 ppm inh 6 h × 1 Bolt & Leutbecher 

(1993) 
Binding (covalent) to rat DNA in vivo +  300 ppm inh 12 h/d × 3  Eide et al. (1995) 
Binding (covalent) to mouse DNA in vivo +  10 ppm inhe × 4 wk Wu et al. (1999a) 
Binding (covalent) to rat DNA in vivo +  3 ppm inhe × 4 wk Wu et al. (1999a) 
Binding (covalent) to rat DNA in vivo +  50 ppm inhe × 4 wk van Sittert et al. (2000) 
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Table 11 (contd) 

Resulta Test system 

Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

Doseb 
(LED or HID) 

Reference 

Binding (covalent) to mouse and rat DNA in vivo +  ~ 1 ppm inhe × 4 wk Walker et al. (2000); 
Rusyn et al. (2005) 

Binding (covalent) to rat DNA in vivo +  0.1 mg/kg × 1 ip Marsden et al. (2007) 
Binding (covalent) to rat haemoglobin in vivo +  1 ppm inh 6 h Potter et al. (1989) 
Binding (covalent) to mouse haemoglobin in vivo +  300 ppm inh 1 h Sega et al. (1991) 
Binding (covalent) to mouse haemoglobin in vivo +  ≥ 33 ppm inhe × 4 wk Walker et al. (1993) 
Binding (covalent) to rat haemoglobin in vivo +  ≥ 10 ppm inhe × 4 wk Walker et al. (1993) 
Sperm morphology, mouse in vivo +  200 ppm inh 6 h/d × 5 Ribeiro et al. (1987b) 

a +, positive; –, negative; (+), weak positive; NT, not tested 
b LED, lowest effective dose; HID, highest ineffective dose; d, day; dw, drinking-water; inh, inhalation; inj, injection; ip, intraperitoneal; 
iv, intravenous; mo, month; wk, week 
c Concentration in the culture medium 
d Single concentration, positive only for non-conjugators of glutathione 
e 6 h/day, 5 days/week 
f Sixty days total over a 5-month period 
g Five days/week; 6–7 months; mating started 7th week of exposure and continued throughout exposure period 
h Five days/week; 2 years (study group from Lynch et al., 1984b) 
i Five days/week; 16 days 
j Five days/week; 6 weeks then daily 2.5 weeks 
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0 or 200 ppm [366 mg/m3] ethylene oxide, Hprt mutant frequency measurements in 
splenic T cells of young adult male Fischer 344 rats and B6C3F1 mice were significantly 
increased by five- to sixfold over background (1.7 and 1.3 × 10–6 in control mice and rats, 
respectively).  

Ethylene oxide-induced mutagenesis at the Hprt locus in splenic T cells of rats was 
confirmed in two additional investigations in young adult male Lewis rats exposed to 
ethylene oxide by single intraperitoneal injection, in the drinking-water or by inhalation. 
Significant mutagenic effects were observed by all three routes of exposure; plots of the 
mutagenicity data against blood dose (estimated from haemoglobin adducts) were a 
common denominator, which showed that, at equal blood doses, injection of ethylene 
oxide led to higher mutant frequencies than treatment in the drinking-water, which was 
more mutagenic than exposure via inhalation. In a follow-up study of inhalation exposure 
of male Lewis rats to the same concentrations of ethylene oxide, modest dose-related 
increases in Hprt mutant frequencies were found but the only significant elevation was in 
the group exposed to the highest dose of ethylene oxide. The results of these studies of 
Hprt gene mutation led to the conclusion that ethylene oxide is only weakly mutagenic in 
adult rats. 

Ethylene oxide-induced gene mutations have been demonstrated in multiple tissues of 
LacI transgenic mice. Following 4 weeks of inhalation exposure of male Big Blue mice 
to ethylene oxide, the frequencies of LacI gene mutations in exposed animals were sig-
nificantly increased over control values in lung but not bone marrow or spleen. When Big 
Blue mice were exposed to ethylene oxide for 12, 24 and 48 weeks, clear dose-related 
mutagenic responses in bone marrow were observed only after 48 weeks of exposure, 
with LacI mutant frequencies significantly increased only in the 100- and 200-ppm [183- 
and 366-mg/m3] exposure groups. In testes of the same mice, dose-related increases in 
mutant frequencies were found in the groups exposed to 25, 50 or 100 ppm [45.8, 91.5 or 
183 mg/m3] but not the group exposed to 200 ppm [366 mg/m3] ethylene oxide. 

Recent assessments of the carcinogenicity of ethylene oxide have included 
discussions and summary tables of the results from many studies on chromosomal effects 
in ethylene oxide-exposed humans (Health Canada, 1999, 2001; WHO, 2003), but no 
critical review of cytogenetic studies in ethylene oxide-exposed rodents has been made 
since 1990 (Dellarco et al., 1990). Several studies have shown that repeated exposures of 
rats to levels equal to or greater than those used in rodent carcinogenicity studies of 
ethylene oxide (> 50 ppm [> 91.5 mg/m3]) induced dose-related increases in sister chro-
matid exchange. Treatment of rats and mice with high acute doses of ethylene oxide by 
intraperitoneal or intravenous injection or orally (i.e. routes of exposure that are less 
relevant to humans) also caused increases in the frequencies of micronucleus formation 
and chromosomal aberrations. 

In contrast, following inhalation exposure (i.e. a route of exposure relevant to 
humans), only concentrations of ethylene oxide that exceeded those used in rodent cancer 
bioassays induced micronucleus formation or chromosomal aberrations in mice and rats. 
Modest but significant increases in bone marrow micronuclei were observed in male 
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Fischer 344 rats and B6C3F1 mice following 4 weeks of exposure for 6 h per day on 5 
days per week to 200 ppm [366 mg/m3] ethylene oxide, but not to 40, 1000 or 3000 ppm 
exogenous ethylene which is converted in vivo to about 1–6 ppm [1.83–11 mg/m3] 
ethylene oxide (Vergnes & Pritts, 1994). In contrast, no increases in the frequencies of 
chromosomal aberrations or micronucleus formation were found in peripheral 
blood/splenic lymphocytes from rats exposed to ethylene oxide. Furthermore, another 
study showed that 4 weeks of exposure of rats to ethylene oxide failed to cause an 
increase in translocations (e.g. the percentage of translocations in controls and rats treated 
with 200 ppm [366 mg/m3] was 0.1% and 0.09%, respectively). [The Working Group 
noted, however, that strong conclusions cannot be drawn about the clastogenic potential 
of the ethylene oxide treatment regimen used in the 4-week inhalation study (van Sittert et 
al., 2000; Lorenti Garcia et al., 2001) because cytogenetic studies were initiated 5 days 
after the final day of exposure, a suboptimal time, and the power of the fluorescent in-situ 
hybridization studies were limited by analysis of only a single chromosome and the small 
numbers of rats per group examined.] In studies of the potential clastogenicity of styrene, 
a group of rats exposed to 150 ppm [274.5 mg/m3] ethylene oxide by inhalation for 6 h 
per day on 5 days per week for 1, 2, 3 or 4 weeks was included based upon the expec-
tation that, with appropriate sampling times shortly after exposure, a positive response for 
chromosomal aberrations would be produced in lymphocytes of ethylene oxide-exposed 
animals. However, the frequency of chromosomal aberrations in ethylene oxide-exposed 
rats was not increased over that in air controls at any sampling time. 

(c) Mutational spectra 

Walker and Skopek (1993) reported limited data on mutational spectra for Hprt 
mutant T-cell clones from B6C3F1 mice given repeated intraperioneal injections of 
ethylene oxide. Molecular analyses using polymerase chain reaction-based denaturing 
gradient gel electrophoresis and sequencing for mutations in the exon 3 region of Hprt 
suggested the involvement of both modified guanine and adenine bases in ethylene oxide-
induced mutagenesis. Additional data on Hprt gene mutational spectra were presented in 
a preliminary report following 4-week inhalation exposures of mice to 0, 50, 100 or 
200 ppm [0, 91.5, 183 or 366 mg/m3] ethylene oxide or rats to 0 or 200 ppm [366 mg/m3] 
ethylene oxide for 6 h per day on 5 days per week (Walker et al., 1997b). The types of 
mutation in ethylene oxide-exposed mice or rats were independent of the route of ex-
posure; these mutations included a combination of base substitutions, frameshifts and 
small deletions; the most common lesions were a +1G in a run of six guanines (base pairs 
207–212) and several different small deletions in the region of base pairs 275–280. These 
data suggest that ethylene oxide mutagenesis may involve similar mechanisms in mice 
and rats. 

In ethylene oxide-exposed Big Blue mice, molecular analyses of mutations in the 
lacI transgene of bone marrow showed a decrease in mutations at G:C base pairs and an 
increase at A:T base pairs, which were exclusively A:T→T:A transversions and 
accounted for 25.4% (14/55) of the mutations isolated (Recio et al., 2004). In contrast, 
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A:T→T:A transversions occurred at a frequency of 1.4% (1/70) in concurrent control 
mice. The mutational spectrum in the testes of ethylene oxide-exposed mice indicated that 
small increases across most mutational types were sufficient to produce an overall in-
crease in the LacI mutation frequency, although this was not significant for a specific type 
compared with controls. 

4.2.3 Mechanism of mutation induction 

Although abundant data in vitro and in vivo indicate that genotoxicity plays a major 
role in the carcinogenicity of ethylene oxide, and its mutagenicity is deemed to be a con-
sequence of high reactivity with DNA, the lesions responsible for ethylene oxide-induced 
mutations in vivo have not yet been identified. Possible precursor lesions for the induction 
of mutations by ethylene oxide are thought to include the formation of (a) 7-HEG and 
other N-alkylated bases that may ‘predispose’ to mutational events, (b) O6-HEG as a 
promutagenic adduct, (c) hydroxyethyl adducts of the DNA backbone and (d) secondary 
reactive oxygen species. Systematic studies of oxidative damage from exposure to ethyl-
ene oxide in vivo have not been performed and this potential source of mutation is not 
considered in depth here. Since the publication of the first data on mutational spectra 
following exposure of human cells in vitro (Bastlová et al., 1993) and exposure of mice to 
ethylene oxide in vivo (Walker & Skopek, 1993), several lines of research have been 
pursued in a limited fashion (a) to assess the hypothesis that adducts that lead to abasic 
(apurinic/apyrimidinic) sites may contribute to the mutagenesis of ethylene oxide; (b) to 
identify and characterize promutagenic adducts that may account for certain types of 
mutations induced by ethylene oxide; and (c) to evaluate the means by which adducts 
could cause large deletions and chromosomal alterations produced by ethylene oxide.  

As the major DNA adduct of ethylene oxide, 7-HEG is unlikely to be directly 
promutagenic because N7-alkylguanine adducts formed from small epoxides such as 
ethylene oxide and propylene oxide do not cause distortion of the double helix and do not 
interfere with hydrogen bonding (Albertini & Sweeney, 2007); rather, N7-alkylguanine 
adducts are hypothesized to result in mutation by loss of the adduct via depurination or 
the action of DNA glycosylases. The resulting abasic sites are non-coding and may result 
in base substitutions and strand breaks. The action of apurinic endonuclease creates a 
single-strand break which, if unresolved, can lead to DNA double-strand breaks and, 
possibly, chromosomal alterations (Vogel & Natarajan, 1982). Current data suggest that 
depurination of N7-alkylguanine adducts results largely in G→T transversions and, to a 
lesser extent, G→A transitions and G→C transversions (Loeb & Preston, 1986; Takeshita 
et al., 1987). Approximately half of the base substitutions at the Hprt locus of splenic 
T cells of mice and rats exposed to ethylene oxide were at A:T base pairs (Walker & 
Skopek, 1993; Walker et al., 1997b), and it is feasible that these mutations could originate 
from spontaneous or glycosylase-mediated depurination of 3-HEA and other N-hydroxy-
ethyl adducts of adenine/thymine, with subsequent by-pass replication of abasic sites. 
While chemically induced abasic sites have been found to be important in the mutagenic 
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mechanisms for only a few exogenous chemicals (Loeb & Preston, 1986), the fact that 
> 98% of the DNA adducts produced by ethylene oxide lead to abasic sites denoted the 
need to investigate their role in the mutagenesis of this agent (Walker & Skopek, 1993). 
In order for these mutagenic events to occur at a rate sufficient to result in ethylene oxide-
induced changes in mutational spectra (including increases in base substitutions and 
deletions), accumulation of abasic sites that arise from high levels of 7-HEG would be 
expected to occur over time (Rusyn et al., 2005). 

A study was recently completed to test the hypothesis that exposure to ethylene oxide 
results in the accumulation of abasic sites and induces changes in the expression of genes 
for base-excision DNA repair, which predisposes to point mutations and chromosomal 
aberrations in Fischer 344 rats exposed by inhalation for 6 h per day on 5 days per week 
for 4 weeks to 0 or 100 ppm [183 mg/m3] ethylene oxide or 0 to 3000 ppm ethylene 
(~ 6 ppm ethylene oxide) (Rusyn et al., 2005). The resulting data demonstrated that, while 
7-HEG accumulates with repeated exposures, N-hydroxyethylation of DNA by ethylene 
oxide is repaired without accumulation of abasic sites, and that the mechanisms proposed 
above probably play a minor role in the mutagenicity of this agent. The same conclusions 
would apply to the minor accumulation of 3-HEA and other N-hydroxyethyl adducts of 
adenine/thymine, and the induction of strand-breaks or point mutations at A:T base pairs 
by ethylene oxide. 

Several investigators have proposed that the mutagenicity of ethylene oxide may in-
volve the action of minor promutagenic adducts, such as O6-HEG, N3-(2-hydroxyethyl)-
2′-deoxyuridine (3-HEdU) and possibly ring-opened 7-HEG (Solomon, 1999; van Sittert 
et al., 2000; Rusyn et al., 2005; Marsden et al., 2007). O6-HEG is considered to be a 
miscoding lesion due to mispairing with thymine during DNA replication (Ellison et al., 
1989); however, this adduct is formed at extremely low levels in vivo in ethylene oxide-
exposed rats (and presumably other species) and is efficiently removed from DNA by the 
repair protein O6-alkylguanine−DNA alkyltransferase and excision repair (Ludeke & 
Kleihues, 1988). In addition, only a few G→A mutations were found in p53 exons 6 and 
7 of ethylene oxide-induced mammary gland carcinomas (Houle et al., 2006) and these 
transitions were not significantly increased in reporter genes of ethylene oxide-exposed 
mice and rats. While O6-HEG may contribute minimally to the mutagenicity of ethylene 
oxide in vivo, O6-alkylguanine adducts are probably important promutagenic lesions for 
epoxides with an SN1 character, such as styrene oxide (Latif et al., 1988; Solomon, 1999). 
N3-(2-Hydroxyethyl)-2′-cytidine in DNA rapidly deaminates to stable, potentially muta-
genic 3-HEdU lesions (Solomon, 1999). This lesion has been shown to block DNA 
replication by bacterial polymerases in vitro and to cause G:C→A:T and G:C→T:A base 
substitutions (Bhanot et al., 1994; Zhang et al., 1995). In contrast, the formation of 
cytosine or uracil adducts has not been shown in rodents exposed to ethylene oxide, and, 
if formed, 3-HEdU would be expected to be at very low levels and to contribute to a 
minor extent to the mutagenicity of ethylene oxide in vivo. 7-HEG can undergo imidazole 
ring-opening to chemically stable, potentially mutagenic lesions (Solomon, 1999). 
Formation of ethylene oxide-induced ring-opened 7-HEG has not been demonstrated in 
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vivo but is worthy of investigation in the future. Exploration of other potential pro-
mutagenic adducts of ethylene oxide should not only include site-directed mutagenesis 
studies to characterize the mutagenic specificity and efficiency of these adducts, but also 
experiments in vivo to demonstrate whether or not these adducts occur at biologically 
relevant concentrations in ethylene oxide-exposed rodents. 

Because exposure to ethylene oxide is associated with cytogenetic effects in humans 
and induces deletions in human cells in vitro and in rodents in vivo, it is also essential to 
determine which DNA adducts and mechanism(s) are responsible for large-scale 
mutational events. The suspected metabolite of ethylene oxide, glycolaldehyde, has been 
shown to form DNA–protein crosslinks and single-strand breaks in vitro (Hengstler et al., 
1994), but no information is available on the formation of this intermediate in vivo or its 
potential effects following exposures to ethylene oxide. The lack of accumulation of 
abasic sites during repeated high-dose exposures of rats to ethylene oxide (Rusyn et al., 
2005) does not favour a mechanism that involves the induction of strand breaks via abasic 
sites that result from labile DNA adducts (Lindahl, 1979). Another postulated mechanism 
for ethylene oxide-induced strand scissions is via the formation of a β-hydroxyethyl 
phosphotriester adduct that requires the interaction of the β-hydroxyethyl group with the 
phosphate backbone (Agurell et al., 1991). 2-Hydroxyethylation of phosphate groups 
introduces extreme instability into the sugar–phosphate backbone, since the resultant 
phosphotriester breaks down through a dioxaphospholane ring intermediate (Eisenbrand 
et al., 1986). This alternative mechanism for ethylene oxide-induced strand breaks and 
chromosomal damage deserves further investigation both in vitro and in vivo. 

4.2.4 Alterations in oncogenes and suppressor genes in tumours 

The ability of ethylene oxide to induce alterations in ras proto-oncogenes and the p53 
tumour-suppressor gene has been investigated in immunohistochemical and molecular 
studies of mutations in control and chemically induced neoplasms of B6C3F1 mice. In the 
first investigation of spontaneous and ethylene oxide-induced mammary gland carci-
nomas, the p53 and H-ras genes were selected for study because they are among the most 
commonly altered genes in human cancers, mutations in both often occur in the same 
cancer cell and several lines of evidence support an interaction between these genes 
during the multistep process of oncogenesis (Houle et al., 2006). Immunohistochemistry 
results showed that p53 protein expression was detected in 42% (8/19) of spontaneous 
and 67% (8/12) of ethylene oxide-induced carcinomas. Further semiquantitative 
evaluations revealed that the protein levels were sixfold higher in cancers from exposed 
mice than in those from control mice (i.e. the average scores by the ‘quickscore method’ 
were 3.83 and 0.63, respectively). Mutations in p53 exons 5−8 were detected in eight of 
12 (67%) ethylene oxide-induced carcinomas; five of the eight mutations had two or more 
base changes. Fourteen base substitutions were identified, including eight silent muta-
tions, five missense mutations and one nonsense mutation; no, four, seven and three 
mutations occurred in exons 5, 6, 7 and 8, respectively. Nine of 14 alterations (64%) 



278 IARC MONOGRAPHS VOLUME 97  
 

 

involved guanine bases, including mutations in codons 241 and 264 that occurred in more 
than one neoplasm from mice treated with 50 and 100 ppm [91.5 and 183 mg3] ethylene 
oxide. Ethylene oxide-induced mammary carcinomas exhibited a clear dose-related 
response in relation to the level of p53 protein expression and the number of p53 gene 
mutations. Base substitutions were found in the p53 gene in 58% (7/12) of spontaneous 
mammary carcinomas, including five silent mutations, seven missense mutations and one 
nonsense mutation. However, in contrast to the results seen in the tumours of ethylene 
oxide-exposed animals, nine of the 13 mutations occurred in exon 5, none was found in 
exon 6 and seven were C→T transitions. H-ras Mutations in codon 61 (bases CAA) were 
detected in 33% (4/12) and 26% (5/19) of ethylene oxide-induced and spontaneous 
mammary carcinomas, respectively. All ethylene oxide-induced alterations were missense 
mutations localized to the second base (or mutations at adenine), whereas 80% (4/5) of 
spontaneous mutations occurred in the first base of codon 61 (or mutations at cytosine) 
with the remaining mutation found in the third base of codon 61 (Houle et al., 2006). 

Analyses for cancer gene mutations were extended to other target tissues by 
evaluating the occurrence K-ras gene mutations in lung, Harderian gland and uterine 
neoplasms from ethylene oxide-exposed and control B6C3F1 mice (Hong et al., 2007). 
Specifically, the base triplets for codons 12 (GGT), 13 (GGC) and 61 (CAA) were 
examined for mutations. K-ras Gene mutations were identified in 100% (23/23) of the 
ethylene oxide-induced lung neoplasms and 25% (27/108) of the spontaneous lung neo-
plasms. Codon 12 mutations were most common in the lung neoplasms from both 
exposed and control mice; however, 97% (21/23) of the ethylene oxide-induced tumours 
had a G→T transversion at the second base compared with only one in 108 spontaneous 
tumours that exhibited this mutation, while 11 spontaneous tumours had a G→A tran-
sition in the second base compared with only two ethylene oxide-induced tumours. In 
Harderian gland neoplasms, 86% (18/21) of ethylene oxide-induced tumours compared 
with 7% (2/27) of spontaneous tumours contained K-ras gene mutations. Codon 13 G→C 
and codon 12 G→T transversions were the predominant mutations in ethylene oxide-
induced Harderian gland neoplasms, but these did not occur in the spontaneous counter-
parts. Spontaneous uterine carcinomas were not examined, but 83% (5/6) of such neo-
plasms from ethylene oxide-exposed mice had K-ras gene mutations, all of which were 
codon 13 C→T transitions. Dose-related trends for K-ras gene mutations were found for 
all three cancer types in mice treated with 50 and 100 ppm [91.5 and 183 mg/m3] in the 
cancer bioassay of ethylene oxide. 

These data on p53 and ras gene mutational spectra show distinct differences in the 
locations and types of base substitutions in spontaneous versus ethylene oxide-induced 
neoplasms in mice. Futhermore, the profile of K-ras gene mutations in ethylene oxide-
induced lung and Harderian gland neoplasms was different from that described for other 
chemically induced tumours of the same tissues, which suggests that ethylene oxide 
induces a chemical-specific signature for base substitutions (Hong et al., 2007). Based 
upon the spectra of p53 and H-ras gene mutations in mammary gland neoplasms, Houle 
et al. (2006) suggested that purine bases (guanine and adenine) serve as the primary 
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targets for mutation by ethylene oxide while mutation that involves mostly cytosine 
appears to be a more common spontaneous event. The larger data set for cancer gene 
mutations in spontaneous and ethylene oxide-induced neoplasms of the lung, Harderian 
gland, uterus and mammary gland indicates that ethylene oxide probably increases the 
mutant fraction for most types of base substitution across proto-oncogenes and tumour-
suppressor genes, as was found in the Hprt gene of T cells and the LacI gene of testes 
from ethylene oxide-exposed mice. The overall data suggest that a common mechanism 
for ethylene oxide is as a point mutagen in oncogenes and tumour-suppressor genes of 
multiple tissues in mice. 

4.3 Mechanisms of carcinogenesis 

Ethylene oxide is a direct-acting alkylating agent that has been shown to have 
genotoxic and mutagenic activity in numerous assays in both somatic and germ cells, and 
in both prokaryotic and eukaryotic organisms (IARC, 1994). It is active in a wide range of 
in-vitro and in-vivo systems. Increases in both gene mutations and chromosomal alter-
ations, two general classes of cancer-related genetic changes, have been observed. In-vitro 
and in-vivo studies have shown that ethylene oxide can bind to cellular macromolecules, 
which results in a variety of DNA, RNA and protein adducts. The major DNA adduct 
recovered in vivo is 7-HEG and additional adducts such as 3-HEA and O6-HEG are 
detected at much lower levels (Walker et al., 1992b). In-vitro studies indicate that other 
minor adducts can also be formed from the reaction of ethylene oxide with the N1 and N6 
of adenine and the N3 of cytosine, uracil and thymine (IARC, 1994; Tates et al., 1999; 
Kolman et al., 2002). While the exact mechanism by which these adducts lead to 
mutation is unknown, a number of mechanisms could be involved, including the mis-
pairing of altered bases or the formation of apurinic/apyrimidinic sites via DNA repair or 
chemical depurination/depyrimidination combined with the insertion of another base, 
which would typically be an adenine opposite an apurinic site (Tates et al., 1999; Houle et 
al., 2006). These lesions can also lead to the formation of single-strand breaks and, 
subsequently, to chromosomal breakage. In addition, the putative ethylene oxide metabo-
lite, glycolaldehyde, has been shown to form DNA–protein cross-links and DNA single-
strand breaks (Hengstler et al., 1994).  

In-vivo studies using reporter genes such as Hprt or the LacI transgene have shown 
that ethylene oxide can significantly increase the frequency of mutations following expo-
sure in both mice and rats (Walker et al., 1993; Sisk et al., 1997; Walker et al., 1997a,b; 
Tates et al., 1999; Recio et al., 2004). The type of mutation that is recovered appears to be 
influenced by the assay system involved. In mouse splenic and/or thymic T lymphocytes, 
mutations in Hprt could be detected after shorter exposures (4-week inhalation exposure 
or multiple intraperitoneal injections over 1 week) and appeared to consist of larger 
deletion mutations as well as base-pair substitutions and frameshift mutations (Walker et 
al., 1993, 1997a,b). The latter point mutations appeared to originate primarily from either 
altered G or altered A bases (Walker et al., 1993; IARC, 1994). In the inhalation study, 
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significant increases in LacI mutations were not seen in the spleen, bone marrow or germ 
cells of mice after 4 weeks of exposure to ethylene oxide (Sisk et al., 1997). A modest but 
significant increase in LacI mutants was seen in the lungs of mice exposed to 200 ppm 
[366 mg/m3] ethylene oxide. In a follow-up study with prolonged exposure (up to 
48 weeks), significant increases in LacI mutants were seen in the bone marrow and testes 
of ethylene oxide-exposed transgenic mice (Recio et al., 2004). DNA sequence analysis 
of mutants obtained from the bone marrow showed that only AT→TA transversions were 
recovered at a significantly increased frequency in the exposed mice. A unique mutational 
spectrum was not seen in the testes.  

Only limited information is available on the mutagenicity of ethylene oxide in 
humans. A significant increase in HPRT mutation frequency was reported in one group of 
workers with prolonged higher exposures to ethylene oxide (~5 ppm [∼ 9.15 mg/m3] 
TWA) but not in another group with lower exposure levels (0.025 ppm [0.046 mg/m3] 
TWA) (Tates et al., 1991; Kolman et al., 2002).  

In two recent studies, an elevated frequency of mutations or a change in mutational 
spectra has been seen in the tumours of ethylene oxide-treated mice (Houle et al., 2006; 
Hong et al., 2007). In the Hong et al. (2007) study, K-ras mutations were detected in 
100% (23/23) of ethylene oxide-induced lung tumours compared with 25% (27/108) of 
spontaneous tumours. Codon 12 G→T transversions occurred frequently in the ethylene 
oxide-induced lung neoplasms (21/23) but infrequently in spontaneous lung neoplasms 
(1/108). Similarly, K-ras mutations were present in 86% (18/21) of Harderian gland 
tumours from ethylene oxide-treated animals but were only seen in 7% (2/27) of the 
spontaneous tumours in this organ. Codon 13 G→C and codon 12 G→T transversions 
were common in the ethylene oxide-induced but absent in the spontaneous Harderian 
gland tumours (0/27). K-ras Mutations were also seen in 83% (5/6) of ethylene oxide-
induced uterine tumours, all of which exhibited a G→C transition in codon 13. The 
incidence in spontaneous uterine tumours was not reported. A similar study by Houle et 
al. (2006) provided evidence of the involvement of H-ras and p53 mutations in mammary 
gland tumours induced by ethylene oxide in mice. The mutation frequency was only 
slightly elevated for H-ras (33% in treated versus 26% in spontaneous) or p53 (67% in 
the ethylene oxide-treated versus 58% in the control animals), but the mutational spectra 
of tumours obtained from control and treated animals differed significantly. The muta-
tional spectra were generally consistent with a targeting of G and A bases by ethylene 
oxide (Houle et al., 2006; Hong et al., 2007). The high frequencies of mutation present in 
these genes, particularly mutations in the critical codons of K-ras and inactivation of p53, 
indicate that mutations are induced in the tumours of ethylene oxide-treated mice and that 
the changes probably play an important role in ethylene oxide-induced tumorigenesis in 
these tissues.  

Little is known about the mechanisms that might lead to ethylene oxide-induced 
tumours in humans. However, activating mutations in the ras family of oncogenes and 
inactivation of p53 have been shown to play critical roles in the development of both 
spontaneous and chemically induced cancers (Pedersen-Bjergaard et al., 2006; Zarbl, 
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2006). For example, activating mutations in ras genes have been shown to occur in up to 
30% of cases of acute myelogenous leukaemia (Byrne & Marshall, 1998). In most cases, 
N-ras is activated, although activation of K-ras is occasionally seen (Byrne & Marshall, 
1998; Bowen et al., 2005; Christiansen et al., 2005). The mutations typically occur in 
codons 12, 13 and 61, sites that are critical for the normal regulation of ras activity. The 
activating mutations lead to the generation of constitutively activated ras proteins that 
cannot be switched off and inappropriately generate proliferative signals within the cell 
(Byrne & Marshall, 1998). Some patients who lack ras mutations still exhibit an 
overexpression of ras genes and this has been considered as further evidence for the 
involvement of dysregulated ras signalling in leukaemogenesis (Byrne & Marshall, 1998).  

Acute myelogenous leukaemia in patients who have previously been treated with 
alkylating agents frequently exhibits distinctive characteristics that allow it to be distin-
guished from acute myelogenous leukaemia induced by other agents (such as topo-
isomerase II inhibitors) or that occurs spontaneously (Pedersen-Bjergaard & Rowley, 
1994; Pedersen-Bjergaard et al., 2006). One of the hallmarks of leukaemias induced by 
alkylating agents is that they frequently exhibit loss of chromosomes 5 or 7 (-5, -7) or loss 
of part of the long arms of these chromosomes (5q-, 7q-). In addition, mutations in p53 
are frequently seen in leukaemias with the -5/5q- karyotype, and mutations in p53 and ras 
are seen in a subset of those that exhibit the -7/7q- karyotype (Christiansen et al., 2001; 
Pedersen-Bjergaard et al., 2006). Although ethylene oxide has not been investigated 
specifically for its ability to induce losses in chromosomes 7 and 5 or deletions of the long 
arms of chromosomes 7 and 5 (7q- or 5q-), it has been reported to induce similar types of 
chromosomal alterations and deletions in a variety of experimental models and/or in the 
lymphocytes of exposed workers (IARC, 1994; Major et al., 1996, 1999). The detection 
of elevated levels of chromosomal aberrations and micronuclei in the peripheral blood 
lymphocytes of ethylene oxide-exposed workers is of particular note, as multiple pro-
spective studies have reported that individuals with increased levels of chromosomal 
aberrations or micronuclei in these cells are at increased risk for developing cancer 
(Hagmar et al., 1998; Liou et al., 1999; Smerhovsky et al., 2001; Hagmar et al., 2004; 
Boffetta et al., 2007; Bonassi et al., 2007).  

A comparison of the evidence for ethylene oxide-induced genetic and related changes 
in experimental animals and humans is summarized in Table 12.  
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Table 12. Comparison of the evidence for key ethylene oxide-induced genetic 
and related changes in humans, human cells and experimental animals 

End-point In-vivo exposure In-vitro exposure 

 Animals Humans Human cells 

Haemoglobin adduct formation Strong Strong Strong 
DNA adduct formation Strong Weak* Strong 
Mutations in reporter genes in somatic cells Strong Weak*  Strong 
Mutations in cancer-related genes in tumours Strong NI NA 
Increased levels of cancer-related proteins in 
 tumours 

Strong NI NA 

Chromosomal alterations in somatic cells 
 Sister chromatid exchange 
 Structural chromosomal aberrations 
 Micronucleus formation 

 
Strong 
Strong+ 

Strong+ 

 
Strong 
Strong 
Strong 

 
Strong 
Moderate 
NI 

NA, not applicable; NI, no information 
* Possibly due to a lack of adequate studies 
+ Positive responses were seen only at exposure concentrations above those used in rodent cancer 
bioassays. 

5. Summary of Data Reported 

5.1 Exposure data 

Ethylene oxide is a flammable gas. It was first produced in the 1910s by the chloro-
hydrin process, which has gradually been replaced by the direct oxidation of ethylene 
since the 1930s. Ethylene oxide is used predominantly for the production of other 
chemicals, such as ethylene glycols, ethoxylates, ethanol amines and glycol ethers, and its 
use is increasing. It is also used as a sterilant to treat hospital equipment, disposable 
medical items, spices and other products. The highest human exposures occur in occupa-
tional settings. Historically, 8-h time-weighted average exposures above 20 mg/m3 were 
common when the chlorohydrin process was used, while average exposures of 2–
20 mg/m3 were reported during direct oxidation of ethylene and in plants that produce 
sterilized medical items. The largest group of exposed workers is hospital personnel who 
perform sterilization operations. The average levels of exposure in hospitals and pro-
duction facilities have decreased significantly (on average to below 1 ppm [2 mg/m3]) in 
western Europe and North America following the introduction of new occupational 
exposure limits in the mid-1980s. High peak exposures may still occur in some short-term 
work tasks. Ethylene oxide may occur in indoor air at levels generally < 0.2 mg/m3, 
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probably due to small amounts in tobacco smoke. Ethylene oxide residues have also been 
detected in some spices and other food products. 

5.2 Cancer in humans  

Epidemiological evidence of the risk for human cancer from ethylene oxide derives 
principally from the follow-up of 14 cohorts of exposed workers either in chemical plants 
where ethylene oxide was produced or converted into derivatives or in facilities where it 
was used as a sterilant. Data from 10 of the cohorts were collated in a meta-analysis that 
was published in 1999, but this did not include updates of two cohorts that were published 
after that time. Many of the cohort members employed at chemical factories were also 
exposed to other chemicals. 

By far the most informative epidemiological investigation was a study by the 
National Institute of Occupational Safety and Health of more than 18 000 employees at 
14 industrial facilities in the USA where ethylene oxide was used to sterilize medical 
supplies or food spices, or to test the sterilizing equipment. This investigation benefited 
not only from greater statistical power than other studies (as a consequence of its large 
size), but also from a lower potential for confounding by concomitant exposure to other 
chemicals and from incorporation of detailed quantitative assessments of individual 
exposures to ethylene oxide. For these reasons, the Working Group gave greatest weight 
to the National Institute for Occupational Safety and Health study when assessing the 
balance of epidemiological evidence on ethylene oxide, although findings from other 
studies were also taken into account. 

In examining the epidemiological evidence, the Working Group focused in particular 
on lymphatic and haematopoietic cancers and on cancers of the breast, stomach, pancreas 
and brain. These sites were selected because excess risks had been suggested by one or 
more epidemiological study or because tumours at the same site had been reported in 
rodent bioassays. 

Evaluation of the possible risks for lymphatic and haematopoietic cancer was 
hampered by temporal changes and inconsistencies in the histopathological classification 
of diagnoses. The interpretation of results for these malignancies was constrained by the 
diagnostic groupings that had been used by researchers when the studies were conducted 
and possible errors in the exact specification of tumours on death certificates. 

The Working Group found some epidemiological evidence for associations between 
ethylene oxide and lymphatic and haematopoietic cancers, and specifically lymphoid 
tumours (i.e. non-Hodgkin lymphoma, multiple myeloma and chronic lymphocytic leu-
kaemia). In the most recent follow-up of the National Institute for Occupational Safety 
and Health cohort, no overall excess of deaths from non-Hodgkin lymphoma or multiple 
myeloma was observed in comparison with national death rates. However, in an internal 
analysis, mortality from lymphoid tumours (as defined above) was associated with 
measures of cumulative exposure to ethylene oxide among men. No corresponding asso-
ciation was found among women. Other studies did not point consistently to an increase 
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in the risk for non-Hodgkin lymphoma or multiple myeloma in comparisons with external 
reference populations, although moderate elevations of risk were reported in some 
investigations.  

Early reports of an excess risk for all types of leukaemia combined have not been 
confirmed by later studies. In the latest analysis of the National Institute for Occupational 
Safety and Health cohort, mortality from all types of leukaemia combined was close to 
that expected from national rates. Weak evidence for an exposure–response relationship 
between cumulative exposure to ethylene oxide and leukaemia was observed in a pre-
vious analysis of this cohort. Results from other cohort studies did not point clearly or 
consistently to an increased risk for leukaemia. 

The numbers of cases of Hodgkin lymphoma in published studies were too few to 
draw meaningful conclusions. 

Four of the cohort studies provided useful information on the association between 
exposure to ethylene oxide and breast cancer. The National Institute for Occupational 
Safety and Health study and a cohort study of hospital sterilization workers in the United 
Kingdom examined mortality from breast cancer and found no overall excess risk. Three 
studies examined the incidence of breast cancer: the National Institute for Occupational 
Safety and Health study and a cohort study from Sweden found no overall excess risk for 
breast cancer, while another cohort study from New York State, USA, found a borderline 
significant excess risk of about 60%. Cancer incidence was recognized to be under-
estimated in the National Institute for Occupational Safety and Health study, which was 
thus negatively biased for the investigation of overall cancer incidence. 

A study conducted within the National Institute for Occupational Safety and Health 
cohort was designed to investigate the association between exposure to ethylene oxide 
and the risk for breast cancer in greater detail. Internal analyses in this study found 
increased relative risks for breast cancer in the higher categories of cumulative exposure 
to ethylene oxide and a significant exposure–response relationship, both of which per-
sisted in analyses that controlled for parity and history of breast cancer in a first-degree 
relative. The risk for the highest category of cumulative exposure was almost doubled. 

While early epidemiological studies had suggested increased risks for stomach and 
pancreatic cancer in workers exposed to ethylene oxide, these findings were not supported 
by more recent, larger studies (including the National Institute for Occupational Safety 
and Health investigation); nor did the balance of epidemiological evidence point to an 
increased risk for brain cancer in humans exposed to ethylene oxide. 

5.3 Cancer in experimental animals  

Ethylene oxide was tested for carcinogenicity in one experiment by intragastric intu-
bation in female rats, by inhalation in female mice in one experiment and in both sexes of 
mice in another experiment, by inhalation in both sexes of rats in one experiment and in 
male rats of the same strain in another experiment. It was also tested in single studies in 
female mice by skin application and by subcutaneous injection.  
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In the experiment of intragastric intubation in female rats, ethylene oxide produced 
tumours of the forestomach, which were mainly squamous-cell carcinomas. In one study 
in both sexes of mice, inhalation of ethylene oxide resulted in increases in the incidence of 
alveolar/bronchiolar lung tumours and tumours of the Harderian gland in animals of each 
sex and of uterine adenocarcinomas, mammary carcinomas and malignant lymphomas in 
females. In a pulmonary tumour bioassay in female strain A/J mice, inhalation of ethylene 
oxide increased the number of pulmonary adenomas per mouse. In both experiments in 
which male and female rats of one strain were exposed by inhalation, ethylene oxide 
increased the incidence of mononuclear-cell leukaemia and brain tumours in animals of 
each sex and of peritoneal mesotheliomas in the region of the testis and subcutaneous 
fibromas in males. Ethylene oxide produced local sarcomas in female mice following 
subcutaneous injection. In a limited study in female mice treated by skin application, no 
skin tumours were observed. 

5.4 Mechanistic and other relevant data 

Inhaled ethylene oxide is readily taken up by the lungs, is absorbed efficiently into the 
blood and is systemically distributed in rodents and in humans. Ethylene oxide is con-
verted by both enzymatic and non-enzymatic hydrolysis to ethylene glycol, which is 
excreted or further metabolized, and by conjugation with glutathione mediated by the 
polymorphic glutathione-S-transferase T1. Glycolaldehyde, which is potentially formed 
by further metabolism of ethylene glycol, can cause DNA–protein crosslinks and DNA 
strand breaks. A striking difference in the metabolism of ethylene oxide between rodents 
and humans is the predominance of the glutathione conjugation pathway in mice and rats, 
while the pathway initiated by enzymatic and non-enzymatic hydrolysis is of greater 
importance in humans. Simulations indicated that, in mice, rats and humans, about 80%, 
60% and 20%, respectively, would be metabolized via glutathione conjugation. Despite 
these differences, physiologically based pharmacokinetic models of uptake and metabo-
lism of ethylene oxide in the range of exposures used in rodent bioassays (100 ppm 
[180 mg/m3] and below) yielded simulated blood peak concentrations and areas under the 
curve that were similar for mice, rats and humans.  

Ethylene oxide is a direct-acting alkylating agent that forms adducts with proteins and 
DNA. Haemoglobin adducts have been used for biomonitoring purposes, in view of the 
significant correlation between cumulative exposure over 4 months (the lifespan of 
human erythrocytes) and levels of adducts in the haemoglobin of ethylene oxide-exposed 
workers. Endogenous hydroxyethyl adducts of haemoglobin and DNA are also found in 
both humans and experimental animals in the absence of known exogenous exposure to 
ethylene oxide. N7-Hydroxyethylguanine is quantitatively the major DNA adduct formed, 
but does not appear to be directly promutagenic. Minor promutagenic adducts proposed 
for ethylene oxide are either induced at very low levels or have not been shown to occur 
in humans or experimental animals. 
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Studies of workers exposed to ethylene oxide in hospital and factory sterilization units 
and in ethylene oxide manufacturing and processing plants have been fairly consistent in 
showing chromosomal damage in peripheral blood lymphocytes, which included sister 
chromatid exchange in 21 of 33 study groups, chromosomal aberrations in 18 of 24 study 
groups and micronucleus formation in four of 18 study groups. In ethylene oxide-exposed 
workers, the frequency of micronucleus formation was also elevated in the bone marrow 
in one study and in nasal mucosal cells in another study, but not in exfoliated buccal cells 
in two studies. In general, the degree of chromosomal damage was correlated with level 
and duration of exposure, and the majority of positive results were found in studies that 
evaluated individuals who were exposed to time-weighted average concentrations greater 
than 5 ppm [9 mg/m3] ethylene oxide. Elevated levels of chromosomal aberrations and 
micronucleus formation in peripheral blood lymphocytes have been associated with 
increased risks for cancer in humans. One study suggested an elevation in gene mutations 
in one of two groups of ethylene oxide-exposed workers. Several other biomarkers of 
DNA damage, which include unscheduled DNA synthesis, DNA single-strand breaks, 
premature centromere divisions and DNA–protein crosslinks, have been studied by only a 
few investigators. 

Collectively, the genotoxicity data in experimental systems consistently demonstrate 
that ethylene oxide is a mutagen and clastogen across all phylogenetic levels tested. 
Ethylene oxide induced unscheduled DNA synthesis, DNA strand breaks, gene mutation, 
sister chromatid exchange and chromosomal aberrations in cultured human cells, as well 
as mutations, chromosomal aberrations, micronucleus formation and cell transformation 
in rodent cells in vitro. It also induced gene mutation, specific locus mutation, sister chro-
matid exchange, chromosomal aberrations, micronucleus formation, dominant lethal 
mutation and heritable translocation in somatic and/or germ cells in rodents treated in 
vivo. Analogous genetic and related effects of ethylene oxide were observed in non-
mammalian systems. Unequivocal data show that ethylene oxide caused dose-related 
increases in point mutations in both reporter genes and cancer genes of multiple tissues 
from mice and rats exposed to 25–200 ppm [45–360 mg/m3] ethylene oxide, doses that 
encompassed all but the lowest concentration used in rodent cancer bioassays. In these in-
vivo studies, ethylene oxide was consistently a relatively weak point mutagen. Ethylene 
oxide induced sister chromatid exchange but not chromosomal aberrations or micro-
nucleus formation in rodents exposed by inhalation to concentrations that were used in 
carcinogenicity studies. In contrast, assays for the potential clastogenic effects of inha-
lation of this concentration range of ethylene oxide by rodents have not been performed 
uniformly in an optimal fashion. Rodent studies that were positive for clastogenicity 
following exposure to higher doses of ethylene oxide or via a less relevant route of ex-
posure may also be informative for a risk for chromosomal events under some exposure 
scenarios in ethylene oxide-exposed humans. With regard to the mode of action of 
ethylene oxide as a genotoxic carcinogen in rodents, there is clear evidence that point 
mutations in ras proto-oncogenes and the p53 tumour-suppressor gene (which are 
involved in a range of human cancers) are key events in the development of cancers, but 
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the role of chromosomal alterations as primary mutational events in the carcinogenicity of 
ethylene oxide in mice and rats is still uncertain.  

6. Evaluation and Rationale 

6.1 Carcinogenicity in humans 

There is limited evidence in humans for the carcinogenicity of ethylene oxide. 

6.2 Carcinogenicity in experimental animals 

There is sufficient evidence in experimental animals for the carcinogenicity of 
ethylene oxide. 

6.3 Overall evaluation 

Ethylene oxide is carcinogenic to humans (Group 1). 

6.4 Rationale 

In making the overall evaluation, the Working Group also took into consideration the 
following supporting evidence: 

(a) Ethylene oxide is a direct-acting alkylating agent that reacts with DNA. 
(b) Ethylene oxide induces a dose-related increase in the frequency of ethylene 

oxide-derived haemoglobin adducts in exposed humans and rodents. 
(c) Ethylene oxide induces a dose-related increase in the frequency of ethylene 

oxide-derived DNA adducts in exposed rodents. 
(d) Ethylene oxide consistently acts as a mutagen and clastogen at all phylogenetic 

levels. 
(e) Ethylene oxide induces heritable translocations in the germ cells of exposed 

rodents. 
(f) Ethylene oxide induces a dose-related increase in the frequency of sister 

chromatid exchange, chromosomal aberrations and micronucleus formation in 
the lymphocytes of exposed workers. 

(g) Prospective studies have shown that elevated levels of chromosomal aberrations 
and micronucleus formation in peripheral blood lymphocytes are associated with 
increased risks for cancer in humans. 
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VINYL CHLORIDE 

This substance was considered by previous IARC Working Groups in June 1974 
(IARC, 1974), February 1978 (IARC, 1979) and March 1987 (IARC, 1987). Since that 
time new data have become available, and these have been incorporated into the 
monograph and taken into account in the present evaluation. 

1. Exposure Data 

1.1 Chemical and physical data 

From IARC (1999), WHO (1999), IPCS-CEC (2000), Lide (2005), ATSDR (2006), 
Cowfer and Gorensek (2006) and O’Neil (2006), unless otherwise specified 

1.1.1 Nomenclature 

Chem. Abstr. Services Reg. No.: 75-01-4 
Chem. Abstr. Name: Chloroethene; chloroethylene; monochloroethylene; VC; VCM; 
vinyl C monomer 
RTECS No.: KU9625000 
UN TDG No.: 1086 (stabilized) 
EC Index No.: 602-023-00-7 
EINECS No.: 200-831-0 

1.1.2 Structural and molecular formulae and relative molecular mass 

 

 

 

 
C2H3C1      Relative molecular mass: 62.5 
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1.1.3 Chemical and physical properties of the pure substance 

(a) Description: Colourless gas 
(b) Boiling-point: –13 °C 
(c) Melting-point: –154 °C 
(d) Relative density: d2

4
 0 0.9106 (as liquid) 

(e) Relative vapour density: 2.2 (air = 1) 
(f) Refractive index: nD

20 1.3700 
(g) Spectroscopy data: Infrared, nuclear magnetic resonance and mass spectral data 

have been tabulated (Grasselli & Ritchey, 1975). 
(h) Solubility: Slightly soluble in water (1.1 g/L at 25 °C); soluble in ethanol; very 

soluble in ether, carbon tetrachloride and benzene 
(i) Volatility: Vapour pressure, 2530 mm Hg at 20 °C 
(j) Flash-point: –78 °C (closed cup) 
(k) Stability: The substance can, under specific circumstances, form peroxides and 

initiate explosive polymerization. The substance decomposes on burning to 
produce toxic and corrosive fumes (hydrogen chloride, phosgene).  

(l) Octanol/water partition coefficient: log Pow, 0.6 
(m) Auto ignition temperature: 472 °C 
(n) Explosion limit in air: 3.6–33% 
(o) Henry’s law constant: 18.8 at 20 °C 
(p) Conversion factor: mg/m3 = 2.6 × ppm1 

1.1.4 Technical products and impurities 

Vinyl chloride is generally supplied as a compressed liquefied gas. 

1.1.5 Analysis 

Several reviews of methods of sampling and analysis of vinyl chloride in the work-
place atmosphere, ambient air, water, water piping, food and cigarette smoke, and of 
polyvinyl chloride (PVC) are available (Environmental Protection Agency, 1975; 
Laramy, 1977; Egan et al., 1978). 

Several methods for the analysis of vinyl chloride in ambient air have been devel-
oped. The Environmental Protection Agency method TO-1 analyses volatile organic com-
pounds in ambient air using Tenax® and detection by gas chromatography (GS)–mass 
spectrometry (MS); method TO-14 analyses volatile organic compounds in ambient air 
using canister sampling followed by high-resolution GC (Environmental Protection 
Agency, 1999). 

                                                      
1 Calculated from: mg/m3 = (relative molecular mass/24.45) × ppm, assuming normal temperature (25 °C) and 
pressure (101.3 kPa) 
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A GC analytical method has been used since 1978 to determine vinyl chloride con-
centrations in foodstuffs and in vinyl chloride polymers and copolymers that are intended 
to come into contact with food (Directive 78-142-EEC; European Commission, 1978). 

The Department of Labor (1989) of the USA published the Occupational Safety and 
Health Administration method 75 that detects vinyl chloride in air with a reliable quan-
titation limit of 0.020 ppm [0.051 mg/m3]. More recently, Charvet et al. (2000) proposed 
the use of a solid-phase microextraction/GS/MS to analyse vinyl chloride in materials and 
aqueous samples. 

1.2 Production and use 

1.2.1 Production 

The most common method for the production of vinyl chloride monomer (VCM) is 
by thermal cracking of ethylene dichloride (1,2-dichloroethane). Over 95% of the VCM 
produced worldwide in 2006 was made by this method. A less common method is by 
hydrochlorination of acetylene (WHO, 1999; Cowfer & Gorensek, 2006). 

In the ethylene-based process, ethylene dichloride is synthesized by the reaction of 
elemental chlorine with ethylene over a catalyst. The crude ethylene dichloride is washed, 
dried and purified. Pure, dry ethylene dichloride is thermally cracked to produce VCM 
and hydrogen chloride. Hydrogen chloride recovered from the cracking of ethylene di-
chloride is recycled in the process via reaction with oxygen and ethylene over a copper 
catalyst to make more ethylene dichloride. This process is known as oxychlorination. 
VCM is purified by distillation, and side-products can be recovered for the manufacture 
of chlorinated solvents, or combusted or catalytically oxidized usually with recovery of 
hydrogen chloride (WHO, 1999; Cowfer & Gorensek, 2006). 

VCM was initially produced commercially by the acetylene-based process, in which 
acetylene (usually produced by the reaction of water with calcium carbide) is reacted with 
hydrogen chloride over a mercury-based catalyst. VCM is again purified by distillation 
(WHO, 1999; Cowfer & Gorensek, 2006). Acetylene-based plants continue to operate 
solely in China. In 2001, the chemical corporation Borden stopped production at its 
acetylene plant in Louisiana, USA (Borruso, 2006). 

The ethylene dichloride/VCM/PVC production chain represents the largest single 
consumer of chlorine (European Commission, 2003).  

Vinyl chloride has been produced commercially in the USA for over 70 years (Tariff 
Commission, 1928). In 1988, the production of vinyl chloride in the USA was 9.1 billion 
pounds [4.1 million tonnes] and increased to around 13.75 billion pounds [6.2 million 
tonnes] in 1993 (ACGIH Worldwide, 2005). In Taiwan, China, production has increased 
from 12 000 tonnes in 1971 (Luo et al., 1999) to 1.7 million tonnes in 2005 (Borruso, 
2006). 

In 1999, worldwide production capacity was around 30 million tonnes (SIDS, 2001). 
Worldwide production capacity of VCM in 2005 was 35 million tonnes (Dow Chemical 
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Company, 2007). Table 1 gives production levels in various countries and regions 
(Borruso, 2006). 

Table 1. World production capacity for vinyl chloride monomer in 2005  

Region/country Capacity (thousands of tonnes) 

North America  
 USA/Canada  8 934 
 Mexico    270 
South America  
 Brazil    635 
 Other    410 
Western Europe  6 650 
Central and eastern Europe  2 195 
Africa and the Middle East  1 557 
Asia  
 Japan  3 050 
 China  3 443 
 China, Province of Taiwan  1 710 
 Korea, Republic of  1 466 
 Other Asiaa  2 304 
Oceania      0 

Total 32 624 

From Borruso (2006) 
a Includes India, Indonesia, Korea (People’s Democratic Republic of), Malaysia and Thailand 

1.2.2 Use 

Vinyl chloride is used primarily (> 95%) in the manufacture of PVCs, which 
comprise about 12% of plastic usage (WHO, 1999). The largest use of PVC resins is in 
the production of plastic piping. Other important uses are in floor coverings, consumer 
goods, electrical applications and transport applications. About 1% of PVC capacity is 
used to produce vinyl chloride/vinyl acetate copolymer. Other minor uses of VCM 
include the manufacture of chlorinated solvents (primarily 10 000 tonnes per year of 
1,1,1-trichloroethane) and ethylene diamine production for the manufacture of resins 
(WHO, 1999; European Commission, 2003).  

Vinyl chloride has been used in the past as a refrigerant, as an extraction solvent for 
heat-sensitive materials, in the production of chloroacetaldehyde, as an aerosol propellant 
and in drug and cosmetic products; these uses were banned in the USA by the Environ-
mental Protection Agency in 1974 (ATSDR, 2006).  
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1.3 Occurrence  

1.3.1 Natural occurrence 

Vinyl chloride is not known to occur naturally.  

1.3.2 Occupational exposure 

According to the 1990–93 CAREX database for 15 countries of the European Union 
(Kauppinen et al., 2000) and the 1981–83 National Occupational Exposure Survey in the 
USA (NOES, 1997), approximately 40 000 workers in Europe and 80 000 workers in the 
USA were potentially exposed to vinyl chloride (see General Remarks). 

The major categories of industries that entail exposure to VCM in Europe comprise 
the manufacture of industrial chemicals (10 400 persons), plastic products (9100 persons) 
and other chemical products (7600) (Kauppinen et al., 2000). In the USA, the major cate-
gories of industries were the production of chemicals and allied products (15 400), 
business services (10 000) and the production of rubber and miscellaneous plastic 
products (9600) (NOES, 1997). 

The Finnish Register of occupational exposure to carcinogens reported that 90 
workers were notified as being exposed to vinyl chloride in 2004. This is below 0.01% of 
the 2.4 million people employed in Finland. Most of the exposed were employed in the 
chemical industry. The register is based on annual notifications of employers and its 
completeness is unknown (Saalo et al., 2006).  

In Taiwan, China, where production has increased dramatically in recent decades, 
thousands of workers could be exposed to VCM (Luo et al., 1999). 

The main route of occupational exposure is by inhalation, which occurs primarily in 
vinyl chloride/PVC plants and in PVC processing plants. Few measured exposure data 
have been reported but estimates from the chemical industry indicate that exposure to 
VCM amounted to several thousands of milligrams per cubic metre in the 1940s and 
1950s, and were several hundreds of milligrams per cubic metre in the 1960s and early 
1970s. After its recognition as a carcinogen, occupational exposure standards were set at 
approximately 13–26 mg/m3 [5–10 ppm] in most countries in the 1970s (Fleig & Thiess, 
1974; WHO, 1999). 

A report from the Centers for Disease Control and Prevention (CDC) in the USA 
concluded that the development and acceptance by the PVC industry of a closed-loop 
polymerization process in the late 1970s “almost completely eliminated worker expo-
sures” and that “new cases of hepatic angiosarcoma in vinyl chloride polymerization 
workers have been virtually eliminated” (CDC, 1997; see also Section 1.4). Even after the 
late 1970s, however, high concentrations were reported and may still be encountered in 
some countries (see Table 2). 
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Table 2. Levels of vinyl chloride reported in workplace air samples in vinyl chloride/polyvinyl chloride (PVC) 
production plants 

Reference Year of study Country Workplace Concentration (mg/m3) 

Filatova & Gronsberg (1957) NR Former USSR PVC producing plant 50–800 (occasionally 87 300) 

Anghelescu et al. (1969) 1965–67 Romania PVC production plant 112–554 

Baretta et al. (1969) NR  USA PVC plant ≤ 650 (weekly TWA) 

Fleig & Theiss (1974) 1974 Germany PVC production department < 65–81 

Ott et al. (1975) 1950–59 USA PVC plant ≤ 10 400; 13–2140 (8-h TWA) 

 1960–63   ≤ 1300; 13–620 (8-h TWA) 

Rowe (1975) 1973 USA Vinyl chloride/PVC plants ≤ 390 (TWA); peaks 2600–10 400 

Barnes (1976) ‘Early days’  United Kingdom PVC production plant (full-
time autoclave cleaner) 

7800 

Orusev et al. (1976) 1974   Former Yugoslavia PVC production plant > 195 

German Environmental 
Office (1978) 

1977  Germany PVC production plant 1.3–91 

Hansteen et al. (1978) 1974  Norway PVC plant 65 

Haguenoer et al. (1979) 1977–78 France PVC production plant 2.3–7.3 (range of monthly means) 

Heger et al. (1981) 1979 Germany PVC production plant 12 (12-h TWA, stationary); 
15.5 (12-h TWA, personal) 

Bao et al. (1988) 1981  China PVC production plant 9.9–229 

Holm et al. (1982) 1974–81 Sweden PVC production plant 0.26–114 (8-h TWA) 

 1974–80   0.26–5.7 (6-h TWA) 

Coenen (1986); BIA (1996) 1981–84  Germany 24 plants 3% of 33 samples > 5 (90th 
percentile, < 1) (shift means)  

 1989–1992  46 plants All of 117 samples < 5 (90th 
percentile < 0.1) (shift means) 
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Table 2 (contd) 

Reference Year of study Country Workplace Concentration (mg/m3) 

De Jong et al. (1988) 1976–77  The Netherlands PVC plant 2.6–26 (8-h TWA) 

Smulevich et al. (1988) Early 1950s  Former USSR Vinyl chloride/PVC plants 100–800 

Studniarek et al. (1989) 1974 
1975 
1976 
1977 
1978 
1979 
1981 
1982  

Poland Vinyl chloride/PVC plant 
(several departments) 

(30–600)a 
(30–270)a 
(15–60)a 
(6–150)a 
(1–30)a 
(1–15)a 
(0.1–36)a 
(0.1–12)a 

 1974 
1982 

 (autoclave cleaners) (990)a 
(9–180)a 

Fucic et al. (1990) NR  Croatia Plastics industry Mean, 13; 5200 (occasional peak) 

Hrivnak et al. (1990) NR Former 
Czechoslovakia 

NR 2–41 

Ho et al. (1991) 1976 
After 1983  

Singapore PVC production plant 2.6–54 (15.3)a 
≤ 26 (short-term) (3.9)a 

Pirastu et al. (1991) 1950–85  Italy Vinyl chloride/PVC plants < 13– ≥ 1300 

Dobecki & Romaniwicz 
(1993) 

1986 
1987 
1988 
1989 
1990 

Poland  Vinyl chloride synthesis 
mechanic, breathing zone  

21.3 
66.9 
43.7 
0.7 
0.2 

Viinanen (1993) 1981-85 
1986–89 
1993  

Finland PVC production plant, 
breathing zone 

1.6 (8-h TWA); range, < 0.3–57 
1.6 (8-h TWA); range, < 0.3–46 
0.3 (8-h TWA); range, < 0.3–26 
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Table 2 (contd) 

Reference Year of study Country Workplace Concentration (mg/m3) 

Gáliková et al. (1994) 1990–93  Russian Federation Vinyl chloride/PVC plant 
 Whole plant (16 probes) 
 Under the reactor 
 In compressor room 

 
1–9 (range of annual means) 
≤ 200 (range of annual means) 
≤ 400 (range of annual means) 

Rashad et al. (1994) NR  Egypt Vinyl chloride/PVC plant 0.05–18 (8-h TWA) 

Du et al. (1996) NR  Taiwan, China 5 PVC plants 
 15 different operation units 
 
 Outside reaction tankb 
 
 15 different job titles 
 
 Tank supplierb 

 
Range (114 samples), ND (0.13)–
1009 
Range (4 samples), 6–1009  
(mean, 296; median, 86) 
Range of TWA (85 samples), ND–
3680 
Range (9 samples), 5.7–3680  
(mean, 660; median, 23.7) 

Hozo et al. (1996, 1997) 1949–87  Croatia  Vinyl chloride/PVC plant Mean, 543; up to 1300 (peak) 

Zhu et al. (2005a) NR  China PVC plant Geometric mean, 7.1; range, 0.8–48.4 

Updated from WHO (1999) 
ND, not detected; NR, not reported; TWA, time-weighted average 
a Geometric means 
b Highest mean concentrations of vinyl chloride 
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(a) Production of vinyl chloride and its derivatives 

Measured levels of VCM concentrations in vinyl chloride/PVC production are sum-
marized in Table 2 (WHO, 1999). Only one recent study was found in which levels of 
exposure to vinyl chloride were reported (Zhu et al., 2005a).  

Zhu et al. (2005a) reported the exposure to VCM of workers in a plant in China. 
Ambient air levels of VCM at different worksites in the plant ranged from 0.3 to 
17.8 ppm [0.8–48.4 mg/m3]; the geometric average concentration was 2.6 ppm 
[7.1 mg/m3]. In another study in Taiwan, China (Du et al., 1996), the highest median 
concentration was reported for short-term exposure (15–40 min) of a tank cleaner was 
70 mg/m3 [27 ppm].  

In former socialist countries in eastern Europe, the stringent regulations for PVC 
production that were introduced in western Europe and the USA in the 1970s could not be 
met for socioeconomic reasons, and large plants with old-fashioned technologies con-
tinued to function with concentrations of VCM that remained at levels of former 
standards (Hozo et al., 1996).  

In vinyl chloride production, workers may be exposed to ethylene dichloride and to 
catalysts such as iron(III) chloride. In PVC production, concurrent exposure to PVC dust 
may occur (Casula et al., 1977). The polymerization inhibitor bisphenol-A has been 
reported to leach from polycarbonate flasks during autoclaving (Krishnan et al., 1993). 

(b) PVC processing  

Measured levels of VCM in plants where PVC was being processed are considerably 
lower than those in vinyl chloride and PVC producing plants (Table 3; WHO, 1999). 
Improvements in PVC production in the 1970s resulted in a much lower content of 
residual VCM in PVC resin. The lower monomer content led automatically to concen-
trations in the ambient air of PVC processing factories < 0.1 ppm [0.26 mg/m3] (Holm et 
al., 1982). 

In PVC processing, the polymer may be mixed with antixodants (such as 
p-nonylphenol), stabilizers (such as organic tin compounds), plasticizers (phthalates) and 
colouring agents (pigments) (reviewed in Summers, 2006) and occupational exposure to 
these compounds, as well as to PVC dust, may occur (Boraiko & Batt, 2005). 

1.3.3 Environmental occurrence 

(a) Ambient air 

Vinyl chloride has been reported in landfill gas and groundwater as a degradation 
product of chlorinated solvents that were deposited in landfills (WHO, 1999). 

In recent years, the industrial release of vinyl chloride into the air in the USA slowly 
decreased from 734 259 pounds [333 tonnes] in 2001 to 670 992 pounds [305 tonnes] in 
2002, 645 804 pounds [293 tonnes] in 2003, 653 837 pounds [297 tonnes] in 2004 and 
545 252 pounds [248 tonnes] in 2005 (National Library of Medicine, 2007). 
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Table 3.    Levels of vinyl chloride reported for workplace air samples in polyvinyl chloride (PVC) processing plants 

Reference Country Workplace Year Concentration (mg/m3) 

Bol’shakov (1969) Russia PVC processing plant (synthetic 
leather plant) 

Before 1966 < 114 

Fleig & Thiess (1974) Germany PVC processing department 1974 < 2.6–68 

Murdoch & Hammond (1977) United Kingdom PVC processing plants (cable 
factories) 

NR 0.4–0.9 

Holm et al. (1982) Sweden PVC processing plant 1974 < 0.26–0.8 

Bao et al. (1988) China PVC processing plant 1981–85 ≤ 30 

Solionova et al. (1992) Russia PVC processing plant (rubber 
footwear plant) 

Before 1990 0.007–1.26 

Lundberg et al. (1993) Sweden PVC processing plant 
Mixing 

 
Before 1975 
After 1975 

 
< 26 
<<< 26 

  Others  Before 1975 
After 1975 

< 13 
< 2.6 

Nelson et al. (1993) USA Automotive assembly plant(s) 1970s 0.13–7.8 (2 personal samples) 

BIA (1996) Germany Polymer extrusion (17 plants) 1989–92 All of 33 samples < 8 (90 percentile, 
< 0.15) (shift means) 

From WHO (1999) 
NR, not reported; TWA, time-weighted average 
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Atmospheric concentrations of VCM in ambient air are low (usually < 3 µg/m3). A 

monitoring programme in the 1970s that measured VCM in the air around vinyl chloride 
and PVC production plants found some relatively high concentrations of vinyl chloride in 
ambient air. Maximum 24-h average concentrations ranged from 0.32 to 10.6 ppm [0.8–
28 mg/m3]. Levels of VCM were much lower in the vicinity of PVC product manu-
facturing plants than near vinyl chloride and PVC production plants (Dimmick, 1981). 

(b) Accidental releases 

In June 1996, 10 of 18 tank wagons filled with vinyl chloride were derailed on the 
Magdeburg–Halle railway line just outside the Schönebeck station in Germany. One 
wagon exploded and four others ignited; 28 people received in-patient treatment in a 
nearby hospital and 268 others were treated as outpatients. Vinyl chloride concentrations 
of 0.06–8 ppm [0.16–20.8 mg/m3] were measured in residential areas. Almost 300 urine 
samples that were taken from rescue workers, residents and a control group were analysed 
for the vinyl chloride metabolite thiodiacetic acid. The measured values appeared to be in 
the range of those of unexposed people (Thriene et al., 2000). 

(c) Residues in PVC resin and products 

PVC products contain VCM as a residue from production (WHO, 1999). In a survey 
from 1976 to 1977, the following articles contained VCM at levels > 0.05 ppm 
[0.13 mg/m3]: bathroom tiles, piping, plastic bottles for table oil and kitchen wrapping 
film. The highest concentrations were found in vinyl music records. The VCM content of 
toys, kitchen utensils, food wrappings, wallpaper and car interiors was < 0.05 ppm 
(German Environmental Office, 1978). The introduction of improved manufacturing 
practices has considerably reduced the residual content of VCM in PVC products (WHO, 
1999).  

(d) Other occurrences 

VCM was identified in mainstream smoke of cigarettes (1.3–16 ng/cigarette) and 
cigars (14–27 ng/cigar). The measured levels correlated with chloride content of the 
tobacco (Hoffmann et al., 1976; IARC, 2004). 

There has been no report of vinyl chloride levels found in food, pharmaceutical or 
cosmetic products in recent years (WHO, 1999). 

1.4 Regulations and guidelines 

Historically, the American Conference of Government Industrial Hygienists threshold 
limit values (ACGIH TLV) were lowered from a maximum allowed concentration–
time-weighted average (MAC–TWA) of 500 ppm in 1946–47 to a TLV–TWA of 200 
ppm in 1972. In 1978–79, the carcinogenic classification A1c was added. In 1980, a 
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TLV–TWA value of 5 ppm was recommended together with the carcinogen classification 
of A1c, which changed to A1a and then to A1 in 1987. In 1999, a TLV–TWA value of 1 
ppm was accepted with the A1 carcinogen classification (ACGIH, 2001). 

Many countries, regions or organizations have established exposure guidelines for 
vinyl chloride in the workplace (Table 4). 

The international, national and state regulations and guidelines regarding vinyl 
chloride in air, water and other media have been summarized by ATSDR (2006).  

Since 1978, the European Union has controlled the presence of vinyl chloride in 
polymers and copolymers that are intended to come into contact with food (78/142/EEC; 
European Commission, 1978). 

 

Table 4. Exposure guidelines for vinyl chloride in the workplace  

Country/region or 
organization 

TWA 
(ppm)a 

STEL (ppm)a Carcinogenicityb Notes 

Australia 5  1  
Belgium 3  Ca  
Brazil  156 (ceiling)   
Canada 
 Alberta 

 
1 

   

 British Columbia 1  1 ALARA 
 Ontario 1    
 Quebec 1 5 A1 Recirculation prohibited 
China  10 mg/m3 25 mg/m3  STEL based on ultra 

limit coefficient 
China, Hong Kong SAR 5  A1  
Czech Republic 7.5 mg/m3 15 mg/m3   
Finland 3   MAC 
Germany-MAK   1  
Ireland 3  Ca1  
Japan-JSOH  2.5 (ceiling) 1  
Malaysia 1   Medical surveillance is 

appropriate 
Mexico 5  A1  
Netherlands  7.77 mg/m3  Ca  
New Zealand 5   A1  
Norway 1  Caa  
Poland  5 mg/m3 30 mg/m3 Ca  
South Africa-DOL-RL 7    
Spain 3  Ca1  
Sweden 1 5 Ca Skin 
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Table 4 (contd) 

Country/region or 
organization 

TWA 
(ppm)a 

STEL (ppm)a Carcinogenicityb Notes 

United Kingdom 3  R45  
USA 
 ACGIH 

 
1 

  
A1 

 

 NIOSH REL   Ca  
 OSHA PEL 1 5  STEL is an average not 

to exceed 15 minutes 

From ACGIH Worldwide (2005) 
ACGIH, American Conference of Governmental Industrial Hygienists; ALARA, as low as reasonably 
achievable; DOL-RL, Department of Labour-recommended limit; JSOH, Japanese Society of 
Occupational Health; MAC, maximum acceptable concentration; MAK, maximum allowed 
concentration; NIOSH, National Institute of Occupational Safety and Health; OSHA, Occupational 
Safety and Health Administration;  PEL, permissible exposure limit; REL, recommended exposure limit; 
STEL, short-term exposure limit; TWA, time-weighted average 
a Unless otherwise specified 
b 1, established human carcinogen/substance which causes cancer in humans/carcinogenic to humans; 
Ca, Carcinogen/substance is carcinogenic; Caa, potential cancer-causing agent; A1, confirmed human 
carcinogen; Ca1, substance known to be carcinogenic to humans; R45, may cause cancer 

2. Studies of Cancer in Humans 

2.1 Case reports  

A case report of three cases of angiosarcoma of the liver in men who had been 
employed in the manufacture of PVC resins provided the first evidence of an association 
between vinyl chloride and cancer in humans (Creech & Johnson, 1974). The case report 
was particularly informative because of the rarity of the tumour. Case reports of hepato-
cellular carcinoma in workers exposed to vinyl chloride have been published since the 
mid-1970s in France (Saurin et al., 1997), Germany (Gokel et al., 1976; Koischwitz et al., 
1981; Dietz et al., 1985; Lelbach, 1996; Weihrauch et al., 2000), China (Hong Kong 
SAR) (Evans et al., 1983), Italy (Pirastu et al., 1990), Japan (Makita et al., 1997) and the 
USA (Bond et al., 1990).  
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2.2 Methods and main results of epidemiological cohort studies of workers 
exposed to vinyl chloride  

Two epidemiological multicentric investigations of workers who were employed in 
the vinyl chloride industry have been carried out: one in North America and one in 
Europe. In addition to reports that related to these cohorts in their entirety, a number of 
studies reported findings from individual subcohorts. In this section, results for subcohorts 
are described only when they provide important information that is not available in 
analyses of the full cohorts. Six cohort studies have also been reported in addition to and 
separately from the two multicentric investigations. 

2.2.1 North American multicentric study 

The North American multicentric cohort was originally assembled under the sponsor-
ship of the Chemical Manufacturers’ Association (now known as the American Chemis-
try Council). The first published report of this study (Cooper, 1981) included 10 173 
workers from 37 plants, whose vital status was updated through to 31 December 1972. 
Among the 37 plants included in the study, 11 plants with 1214 workers produced only 
VCM, 18 plants with 6848 workers produced only PVC, three plants with 935 workers 
produced both VCM and PVC and five plants with 1176 workers produced homo-
polymers and copolymers. To be eligible for inclusion into the cohort, male employees at 
the 37 participating plants were required to have been exposed to VCM for at least 1 year 
before 31 December 1972 and to have been employed in or after 1942. The time at which 
the employees were included in the study depended on the date at which the plant where 
they worked began making or using VCM and the earliest date at which personnel 
records were complete for all employees, whichever was later. A second major follow-up 
of this cohort was published by Wong et al. (1991), at which time vital status had been 
updated through to 31 December 1989; this update included 10 173 individuals who satis-
fied the original entry criteria for this study. A third major update included the same 
eligibility criteria; after minor corrections to study records, 10 109 subjects were included 
in the analysis and vital status was updated through to 31 December 1995 (Mundt et al., 
2000). On the basis of state reference rates, the standardized mortality ratio (SMR) was 
0.83 (95% confidence interval [CI], 0.80–0.86) for all causes, 0.96 (95% CI, 0.90–1.03) 
for all malignant neoplasms and 3.59 (80 deaths; 95% CI, 2.84–4.46) for cancer of the 
liver and biliary tract. Results for cancer at other sites were given for brain and central 
nervous system (36 deaths; SMR, 1.42; 95% CI, 1.00–1.97), lung (303 deaths; SMR, 
0.82; 95% CI, 0.73–0.92), lymphatic and haematopoeitic tissue (71 observed; SMR, 0.86; 
95% CI, 0.67–1.08), lymphosarcoma and reticulosarcoma (International Classification of 
Diseases (ICD)-9 code 200; 12 deaths; SMR, 1.20; 95% CI, 0.62–2.09) and skin (ICD-9 
code 172–173; 12 deaths; SMR, 0.64; 95% CI, 0.33–1.12).  

A separate analysis for a plant located in Louisville, KY (USA), that was included in 
the multicentric cohort was published by Lewis et al. (2003). The plant was the site at 
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which an excess of deaths from angiosarcoma had first been detected in workers exposed 
to vinyl chloride; it had opened in 1942 and has produced VCM, PVC resin and nitrile 
rubber copolymers. Among 2200 workers who had been employed for at least 1 year in 
jobs that entailed exposure to VCM in 1942–72 and who were followed-up during 1942–
95, mortality from all causes was below that expected (903 deaths versus 1008.8 ex-
pected; SMR, 0.88), while that for all cancers combined was above expectation (264 
deaths versus 248.2 expected; SMR, 1.06); mortality from cancer of the liver and biliary 
tract was also greater than that expected (24 deaths versus six expected; SMR, 4.00).  

A subsequent study at this plant compared the exposure histories of cases of liver 
angiosarcoma and brain cancer with those of 1817 workers who had been exposed for at 
least 1 year and had been hired before 1967 (Lewis & Rempala, 2003). Exposure 
variables included history of employment in various PVC and nitrile rubber production 
buildings, ranked peak exposure to VCM and estimated cumulative exposure to VCM, 
acrylonitrile (IARC, 1999), 1,3-butadiene (see this volume) and styrene (IARC, 2002). In 
a nested case–control study, each case was individually matched to controls by year of 
birth, year of hire and duration of employment. The matched case–control analysis con-
sidered ranked exposure to VCM, vinylidene chloride (IARC, 1999), vinyl acetate 
(IARC, 1995), PVC, acrylonitrile (IARC, 1999), 1,3-butadiene (see this volume) and 
styrene (IARC, 2002). The occurrence of angiosarcoma was strongly associated with 
exposure to vinyl chloride but not with exposure to the other chemicals; the risk for brain 
cancer was highest among workers who had been hired before 1950 but was not 
associated with exposure to vinyl chloride.  

2.2.2 European multicentric study 

The European multicentric cohort was conducted in four countries (Italy, Norway, 
Sweden and the United Kingdom). The first report of the study results (Simonato et al., 
1991) included follow-up of vital status through to 31 December 1986; an update of the 
study (Ward et al., 2001) analysed incidence and mortality through to the latest year for 
which data were available in each country, which ranged between 1993 and 1997. The 
study included a total of 19 factories; 11 of these produced VCM/PVC, two produced 
VCM only, five produced PVC only and one was a PVC processing plant. Male workers 
who had been employed for at least 1 year in 1942–72 in jobs that entailed exposure to 
VCM were included. The observation period for the cohort began in 1955, the year for 
which reference rates were first available. The most recent report provided updated 
information on vital status for 17 of the 19 factories and on cancer incidence for 13 
factories in three countries. In addition, results for most of the national cohorts were 
published separately (Byren et al., 1976; Fox & Collier, 1977; Molina et al., 1981; 
Heldaas et al., 1984, 1987; Jones et al., 1988; Hagmar et al., 1990; Pirastu et al., 1990, 
1998; Langărd et al., 2000). 

Of the 12 700 men included in the updated analysis of the full cohort (Ward et al., 
2001), 9688 (76.3%) were alive (range by country, 66–89%), 2665 (21.0%; range by 
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country, 10–33%) had died, 63 (0.5%) were lost to follow-up and 284 (2.2%) had 
emigrated. Overall, the follow-up was 97.3% complete. 

Age- and calendar period-specific (men only) national mortality rates were used as 
the reference for the SMR analysis. These were computed using the WHO mortality 
database, in which only three-digit ICD codes have been stored consistently since 1955. A 
search for the best available data for a diagnosis of liver cancer was conducted by 
reviewing all available documentation. For Sweden and Norway, this included histology 
on the death certificate, if noted, and morphology coded by the cancer registry. For Italy, 
where cancer registry data were not available, information was obtained from the death 
certificate or from medical records. In the United Kingdom, sources of histological diag-
nosis included the death certificate, cancer registry, medical records and a registry of 
angiosarcomas developed by the Health and Safety Executive (Baxter, 1981). Records of 
cases of liver cancer from all of the countries were also matched by indirect identifiers to 
records of an angiosarcoma registry maintained by the Association of European Plastics 
Manufacturers (Forman et al., 1985). 

Analysis by production process was based on the type of plant. The majority of 
workers (8032) were employed in mixed VCM/PVC production facilities, followed by 
PVC production (3047), PVC processing (1353) and VCM production (206). Calendar 
period-specific job–exposure matrices were provided by industrial hygienists for 13 of the 
19 factories, and matrices that provided job- and calendar time-specific estimates of 
exposure to vinyl chloride in parts per million were created. Each job–exposure matrix 
was checked and validated as being generally accurate by two other industrial hygienists, 
one from Sweden and one from the United Kingdom, both of whom had had several 
years of experience in the vinyl chloride industry. 

In general, exposure estimates for the study plants were highest in the earliest years of 
operation. For example, estimates of exposure to VCM in the highest exposure categories, 
including reactor operators, were as high as > 500 ppm [> 1300 mg/m3] in 1950–65 in 
several of the Italian plants, 2000 ppm [5200 mg/m3] in 1950–54 in a Norwegian plant, 
approximately 3000 ppm [7800 mg/m3] in 1940–44 in one of the Swedish plants and 
770 ppm [2000 mg/m3] in 1944–50 in one of the British plants. Exposure estimates for 
high-exposure jobs in the 1960s were substantially lower in most plants, and the majority 
were below 200 ppm [520 mg/m3]. By the mid-1970s, very few plants had estimated ex-
posures > 5 ppm [> 13 mg/m3]. Exposure variables in the analysis were autoclave worker 
(ever/never), duration of employment, and ranked level of exposure and cumulative ex-
posure to VCM in air in ppm–years. Exposures to vinyl chloride in the study plants were 
estimated to be < 1 ppm [< 2.6 mg/m3] for all jobs between 1976 and 1988. Most factories 
had a specific job category for autoclave workers, and the classification of individuals as 
‘ever autoclave worker’ was based on ever having held a job in this category. For these 
workers, three categories were created: 1, known to have been an autoclave worker; 2, not 
known to have been an autoclave worker, and from a factory with a specific job code for 
autoclave worker; and 3, from a factory in which work as an autoclave worker could not 
be determined. 
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In addition to the job–exposure matrix with job- and calendar time-specific estimated 
exposures to vinyl chloride in parts per million, an index of ranked level of exposure was 
developed. Classification of subjects in this index was based on the maximum exposure 
level for any job held by an individual, based on the job- and the calendar time-specific 
exposure estimates given for that job in the job–exposure matrix. In order to examine the 
potential association of exposure to PVC dust with lung cancer and non-malignant respi-
ratory disease, stratified analyses were conducted for those workers who had only, ever or 
never been employed in curing, filtering and packing jobs. 

Using national mortality and incidence rates as the reference, mortality from all 
causes (SMR, 0.85; 95% CI, 0.82–0.88) and from all cancers (SMR, 0.99; 95% CI, 0.93–
1.06) was below the reference, as was total cancer incidence (standardized incidence ratio 
[SIR], 0.85; 95% CI, 0.79–0.91). An increase in the occurrence of primary liver cancer 
was observed (53 deaths and 29 incident cases; SMR, 2.40; 95% CI, 1.80–3.14; SIR, 
3.98; 95% CI, 2.67–5.72). From the best available data on diagnosis, 71 cases of liver 
cancer were identified and used in the internal analysis for latency, duration of employ-
ment, cumulative exposure and employment as autoclave cleaner. On the same basis, 37 
cases of angiosarcoma and 10 cases of hepatocellular carcinoma were ascertained for 
which detailed analyses of latency, duration of exposure, cumulative exposure and ever 
versus never having worked as an autoclave cleaner were conducted. The results of these 
internal analyses are presented in Section 2.3. Results for other cancer sites (Ward et al., 
2001) were: brain cancer — SMR, 0.93 (24 deaths; 95% CI, 0.60–1.39) and SIR, 0.91 (19 
cases; 95% CI, 0.55–1.42); lung cancer — SMR, 0.95 (272 deaths; 95% CI, 0.84–1.07) 
and SIR, 0.80 (154 cases; 95% CI, 0.68–0.94); and lymphatic and haematopoeitic cancer 
— SMR, 0.94 (62 deaths; 95% CI, 0.72–1.21) [SIR not reported]; no significant excess 
was reported in any category of leukaemia or lymphoma. A non-significantly elevated 
SMR was found for malignant melanoma (15 deaths; SMR, 1.60; 95% CI, 0.90–2.65) but 
the analysis of incidence did not show an excess (18 observed cases; SIR, 1.06; 95% CI, 
0.63–1.68) (Ward et al., 2001). Results of internal analyses for selected sites are presented 
in Sections 2.3–2.9. 

The European study found evidence of a significant association between exposure to 
VCM and mortality from liver cirrhosis. The relative risks for cumulative exposures of 
< 524 (reference), 524–998, 999–3429, 3430–5148 and ≥ 5149 ppm–years were 1.00, 
9.38 (eight cases; 95% CI, 3.52–25.0), 4.01 (nine cases; 95% CI, 1.55–10.4), 9.77 (eight 
cases; 95% CI, 3.66–26.1) and 8.28 (nine cases; 95% CI, 3.15–21.8), respectively.  

In a Swedish study of 2031 workers employed for ≥ 3 months in a PVC processing 
plant during 1961–80 (Hagmar et al., 1990), mortality and cancer incidence in 1961–85 
were studied; vital status was established for 95.5% of cohort members. Work activities 
were classified for estimated exposure to VCM as none, low, moderate or high. The 
cohort was later included in the European multicentric study. The incidence of all cancers 
was higher than expected (SIR, 1.16; 95% CI, 0.99–1.36). Two incident cases of cancer 
of the liver and biliary tract were observed among workers with 10 or more years latency, 
an incidence that was higher than expected (SIR, 2.44; 95% CI, 0.30–8.80).  
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A Swedish cohort of 717 workers who had been employed for ≥ 3 months in three 
PVC processing plants in 1964–74 was followed up for mortality in 1964–86 and for 
incidence of disease in 1964–84; work activities were classified as having high, inter-
mediate or low potential exposure to VCM and national reference rates were used for 
comparison. Mortality from all causes was as expected (SMR, 1.0; 95% CI, 0.8–1.2), and 
no cases of liver cancer were observed (Lundberg et al., 1993).  

A prospective follow-up study of French VCM workers was initiated in 1980 
(Laplanche et al., 1992). The study population included exposed and unexposed workers 
from 12 plants; 1096 employees, aged 44–55 years, had been exposed to VCM in 1980–
81 or earlier and were free of disease at the time of enrolment; the unexposed group 
included 1093 employees who were individually matched to the exposed group by age, 
plant and plant physician. Interviews and data collection were conducted by plant physi-
cians. Occupational and medical histories, parental history of cancer, employment status, 
nationality, tobacco smoking status and alcoholic beverage consumption were recorded. 
The follow-up period ended in December 1988. During the study period, 20 deaths from 
cancer were observed among the exposed and 22 among the unexposed. Cancer mor-
bidity was higher among the exposed (38 cases observed) than the unexposed (32 cases 
observed; relative risk, 1.3; 95% CI, 0.8–2.1).  

In an Italian plant in Porto Marghera that was included in the European multicentric 
study, an internal analysis was completed with mortality follow-up for 1972–95 and 
employment histories for 1972–85 (Gennaro et al., 2003). The relative risks for mortality 
from all causes and all cancers for autoclave workers versus all other workers were 1.32 
(11 deaths; 95% CI, 0.55–3.15) and 1.09 (six deaths; 95% CI, 0.36–3.31), respectively; an 
increase was also observed for mortality from liver cancer (four deaths; relative risk, 9.57; 
95% CI, 1.69–54.1).  

In the same plant, mortality and occupational history were updated until 1999 (Pirastu 
et al., 2003). On the basis of job- and time-specific exposure estimates, cumulative 
exposure was calculated and classified into six exposure categories (0–735, 735–2379, 
2379–5188, 5188–7531 and 7531–9400 ppm–years); employment as an autoclave worker 
(ever/never) was also considered in the analyses. Data (clinical and pathological) that 
gave the best diagnosis were used to identify cases of liver angiosarcoma and hepato-
cellular carcinoma. Regional rates were used as a reference, mortality from primary liver 
cancer was determined and internal analyses for duration, latency and exposure were 
completed. A comparison of mortality in the cohort with local reference rates was made 
for all causes (SMR, 0.75; 90% CI, 0.68–0.83) and all cancers (SMR, 0.94; 90% CI, 
0.81–1.09), both of which were lower than expected. For all causes, the analysis by time 
since leaving employment and adjusted for latency showed that the SMR in the first year 
after leaving employment was 2.76 (90% CI, 1.94–3.91). Mortality rates for liver angio-
sarcoma (six cases) increased with latency and cumulative exposure; no cases were asso-
ciated with duration of employment of < 12 years, latency of < 10 years or cumulative 
exposure of < 2379 ppm–years. Mortality rates for hepatocellular carcinoma (12 cases) 
and liver cirrhosis (20 cases) showed a similar pattern.  
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A cross-sectional study in the same plant examined occupational and non-occupa-
tional risk factors for cirrhosis of the liver and hepatocellular carcinoma among 13 indi-
viduals who had liver cancer (eight confirmed histologically), 40 individuals who had 
liver cirrhosis (24 confirmed histologically) and 139 referents who had been examined in 
a medical surveillance programme in 1999–2002 and were found not to have had any 
evidence of liver disease or cancer at any site (Mastrangelo et al., 2004). Among the 13 
cases of hepatocellular carcinoma, 11 also had liver cirrhosis and were included in both 
groups. [The Working Group noted that it was not clear how the 139 referent subjects 
with no evidence of liver disease were selected from among the 643 persons examined in 
the medical surveillance programme.] Exposure to VCM was evaluated using a job–
exposure matrix developed by Pirastu et al. (1990); history of alcoholic beverage con-
sumption was ascertained from clinical or health surveillance records and chronic infec-
tion with hepatitis B (HBV) or hepatitis C virus was examined by serological markers. An 
association between exposure to VCM and both liver cirrhosis and hepatocellular carci-
noma was found with much higher odds ratios among those exposed to multiple risk 
factors.  

2.2.3 Other studies 

A proportionate mortality study of workers employed in 1964–73 at 55 PVC pro-
cessing plants in the USA used national mortality rates for comparison; six deaths from 
primary liver cancer were observed versus an expected 4.19 (Chiazze & Ference, 1981).  

Thériault and Allard (1981) compared the mortality of a small cohort of 451 male 
workers who had been employed for 5 or more years in 1948–72 in a Canadian VCM 
production and polymerization plant with that of a group of 870 workers who had been 
employed for ≥ 5 months at a nearby industrial complex that was not involved in the 
production of VCM or PVC and who were considered to be unexposed, and also with the 
mortality of the Québec general population in 1971. Occupational histories were obtained 
by interview either at home or at work with the worker himself or his next of kin. Vital 
status was ascertained as at the end of 1977. The relative risk for exposed versus un-
exposed workers for mortality from all causes was 1.48 (95% CI, 0.84–2.61). Eight cases 
of liver cancer were observed with only 0.14 expected in comparison with the general 
population; all of these were angiosarcomas. Two deaths from cancer of the ‘bone, skin, 
connective tissue’ (ICD codes 170–173) were observed compared with 0.38 expected.  

Weber et al. (1981) reported findings in a historical cohort of 7021 VCM/PVC 
production workers in Germany. The cohort included German and Austrian men who had 
been employed from the beginning of VCM/PVC production in all German plants [no 
details given] to the end of 1974. Vital status and follow-up for cause of death [methods 
not described] were 93.2% and 92.7% complete, respectively. Mortality rates of the West 
German male population were used as the reference. To calculate expected numbers for 
person–years of observation before 1968, rates from 1968 were used. A method described 
by Tabershaw and Gaffey (1974) was used to take into account unknown causes of 



330 IARC MONOGRAPHS VOLUME 97  

 

deaths. No information on exposure levels was available. The SMRs for mortality from 
all causes, all cancers and liver cancer (ICD-8 155) were 0.95 (414 deaths), 1.12 (94 
deaths) and 15.23 (12 deaths), respectively. [The Working Group noted that an earlier 
cohort studied by Frentzel-Beyme et al. (1978) appeared to be included in this cohort.] 

Smulevich et al. (1988) conducted a cohort study at the oldest PVC plants in the 
former Soviet Union. Overall, 3232 workers (2195 men) were identified as having held 
jobs that entailed exposure to VCM. Exposure levels were greater than 300 mg/m3 
[115 ppm] for part of the cohort [number unspecified]. Expected deaths were computed in 
strata of age (15–74 years) from death rates in the same city, based on follow-up for the 
years 1939–77. The total number of deaths was not in excess in the cohort. The SMR for 
all cancer was 1.07 (63 deaths). No cases of liver cancer were observed. The proportion of 
the cohort that was ever exposed to the highest estimated levels of VCM was not 
reported; however, 40 of 63 cancer deaths occurred in the high-exposure category. A 
statistically significant excess (p < 0.05) was detected for leukaemias and lymphomas 
(five deaths; SMR, 4.17), while excess mortality from for pancreatic cancer in both sexes 
(SMR, 1.43) and skin cancer (both melanoma and non-melanoma) in men (SMR, 1.67) 
were not statistically significant. Histological confirmation of causes of death was avail-
able for 60% of the cancer cases. A significant increase in the occurrence of lymphomas 
and leukaemias (seven deaths; SMR, 6.36) was noted at the highest level of exposure 
(p < 0.05). Although the number of cohort members per exposure level was not reported, 
28 cancer deaths occurred in the highest-exposure group, 15 in the intermediate (30–
300 mg/m3 [11.5–115 ppm])-exposure group and one in the lowest (< 30 mg/m3 
[11.5 ppm])-exposure group. [The Working Group noted that few details were provided 
on the methods used for the computation of expected numbers of deaths.] 

Du and Wang (1998) conducted a proportionate morbidity study in Taiwan, China, at 
five PVC plants that were operational in 1989–95. The 2224 workers who had been 
exposed to VCM (97% of the total) and who were traced were compared with two other 
cohorts who were unexposed to VCM—one of optical workers and one of motorcycle 
manufacturers (work histories were ascertained from records of the Labour Insurance 
Bureau). Hospital admissions for cancer at several sites were compared with admissions 
for cardiovascular and cerebrovascular disease as reference conditions and morbidity odds 
ratios were calculated. An excess of primary liver cancer was noted (morbidity odds ratio, 
4.5; 95% CI, 1.5–13.3; or 6.5; 95% CI, 2.3–18.4, depending on the comparison cohort). 
An excess of deaths from haematopoietic cancer (morbidity odds ratio, 3.4; 95% CI, 1.0–
11.8) was seen. Overall, 12 cases of primary liver cancer were observed in the PVC 
workers, including six hepatocellular carcinomas and six with unknown histology. [The 
Working Group noted that in a morbidity study, as in a proportionate mortality study, risk 
estimates may be influenced by differences in the occurrence of the reference diseases as 
well as those of the disease of interest.] 

Wong, O. et al. (2002) conducted a retrospective mortality study of a cohort of 
workers from six vinyl chloride polymerization factories in Taiwan, China. A total of 
3293 male workers met the eligibility criteria for the study: they must have been em-
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ployed for at least 1 year between 1 January 1950 and 31 December 1992 and have been 
alive on 1 January 1985. The workers were followed for ascertainment of vital status from 
1 January 1985 to 31 December 1997 through a national mortality registry. More than 
99% of the study subjects was successfully traced using this method, and the remaining 
1% was excluded from the analysis. SMRs were estimated using national rates for men as 
the reference. Exposure to VCM was estimated to be about 500 ppm [1300 mg/m3] in the 
1960s based on a previous report (Du et al., 2001). The SMR for all causes was 0.78 
(95% CI, 0.65–0.91) and the number of deaths from for all cancers combined was greater 
than that expected (SMR, 1.30; 95% CI, 0.99–1.69). A significant excess of mortality 
from liver cancer was observed in this study (25 cases; SMR, 1.78; 95% CI, 1.15–2.62). 
None of the deaths from liver cancer appeared to be due to angiosarcoma, although 
diagnosis of primary liver cancer was only histologically confirmed for five cases.  

A study on risk factors for hepatocellular carcinoma was conducted at six PVC 
polymerization plants in Taiwan, China, an area that has a high prevalence of chronic 
HBV and hepatitis C virus infection and an associated high incidence of hepatocellular 
carcinoma (Wong et al., 2003a). Among a cohort of 4096 workers, 25 cases of liver 
cancer were diagnosed in 1985–97. Of the 18 cases of liver cancer for whom medical 
records were available, all were considered to be hepatocellular carcinomas, although 
only five were confirmed histopathologically. Four control subjects were selected from 
among a pool of eligible workers who had known HBV status, no evidence of liver 
disease and provided information on questionnaires. Indices of exposure to VCM were 
developed based on job titles. HBV surface antigen (HBsAg)-negative subjects with 
history of tank cleaning had a 4.0-fold greater risk for liver cancer (95% CI, 0.2–69.1). 
HBsAg carriers with no history of tank cleaning had a 25.7-fold (95% CI, 2.9–229.4) 
increased risk, whereas the HBsAg carriers with a history of tank cleaning had the 
greatest risk (odds ratio, 396.0; 95% CI, 22.6–∞), which suggested an interaction between 
occupational exposure to VCM and HBV infections for the development of liver cancer.  

A meta-analysis of cohort studies of vinyl choride-exposed workers that had been 
published up to 2002 was conducted (Boffetta et al., 2003). The meta-analysis was based 
on eight independent studies, two multicentric investigations (Mundt et al., 2000; Ward et 
al., 2001) and six smaller additional studies (Thériault & Allard, 1981; Weber et al., 
1981; Smulevich et al., 1988; Laplanche et al., 1992; Huang, 1996; Wong, O. et al., 
2002). For a selection of cancer sites, a meta-SMR and 95% CIs were calculated using a 
random-effects model when the p-value for the test for heterogeneity was ≥ 0.01. Six of 
eight studies reported results for liver cancer, but these were considered to be too hetero-
geneous to be included in a meta-analysis because, for both liver cancer overall and for 
liver cancer other than angiosarcoma, the p value for heterogeneity was < 0.001. For the 
two multicentric studies (Mundt et al., 2000; Ward et al., 2001), the lack of heterogeneity 
allowed the calculation of meta-SMRs of 2.96 (95% CI, 2.00–4.39) for liver cancer 
overall (p value for heterogeneity = 0.03) and 1.35 (95% CI, 1.04–4.39) for liver cancer 
other than angiosarcoma (p value for heterogeneity = 0.7). [The Working Group noted 
that the meta-analysis did not evaluate the quality of the studies and that some 
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heterogeneity between studies may have resulted from variable data quality. Excluding 
one study in China, other studies reported SMRs that ranged from 1.78 (95% CI, 1.15–
2.62) to 57.1 (95% CI, 24.6–113) for liver cancer overall and from 1.27 (95% CI, 0.84–
1.83) to 10.1 (95% CI, 4.37–20.0) for liver cancer other than angiosarcoma.]  

2.3 Cancer of the liver 

2.3.1 Cohort studies (Table 5) 

(a) North American multicentric study  

The most recent update of the multicentric cohort study of men in the North Amer-
ican vinyl chloride industry (Mundt et al., 2000) and reports relative to previous follow-
up periods for the same cohort (Tabershaw & Gaffey, 1974; Cooper, 1981; Wong et al., 
1991) found, on the basis of state reference rates, an SMR for cancer of the liver and 
biliary tract of 3.59 (80 deaths; 95% CI, 2.84–4.46). SMRs increased with increasing 
duration of exposure: 0.83 (95% CI, 0.33–1.71), 2.15 (95% CI, 1.03–3.96), 6.79 (95% CI, 
4.83–9.29) and 6.88 (95% CI, 4.40–10.23) for 1–4, 5–9, 10–19 and ≥ 20 years, respec-
tively; and latency: 2.87 (95% CI, 1.31–5.44), 3.23 (95% CI, 2.00–4.93) and 4.34 (95% 
CI, 3.22–5.72) for 10–19, 20–29 and ≥ 30 years, respectively. In the Cox’s proportional 
hazard model, duration of exposure had the strongest independent and significant effect in 
comparison with age and year of first exposure; adjusting for age and year of first ex-
posure, and using 1–4 years as the reference, the relative risk values for 5–9, 10–19 and 
≥ 20 years of duration were 2.8 (95% CI, 1.0–7.3), 9.0 (95% CI, 4.0–20.7) and 6.0 (95% 
CI, 2.5–14.4), respectively. For a total of 48 cases of angiosarcoma identified from both 
death certificates and the World Angiosarcoma Registry, Cox’s proportional hazard anal-
ysis, adjusting for age and year of first exposure, showed an increase in risk for increasing 
duration of exposure: using 1–4 years duration as the reference, the relative risks for 5–9, 
10–19 and ≥ 20 years of duration were 3.7 (95% CI, 0.9–14.7), 15.9 (95% CI, 4.6–54.8) 
and 9.7 (95% CI, 2.6–36.4), respectively. [It is not known whether the 32 deaths from 
liver cancer that were not identified as angiosarcoma were angiosarcoma or hepatocellular 
carcinoma; however, the number of expected deaths from liver and biliary tract cancer 
was 22.30.] 

In a separate analysis of one plant located in Louisville, KY (USA), that was included 
in the multicentric cohort (Lewis et al., 2003), mortality from cancer of the liver and 
biliary tract was higher than that expected on the basis of local rates (24 observed deaths 
versus six expected; SMR, 4.00). The analysis showed that SMRs for cancer of the liver 
and biliary tract increased with increasing duration of exposure (durations of 10–19 and 
≥ 20 years had SMRs of 10.85 and 3.64, respectively; p < 0.05 for both categories) and 
latency (latencies of 10–19, 20–29 and ≥ 30 years had SMRs of 6.49, 6.94 and 2.55, 
respectively; p < 0.05 for all three categories). In this plant, a total of 28 liver angio-
sarcomas, 18 from deaths from liver cancer and 10 from other causes of death, were 
identified.  



 
V

IN
Y

L C
H

LO
R

ID
E

 
3

3
3 

 

 

 

Table 5. Cohort studies of liver cancer in vinyl chloride monomer (VCM) and polyvinyl chloride (PVC) production workers 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

North American multicentric study        

Mundt et al. 
(2000), USA 

10 109 white 
male workers 
(race unknown, 
6%) employed 
≥ 1 year in jobs 
that entailed 
exposure to VCM 
in 1942–72; 
mortality follow-
up, 1942–95; vital 
status, 96.8%; 
cause of death, 
99%; 37 plants  

JEM Liver and 
biliary tract 
(ICD-9 155–
156)  

 
Job exposed to VCM 
Duration of exposure 
(years) 
1–4  
5–9  
10–19  
≥ 20 
Latency (years) 
10–19 
20–29 
≥ 30 
First exposure (year) 
≤ 1950 
1950–59 

 
80  
 
 
 7 
10 
39 
24 
 
9  
21 
50 
 
48 
32 

SMR (state rates) 
3.59 (2.84–4.46) 
(state rates) 
 
0.83 (0.33–1.71) 
2.15 (1.03–3.96) 
6.79 (4.83–9.29) 
6.88 (4.40–10.23) 
 
2.87 (1.31–5.44) 
3.23 (2.00–4.93) 
4.34 (3.22–5.72) 
 
4.99 (3.68–6.62) 
3.11 (1.97–4.67) 

 Reference 
rates: state and 
USA 
population; in 
Cox model, 
duration of 
exposure 
strongest and 
significant 
versus age at 
and year of 
first exposure 

   48 ASL (33 
death 
certificate, 15 
World 
Angiosar-
coma 
Registry) 

Duration of exposure 
(years) 
1–4  
5–9  
10–19  
≥ 20 

 
 
 3 
 6 
26 
13 

Hazard ratio  
 
Reference 
3.7 (0.9–14.7) 
15.9 (4.6–54.8) 
9.7 (2.6–36.4) 

Age at first 
exposure, 
duration of 
exposure 
and year of 
first 
exposure 
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Table 5 (contd) 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Lewis et al. 
(2003), Lousville, 
KY, USA 

2200 male 
workers 
employed 
≥ 1 year in jobs 
that entailed 
exposure to VCM 
in 1942–72; 
mortality follow-
up, 1942–95; vital 
status, 98.5%  

JEM Liver and 
biliary tract 
(ICD-9 155–
156)  

 
Job exposed to VCM 
Duration of exposure 
(years) 
1–4  
5–9  
10–19  
 
≥ 20  
 
Latency (years) 
1–9 
10–19  
 
20–29  
 
≥ 30  
 
First exposure (year) 
< 1950 
 
1950–59 
 
1960–72 

 
24 
 
 
 2 
 2 
14 
 
 6 
 
 
 0 
 5 
 
10 
 
 9 
 
 
12 
 
10 
 
 2 

SMR  
4.00 (p < 0.05; 6 exp.) 
 
 
0.91 (2.19 exp.) 
2.20 (0.91 exp.) 
10.85 (p < 0.05; 1.29 
exp.)  
3.64 (p < 0.05; 1.65 
exp.) 
 
0 (0.27 exp.) 
6.49 (p < 0.05; 0.77 
exp.) 
6.94 (p < 0.05; 1.44 
exp.) 
2.55 (p < 0.05; 3.53 
exp.) 
 
3.57 (p < 0.05; 3.36 
exp.) 
4.76 (p < 0.05; 2.10 
exp.) 
3.51 (0.57 exp.) 

 Reference 
rates: state of 
Kentucky 
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Table 5 (contd) 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

European multicentric study       

Ward et al. 
(2001), Italy, 
Norway, Sweden, 
United Kingdom 

12 700 male 
workers 
employed in 19 
VCM/PVC plants 
for ≥ 1 year in 
1950–85; 
mortality follow-
up, 1955–97; 
incidence follow-
up, 1955–96 

Calendar period 
JEM for 13/19 
factories grouped 
in 22 broad 
categories; 
factory-specific 
JEM with 
validated exposure 
estimates (ppm) 

Liver cancer 
(ICD-9 155) 

 
 
 
 
 
PVC production 
VCM and PVC 
production  
Duration (years) 
1–9  
10–16 
17–20 
21–25 
≥ 26  
 
 
Latency (years ) 
0–20 
21–25 
26–30  
31–36  
≥ 37  

 
53 
 
29 
 
10 
41 
 
 
15 
17 
 9 
18 
12 
 
 
 
17 
12 
12 
17 
12 

SMR 
2.40 (1.80–3.14) 
SIR 
3.98 (2.67–5.72) 
SMR 
2.28 (1.09–4.18) 
2.85 (2.05–3.87) 
 
 
1.00 
2.58 (1.28–5.24) 
3.48 (1.49–8.15) 
8.21 (3.98–16.9) 
9.39 (4.17–21.1) 
Test for linear trend, 
p < 0.001 
 
1.00 
2.44 (1.09–5.45) 
2.99 (1.26–7.09) 
5.58 (2.34–13.3) 
6.20 (2.30–16.7) 
Test for linear trend, 
p < 0.001 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Age, 
calendar 
period  

Reference 
rates: national 
Reference 
rates: national 
 
 
 
 
 
 
 
 
 
 
 
 
Poisson 
regression 
analysis  
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Table 5 (contd) 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Ward et al. 
(2001) (contd) 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
ASL 

Cumulative exposure 
(ppm–years) 
0–734 
735–2379 
2380–5188 
5189–7531 
≥ 7532 
 
 
Autoclave workers 
Never 
Ever 
Unknown  
 
Duration (years) 
1–9  
10–16 
17–20 
21–25 
≥ 26  
 
Latency (years) 
0–20 
21–25 
26–30  
31–36  
≥ 37  

 
 
13 
12 
15 
13 
15 
 
 
 
22 
38 
11 
 
 
 7 
 8 
 2 
12 
 8 
 
 
10 
 6 
 7 
10 
 4 

 
 
1.00 
3.97 (1.81–8.71) 
7.55 (3.57–15.9) 
14.0 (6.43–30.7) 
28.27 (12.84–62.25) 
Test for linear trend, 
p < 0.001 
 
1.00 
6.61 (3.90–11.2) 
5.43 (2.63–11.2) 
 
 
1.00  
3.01 (1.06–8.54) 
2.04 (0.41–10.3) 
15.7 (5.60–44.0) 
19.67 (6.28–61.59) 
Trend test, p < 0.001 
 
1.00 
2.77 (0.89–8.69) 
4.80 (1.47–15.7) 
10.38 (3.09–34.9) 
7.99 (1.71–37.3) 
Trend test, p < 0.001 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Age, 
calendar 
period 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Poisson 
regression 
analysis  
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Table 5 (contd) 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Ward et al. 
(2001) (contd) 

   
 
 
 
 
 
 
 
 
 
 
 
 
HCC 

Cumulative exposure 
(ppm–years) 
0–734 
735–2379 
2380–5188 
5189–7531 
≥ 7532 
 
Autoclave workers 
Never 
Ever 
Unknown  
 
Duration (years) 
1–9  
10–16 
17–20 
21–25 
≥ 26 
 
Latency (years) 
< 26 
26–30  
31–36  
≥ 37  

 
 
 4 
 6 
 8 
 7 
12 
 
 
 4 
26 
 7 
 
 
 1 
 3 
 2 
 1 
 3 
 
 
 2 
 1 
 3 
 4 

 
 
1.00 
6.56 (1.85–23.3) 
13.6 (4.05–45.5) 
28.0 (8.00–98.2) 
88.2 (26.4–295) 
Trend test, p < 0.001 
 
1.0 
25.5 (8.86–73.2) 
19.3 (5.66–66.2) 
 
 
1.0  
6.94 (0.71–67.5) 
12.6 (1.11–143) 
7.34 (0.44–122) 
35.5 (3.34–377) 
Trend test, p = 0.002 
 
1.00 
3.72 (0.29–48.3) 
15.9 (1.86–135) 
35.7 (3.56–359) 
Trend test, p = 0.001 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Age, 
calendar 
period 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Poisson 
regression 
analysis 
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Table 5 (contd) 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Ward et al. 
(2001) (contd) 

   Cumulative exposure 
(ppm–years) 
0–734 
735–2379 
2380–5188 
5189–7531 
≥ 7532 
 
Autoclave worker 
Never 
Ever 
Unknown  

 
 
 3 
 2 
 1  
 1 
 2 
 
 
 5 
 4 
 1 

 
 
1.0 
3.02 (0.50–18.1) 
2.47 (0.26–23.9) 
5.33 (0.54–52.5) 
20.27 (2.98–138) 
Trend test, p = 0.004 
 
1.0 
2.97 (0.80–11.1) 
2.04 (0.24–17.4) 

  

Gennaro et al.. 
(2003), Porto 
Marghera, Italy 

1658 male 
workers 
employed in 
1956–85; 
mortality follow-
up, 1973–95 

JEM Liver cancer 
(ICD-9 155) 

Autoclave workers 
PVC baggers 
Autoclave + PVC 
baggers + compound 

 4 
 4 
 9 

9.57 (1.69–54.1) 
3.44 (0.62–18.97) 
4.08 (0.85–19.57) 

Age, 
calendar 
time, 
duration, 
latency 

Internal 
comparison ; 
‘job title 
groups’ versus 
other workers  

Pirastu et al. 
(2003), Porto 
Marghera, Italy  

 

1658 male 
workers 
employed in 
1956–99; 
mortality follow-
up, 1973–99; vital 
status, 100%; 
cause of death, 
99%  

JEMs: job- and 
time-specific 
VCM estimates 
(ppm); ever/never 
autoclave worker  

Primary liver 
cancer (ICD-9 
155.0) 

 
 
 
 
Autoclave worker: 
ever/never 

 
17 
 
 

SMR 
2.78 (1.86–4.14)a 
 
Relative risk  
4.4 (1.9–10.0)a 

 
 
 
Age, 
calendar 
time, 
latency 

Reference 
rates: regional 
 
Internal 
comparison of 
rates 
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Table 5 (contd) 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Pirastu et al. 
(2003) (contd) 

  ASL 
 
HCC 
 
HCC and ASL 

Autoclave worker: 
ever/never 
Autoclave worker: 
ever/never 
Cumulative exposure 
(ppm–years) 
0–735 
735–2379 
2379–5188 
5188–7531 
7531–9400 

 6 
 
12 
 
 
 
 3 
 1 
 7 
 1 
 0 

21.1 (3.5–128.7)a 
 
3.5 (1.4–9.2)a 
 
Rate (×××× 100 000) 
 
10.0 
18.6 
191.7 
62.8 
χ2 14.52  
Trend test, p < 0.001 

Age, 
calendar 
time, 
latency 

Best available 
clinical and 
pathological 
data; internal 
comparison of 
rates 

Other studies         

Thériault & 
Allard (1981), 
Québec, Canada 

451 male workers 
exposed to VCM 
for ≥ 5 years in a 
polymerization 
plant, employed 
in 1948–72; 
mortality follow-
up, 1948–77 

JEM Digestive tract 
cancer (ICD-7 
150–159)  

 14 (6 
deaths 
from 
liver 
cancer) 

6.25 (2.69–14.52)  Reference 
rates: 
Canadian 
population in 
1971; 
comparison 
population: 
870 workers 
not exposed to 
VCM for 
≥ 5 months 
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Table 5 (contd) 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Weber et al. 
(1981), Germany  

7021 male 
VCM/PVC 
production 
workers from 
beginning of 
operation to 
1974; mortality 
follow-up, from 
beginning of 
operation to 
1974; vital status, 
> 90%; cause of 
death, 7–13%  

JEM Malignant 
tumour of the 
liver (ICD-8 
155) 

 
 
Duration of exposure 
(months) 
< 12 
13–60 
61–120 
≥≥≥≥ 121 

 
12 
 
 
 0 
 2 
 3 
 7 

SMR  
15.23  
 
 
– 
8.74  
15.25 
25.28 

 Reference 
rates: national  

Smulevich et al. 
(1988), former 
Soviet Union 

3232 (2195 men, 
1037 women) 
VCM/PVC 
production 
workers 
employed for 
≥ 1 month in 
VCM-exposed 
jobs; mortality 
follow-up, 1939–
77 

Exposure data in 
1953–66 from 
JEM 

Malignant 
liver neoplasm 
(ICD-8 155)  

Estimated area 
exposure: low, 
medium and high 

 0   City (Gorki) 
mean death 
rates in 1959, 
1969 and 1975 
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Table 5 (contd) 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Laplanche et al. 
(1992), France 

1100 VCM-
exposed and 1100 
unexposed 
subjects; matched 
on age, plant, 
physician, aged 
40–55 years, 
identified in 
1980; mortality 
and morbidity 
follow-up, 1980–
88 

JEM Liver cancer 
(ICD-9 155) 

 3 ex-
posed 
0 unex-
posed 

NR  Prospective 
study  

Du & Wang 
(1998), Taiwan, 
China 

2224 workers 
with occupational 
exposure to 
VCM; controls 
were optical or 
motor cycle 
equipment 
workers. 

 Liver cancer 
(ICD-9 155) 

VCM versus optical 
workers 
VCM versus motor 
cycle workers 

 4.5 (1.5–13.3) 
 
6.5 (2.3–18.4) 
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Table 5 (contd) 

Name of study 
Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% CI) Adjustment 
for potential 
confounders 

Comments 

Wong, O. et al. 
(2002); Wong et 
al. (2003a), 
Taiwan, China  

3293 male 
workers in 6 PVC 
polymerization 
plants exposed to 
VCM ≥ 1 year in 
1950–92; 
mortality follow-
up, 1985–97; vital 
status, 99% 

 Malignant 
neoplasm of 
the liver (ICD-
9 155) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HCC  

 
 
Duration of exposure 
(years) 
< 10  
10–19  
≥ 20  
Latency (years ) 
< 15  
15–24 
≥ 25  
First exposure (year) 
≤ 1970 
1970–79 
After 1980 
Age at first exposure 
(years) 
< 30 
30–39 
≥ 40 
 
Tank cleaners 

 
25 
 
 
13 
10 
 2 
 
 8 
 7 
10 
 
11 
 8 
 6 
 
 
10 
 6 
 9 

SMR 
1.78 (1.15–2.62) 
 
 
2.45 (1.30–4.19) 
1.76 (0.84–3.24) 
– (3.2 exp.) 
 
1.29 (0.56–2.54) 
1.46 (0.58–3.61) 
3.13 (1.50–5.75) 
 
4.82 (2.41–8.63) 
1.92 (0.83–3.79) 
0.78 (0.28–1.69) 
 
 
2.24 (1.07–4.12) 
1.78 (0.65–3.88) 
1.43 (0.65–2.71) 
Odds ratio 
2.9 (1.1–7.3) 

 Reference 
rates, national; 
cohort 
assembled 
from records 
of Labour 
Insurance 
Bureau 

ASL, angiosarcoma of the liver; CI, confidence interval; exp., expected; HCC, hepatocellular carcinoma; ICD, International Classification of Diseases; JEM, job–exposure 
matrix; SIR, standardized incidence ratio; SMR, standardized mortality ratio  
a 90% confidence interval 
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(b) European studies 

In the European multicentric cohort study of workers in the vinyl chloride industry, an 
increase in the incidence of primary liver cancer was observed (53 deaths and 29 incident 
cases; SMR, 2.40; 95% CI, 1.80–3.14; SIR, 3.98; 95% CI, 2.67–5.72) using national 
mortality and incidence rates as the reference. On the basis of the best available data for 
diagnosis, 71 cases of liver cancer were identified and used in the internal analysis for 
latency, duration of employment, cumulative exposure and employment as an autoclave 
cleaner. The risk increased with increasing duration and latency of employment with a 
significant trend (for both latency and duration, p < 0.001). For durations of exposure of 
10–16, 17–20, 21–25 and ≥ 26 years (1–9 years as the reference), the relative risks for 
liver cancer were 2.58 (95% CI, 1.28–5.24), 3.48 (95% CI, 1.49–8.15), 8.21 (95% CI, 
3.98–16.9) and 9.39 (95% CI, 4.17–21.1), respectively. For latencies of 21–25, 26–30, 
31–36 and ≥ 37 years (0–20 years as reference), the relative risks were 2.44 (95% CI, 
1.09–5.45), 2.99 (95% CI, 1.26–7.09), 5.58 (95% CI, 2.34–13.3) and 6.20 (95% CI, 2.30–
16.7), respectively. The trend was also significant for cumulative exposure (p < 0.001); 
the risk was almost four times that for the reference category (0–734 ppm–years) starting 
with cumulative exposures of 735–1379 ppm–years (relative risk, 3.97; 95% CI, 1.81–
8.71); for 2380–5188, 5189–7531 and ≥ 7532 ppm–years, the relative risks were 7.55 
(95% CI, 3.57–15.9), 14.0 (95% CI, 6.43–30.7) and 28.27 (95% CI, 12.84–62.25), respec-
tively. Analysis of the exposure–response trends at low doses (defined as < 1500 ppm–
years and thus including 20 cases of liver cancer) yielded a relative risk of 2.0 (95% CI, 
1.3–3.0) for one logarithmic unit of cumulative dose. From the best available data for 
diagnosis, 37 cases of angiosarcoma were ascertained for which a significant increasing 
trend (p < 0.001) was observed for latency, duration of exposure and cumulative expo-
sure; for ever versus never autoclave cleaners, the relative risk was 25.5 (95% CI, 8.86–
73.2). Ten cases of hepatocellular carcinoma were also used in the internal analysis. For 
latency and duration of exposure, the trend in risk was significant (p = 0.001 and 
p = 0.002, respectively); the risk was also significant for 7532 ppm–years of cumulative 
exposure (relative risk, 20.27; 95% CI, 2.98–137.71; p = 0.004); for ever versus never 
having been an autoclave cleaner, the relative risk was 2.97 (95% CI, 0.80–11.1).  

In the study of the Porto Marghera plant in Italy (Pirastu et al., 2003), mortality from 
primary liver cancer was higher than that expected from regional rates (SMR, 2.78; 90% 
CI, 1.86–4.14). In an internal comparison, death rates for primary liver cancer with laten-
cies of 10–30 years (26.1/100 000) and ≥ 30 years (160.7/100 000) were higher than those 
for the reference (latency ≤ 10 years). In the internal analysis for employment as an auto-
clave worker (ever/never), the relative risk was 4.4 (90% CI, 1.9–10.0); a significant increasing 
trend was seen for increasing cumulative estimated exposure (p <0.001). The analyses of rates 
for both liver angiosarcoma (six cases) and hepatocellular carcinoma (12 cases) showed that 
longer latency implied higher rates; employment as an autoclave worker (ever/never) was 
associated with an increased risk for both angiosarcoma (relative risk, 21.1; 90% CI, 3.5–
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128.7) and hepatocellular carcinoma (relative risk, 3.5; 90% CI, 1.4–9.2); for both histo-
types, there was a significant increasing trend with increasing estimated exposure (p < 0.001). 

In the same plant (Porto Marghera), an analysis that used internal reference groups 
(Gennaro et al., 2003) showed that the relative risk for mortality from liver cancer of 
autoclave workers versus all other workers was 9.57 (four deaths; 95% CI, 1.69–54.1); for 
two job title groups, ‘compound workers’ and ‘compound + autoclave + PVC bagger 
workers’, the relative risks were 3.44 (four deaths; 95% CI, 0.62–18.97) and 4.08 (nine 
deaths; 95% CI, 0.85–19.57), respectively. 

(c) Other studies 

In the Canadian cohort study (Thériault & Allard, 1981), histopathological confir-
mation was available from medical files at the hospitals for 19 of 20 causes of death from 
cancer: eight were angiosarcomas of the liver. Two more angiosarcomas of the liver were 
notified as cirrhosis on the death certificate and were considered as such throughout this 
study. In comparison with an unexposed cohort, the relative risk for digestive cancers 
(ICD codes 150–159) was 6.25 (14 observed deaths; 95% CI, 2.69–14.52). [No relative 
risks for more specific cancer sites were given.]  

In the study by Weber et al. (1981), the SMRs for liver cancer by duration of expo-
sure for < 12 months, 13–60 months, 61–120 months and > 121 months were 0, 8.74 (two 
deaths), 15.25 (three deaths) and 25.28 (seven deaths), respectively. [The Working Group 
noted that an increased mortality from liver cancer was briefly described in a cohort of 
PVC processing workers. This cohort probably included the data of Frentzel-Beyme et al. 
(1978).] 

No deaths from liver cancer were reported in PVC plants in the former Soviet Union 
(Smulevich et al., 1988). 

In the French study (Laplanche et al., 1992), three angiosarcomas of the liver and 
three liver cancers were observed among the exposed workers compared with none in the 
unexposed [no relative risk estimates given].  

In a proportionate morbidity study in Taiwan, China (Du & Wang, 1998), an excess 
of primary liver cancer was noted (morbidity odds ratio, 4.5 or 6.5, depending on the 
comparison group). 

In a retrospective cohort study of mortality in Taiwan, China (Wong, O. et al., 2002), 
the risk for liver cancer decreased with duration of exposure; the authors suggested that 
this might be attributable to a higher turnover of workers in jobs that entailed high 
exposures or because workers with illnesses retired early. The excess mortality from liver 
cancer was most pronounced among workers who began employment before 1970 (SMR, 
4.82; 95% CI, 2.41–8.63), when, according to the authors, exposures to VCM were 
higher, because permissible exposure limits for VCM were not established in Taiwan 
until 1981. The excess mortality from liver cancer was found to increase with time since 
first exposure and to reach a peak after more than 25 years (SMR, 3.13; 95% CI, 1.50–
5.75). It was also found to be inversely related to age at first exposure; workers who were 
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under 30 years of age at first exposure demonstrated the highest risk (SMR, 2.24; 95% CI, 
1.07–4.12). 

A study of risk factors for hepatocellular carcinoma that was conducted in Taiwan, 
China (Wong et al., 2003a), reported an odds ratio of 15.7 (95% CI, 3.6–68.4) for HBsAg 
status. An odds ratio of 3.6 (95% CI, 1.4–9.2) was estimated for jobs that entailed high 
exposure to VCM; for tank cleaners specifically, the odds ratio was 2.9 (95% CI, 1.1–
7.3). [The Working Group noted that, due to problems in the methodology of this study, 
the results were not considered to be useful for the evaluation of the potential relationship 
between exposure to vinyl chloride and hepatocellular carcinoma. These methodological 
problems included lack of histological confirmation for the majority of cases of hepato-
cellular carcinoma, the resulting potential that some of the cases were truly angio-
sarcomas, lack of detail in the methodology for selection of controls and exclusion of 
individuals with evidence of liver disease from the control group.]  

[The Working Group considered that the evidence that exposure to VCM is asso-
ciated with cirrhosis of the liver supports the likelihood that exposure to vinyl chloride 
increases the risk for hepatocellular carcinoma, although relative risks for hepatocellular 
carcinoma are smaller than those associated with angiosarcoma of the liver. Inflammatory 
and regenerative processes associated with HBV and hepatitis C viral infection and 
chronic alcoholism are considered to be an important pathway through which the risk for 
hepatocellular carcinoma is increased by these exposures in the general population.]  

(d) Meta-analysis 

In meta-analysis of cohort studies of vinyl chloride (Boffetta et al., 2003), duration of 
employment was available in three studies (Weber et al., 1981; Mundt et al., 2000; Ward 
et al., 2001): in the two multicentric investigations (Mundt et al., 2000; Ward et al., 
2001), an increase in mortality from liver cancer was evident beginning at durations of 
≥ 7 years and up to 25 years whereas, in the German study (Weber et al., 1981), a sharp 
increase was found starting from 13–16 years of duration of exposure. Mortality from 
liver cancer by year of first employment was increased in the two multicentric studies 
(Mundt et al., 2000; Ward et al., 2001). [Adjustment for time since first employment 
would be advisable; the lack of adjustment could be misleading, as a very strong decrease 
in risk over calendar time was shown, while more recently exposed workers had not 
completed the latency time necessary for liver cancer to be expressed.] 

2.3.2 Case–control studies (Table 6) 

A case–control analysis of 23 liver angiosarcomas was conducted at the plant in 
Louisville, KY (USA), and confirmed a strong and significant association with exposure to 
vinyl chloride and PVC (exposure to vinyl chloride, p < 0.001; exposure to PVC, p = 0.003); 
in a case–cohort analysis that used exposure estimated on the basis of a six-point ranking 
scale of chemicals present in the plant, cases of angiosarcoma had significantly greater 
exposure to vinyl chloride than the reference cohort (Lewis & Rempala, 2003). 
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Table 6. Case–control studies of liver cancer in vinyl chloride monomer (VCM) and polyvinyl chloride (PVC) production 
workers 

Reference, 
location 

Organ site 
(ICD code) 

Characteristics of 
cases 

Characteristics of 
controls 

Exposure 
assessment 

Exposure categories Relative risk 
(95% CI) 

Adjustment 
for potential 
confounders 

Comments 

Lewis & 
Rempala 
(2003), 
Louisville, 
KY, USA  

ASL 23 men; 
histologically 
confirmed 

Matched by year 
of birth and 
duration of 
employment 

 CERM Logistic 
regression 
analysis showed 
strong, highly 
significant 
association with 
exposure to VC 
(p < 0.001) 
and PVC 
(p = 0.003) 

 In Lewis et al. 
(2003),  28 
ASL reported 

   1817 white men 
hired before 1967 
who had worked 
at least 1 year 

 CERM ASL cases had 
significantly 
greater exposure 
to VC (69.9% 
> 1000 VC–
CERM) 

  

Wong et al. 
(2003a), 
Taiwan, 
China 

Liver 
cancer; 
HCC 

18 men; 5 histolo-
gically confirmed; 
5 AFP > 1000 µg/L 
+ at least one 
positive image 
from angiography, 
sonography, liver 
scan and/or CT; 
8 from clinical 
manifestation and 
imaging studies 

68 randomly 
selected from a 
pool of eligible 
workers; matched 
on age and 
specific plant 
employment  

Job titles; high 
VCM-exposure 
jobs: tank cleaning, 
unloading PVC, 
adding catalyst; 
HBsAg status from 
medical 
surveillance 
records 

History of high- 
 exposure job 
HBsAg-positive versus 
 HBsAg-negative status  
History of tank cleaning 
 versus no history 
 

2.9 (1.1–7.3) 
 
15.7 (3.6–68.4) 
 
3.6 (1.4–9.2) 
 
 

 Nested case–
control; for 
deceased 
individuals, 
validation of 
exposure by 
next of kin 
versus co-
workers and 
industrial 
hygienist 
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Table 6 (contd) 

Reference, 
location 

Organ site 
(ICD code) 

Characteristics of 
cases 

Characteristics of 
controls 

Exposure 
assessment 

Exposure categories Relative risk 
(95% CI) 

Adjustment 
for potential 
confounders 

Comments 

Wong et al. 
(2003a) 
(contd) 

    HBsAg-positive status 
 and history of tank 
 cleaning 
HBsAg-negative status 
 and history of tank 
 cleaning 
HBsAg-positive status 
 and no history of tank 
 cleaning 
HBsAg-negative status 
 and history of high 
 exposure job 
HBsAg-positive status 
 and history of high 
 exposure job 
HBsAg–positive status 
 and no history of high 
 exposure job 

4.0 (0.2–69.1) 
 
 
396 (22.6–∞) 
 
 
25.7 (2.9–229.4) 
 
 
2.9 (0.2–50.0) 
 
 
184.5 (15.0–∞) 
 
 
26.1 (2.9–235.1) 

Family 
history of 
chronic liver 
disease 

Reference: 
HBsAg-
negative 
status and no 
history of 
tank cleaning 
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Table 6 (contd) 

Reference, 
location 

Organ site 
(ICD code) 

Characteristics of 
cases 

Characteristics of 
controls 

Exposure 
assessment 

Exposure categories Relative risk 
(95% CI) 

Adjustment 
for potential 
confounders 

Comments 

HCC Cumulative VCM 
exposure (ppm–years) 
< 500 
500–2500 
> 2500  

 
 
Reference 
6.32 (0.48–336) 
29.3 (3.61–1298) 

 Nested case–
control  

Mastrangelo 
et al. (2004), 
Porto 
Marghera, 
Italy 

 

13 men; 8 
histologically 
confirmed; 5 focal 
hepatic lesions at 
sonography + AFP 
> 400 µg/L  

139 workers with 
no clinical or 
biochemical 
evidence of 
chronic liver 
disease or cancer 
at any site from 
medical 
surveillance in 
1999–2002 

    

< 2500/alcohol < 60 
 g/day 
> 2500/alcohol < 60 
 g/day 
< 2500/alcohol > 60 
 g/day 
> 2500/alcohol > 60 
 g/day  

Reference 
 
18.8 (1.62–218.0) 
 
42.9 (3.41–540.0) 
 
409 (19.6–8553.0) 

Adjusted for 
age, 
hepatitis 
infection 

Odds ratio in 
univariate 
analysis 

    

JEMs, job- and 
time-specific VCM 
estimates (ppm); 
information for 
cases from 
company files, 
from medical 
surveillance data 
for controls; 
alcoholic beverage 
consumption from 
hospital/clinical 
records and 
surveillance data; 
serological markers 
for HBsAg and 
anti-HCV 
antibodies 

< 2500/HBsAg/HCV- 
 negative  
> 2500/HBsAg/HCV- 
 negative  
< 2500/HBsAg/HCV- 
 positive 
> 2500/HBsAg/HCV- 
 positive 

Reference 
 
25.0 (2.77–226.0) 
 
106.9 (4.43–
2578.0) 
210.3 (7.13–
6203.0) 

Age, 
alcoholic 
beverage 
consumption 

 

AFP, α-fetoprotein; ASL, angiosarcoma of the liver; CERM, cumulative exposure rank months; CI, confidence interval; CT, computed tomography; HBsAg, hepatitis B 
virus surface antigen; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; ICD, International Classification of Diseases; JEM, job–exposure matrix; VC, vinyl 
chloride 
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In the case–control study of cases of liver cancer nested in the cohort in Taiwan, China 
(Wong et al., 2003a), tobacco smoking, alcoholic beverage consumption and familial 
history of chronic liver disease were not found to be associated with liver cancer, which 
may be attributed to the low prevalence of these risk factors in the study population. 

A history of employment in a high-exposure job was associated with an increased risk 
of 2.9 (95% CI, 1.1–7.3). A strong association was observed with HBsAg (odds ratio, 
15.7; 95% CI, 3.6–68.4) or a history of tank cleaning (odds ratio, 3.6; 95% CI, 1.4–9.2). 
Models were also fitted that included both HBsAg and a history of tank cleaning, and a 
parameter for the potential interaction between the two. Strong evidence for an interaction 
between HBsAg and a history of tank cleaning was observed in this model; a history of 
tank cleaning and HBsAg negativity had an odds ratio of 4.0 (95% CI, 0.2–69.1), HBsAg 
positivity and no history of tank cleaning had an odds ratio of 25.7 (95% CI, 2.9–229.4) 
and combined HBsAg positivity and a history of tank cleaning had an odds ratio of 396 
(95 % CI, 22.6–∞). Similar results were observed when the analysis was based on a 
history of high exposure to VCM rather than a history of tank cleaning. [The Working 
Group was concerned that the method used to select controls may have biased the study. 
The age at which controls were matched to cases was not clear. Of greater concern is that 
the controls were restricted to individuals who had no history of chronic liver disease. 
This may have biased the study towards the null since this restriction was not applied to 
the cases.]  

A cross-sectional study of hepatocellular carcinoma in the Porto Marghera (Italy) 
cohort (Mastrangelo et al., 2004) found an association between exposure to VCM and 
both liver cirrhosis and hepatocellular carcinoma. The odds ratio for cumulative exposure 
to VCM of > 2500 ppm × year was 29.3 (95% CI, 3.61–1298). Odds ratios tended to be 
higher for those subjects who were exposed to multiple risk factors. For example, the 
odds ratio for exposure to > 2500 ppm × year and consumption of > 60 g per day of 
alcohol was 409 (95% CI, 19.6–8553). These analyses controlled for age and hepatitis 
viral infection. Similar patterns were seen in analyses of the relationship between expo-
sure to VCM and HBV/hepatitis C viral infection that controlled for alcoholic beverage 
consumption. [The Working Group noted that the methodology used to select controls for 
this analysis, which excluded individuals who had liver cirrhosis, may have resulted in a 
positive bias in the relative risk estimates.]  

2.4 Cancer of the brain and central nervous system 

2.4.1 Cohort studies (Table 7) 

(a) North American multicentric study 

An update of the North American multicentric study found an overall SMR for cancer 
of the brain and central nervous system of 1.42 (36 exposed deaths; 95% CI, 1.00–1.97) 
(Mundt et al., 2000). There was no apparent trend with increasing duration of expo-
sure (9 observed deaths; hazard ratio, 1.9; 95% CI, 0.8–5.0). The risk for brain cancer was  
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Table 7. Cohort studies of brain cancer in vinyl chloride monomer (VCM) and polyvinyl chloride (PVC) production workers 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD 
code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

North American multicentric study        

Mundt et al. 
(2000), USA 

10 109 white male 
workers employed 
in 37 plants ≥ 1 year 
in jobs that entailed 
exposure to VCM in 
1942–72; mortality 
follow–up, 1942–
95; vital status, 
96.8%; cause of 
death, 99%  

JEM Brain and 
CNS 
(ICD-9 
191–192) 

 
Job exposed to VC 
Age at first exposure (years) 
< 25 
25–34 
≥ 35 
 
Duration of exposure (years) 
< 5 
5–9 
10–19 
≥ 20 

 
36 
 
 11 
 12 
 13 
 
 
 11 
 11 
  5 
  9 

SMR 
1.4 (1.0–2.0)  
Hazard ratio 
1.0 
0.9 (0.4–2.0) 
2.6 (1.2–5.9) 
p = 0.02 
 
1.0 
2.0 (0.9–4.7) 
0.7 (0.2–2.0) 
1.9 (0.8–5.0) 
p = 0.09 

 
 
Age at first 
exposure, 
duration of 
exposure, 
year of first 
exposure 

Reference rates: 
state rates and 
USA population  
p value for 
likelihood ratio 
test for equality 
of survivor 
functions, 
controlling for 
time at risk 
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Table 7 (contd) 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD 
code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

European multicentric study       

Ward et al. 
(2000, 2001), 
Italy, Norway, 
Sweden, United 
Kingdom 

12 700 male 
workers employed 
in 19 VCM/PVC 
plants ≥ 1 year in 
1950–85; mortality 
follow-up, 1955–97; 
incidence follow-up, 
1955–96 

Calendar period 
JEM for 13/19 
factories grouped 
in 22 broad 
categories; 
factory-specific 
JEM with 
validated 
exposure 
estimates (ppm) 

Brain and 
CNS 
(ICD-9 
191–192) 

 
 
 
 
Age,  
calendar 
period  
 
 
Age, 
calendar 
period  

Reference rates: 
national 
Reference 
incidence rates: 
national 
 
 
 
 
Poisson 
regression 
analysis 

    

 
Employed in VC industry  
(full cohort) 
 
 
VCM production only 
PVC production only 
VCM and PVC production 
PVC processing  
Latency (years) 
< 16 
16–21 
22–26 
27–34 
≥ 35 
 
 
Duration (years) 
1–2  
3–6 
7–11 
12–18 
≥ 19 years 

 
 24 
 
 19 
 
  0 
  5 
 16 
 18 
 
  9 
  4 
  3 
  6 
  2 
 
 
 
  5 
  6 
  4 
  4 
  5 

SMR 
0.93 (0.60–1.39) 
SIR 
0.91 (0.55–1.42) 
SMR 
0.00 (0.00–5.64) 
0.96 (0.31–2.25) 
0.93 (0.53–1.51) 
1.10 (0.23–3.22) 
Relative risk  
1.00  
0.71 (0.19–2.68) 
0.71 (0.16–3.29) 
1.37 (0.33–5.63) 
0.77 (0.11–5.47) 
Test for linear trend, 
p= 0.82 
 
1.00 
1.34 (0.41–4.40) 
0.95 (0.25–3.57) 
0.96 (0.25–3.69) 
1.59 (0.43–5.91) 
Test for linear trend, 
p = 0.72 

  

 



3
5

2 
IA

R
C

 M
O

N
O

G
R

A
P

H
S

 V
O

L
U

M
E

 9
7 

 

 

Table 7 (contd) 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD 
code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

Ward et al. 
(2000, 2001) 
(contd) 

     

    

Cumulative exposure (ppm–
years) 
0–34 
35–99 
100–535 
536–2811 
≥ 2812 
 
 
Autoclave worker 
Never 
Ever 
Unknown  

 
 
  3 
  3 
 10 
  2 
  3 
 
 
 
 17 
  5 
  2 

 
 
1.00 
1.37 (0.28–6.82) 
3.45 (0.94–12.6) 
0.75 (0.12–4.50) 
1.58 (0.31–8.04) 
Test for linear trend, 
p = 0.778 
 
1.00 
1.08 (0.40–2.92) 
1.27 (0.29–5.49) 

  

Other studies       

Weber et al. 
(1981), 
Germany  

7021 male 
VCM/PVC 
production workers 
from beginning of 
operation to 1974; 
mortality follow-up, 
from beginning of 
operation to 1974; 
vital status, > 90%; 
cause of death, 7–
13%  

JEM Brain and 
CNS 
(ICD-8 
191) 

 
VCM/PVC production and 
processing 

 
  2 

SMR 
1.62 (NR) 

 Reference rates: 
national  
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Table 7 (contd) 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD 
code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

Smulevich et 
al. (1988), 
former Soviet 
Union 

3232 VCM/PVC 
production workers 
(2195 men, 1037 
women) employed 
for ≥ 1 month in 
VCM-exposed jobs; 
mortality follow-up, 
1939–77 

Exposure data in 
1953–66 from 
JEM 

Brain and 
CNS 
(ICD-9 
191–192) 

 
Estimated area exposure: 
low, medium and high 

 
  4 

SMR 
1.54 (0.41–3.94) 

 City (Gorki) 
mean death 
rates in 1959, 
1969 and 1975 

Wong, O. et al. 
(2002), 
Taiwan, China  

3293 male workers 
in 6 PVC 
polymerization 
plants exposed to 
VCM ≥ 1 year in 
1950–92; mortality 
follow-up, 1985–97; 
vital status 99% 

JEM Brain and 
CNS 
(ICD-9 
191–192) 

  
  2 

SMR 
[2.86 (0.57–9.16)] 

 Reference rates, 
national; cohort 
assembled from 
records of the 
Labour 
Insurance 
Bureau 

CI, confidence interval; CNS, central nervous system; ICD, International Classification of Diseases; JEM, job–exposure matrix; NR, not reported; SIR, standardized 
incidence ratio; SMR, standardized mortality ratio; VC, vinyl chloride 
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significantly increased with time since first exposure of ≥ 35 years (hazard ratio, 2.6; 
95% CI, 1.2–5.9). The highest SMR was found for those first exposed before 1950 
(SMR, 1.74; 95% CI, 0.97–2.88). Mortality from brain cancer was also in excess 
among subjects who had worked in plants that began production before 1946 (22 
deaths; SMR, 1.77; 95% CI, 1.11–2.68). 

(b) European multicentric study 

An update of the European multicentric study found an overall SMR for brain cancer 
of 0.93 (24 observed deaths; 95% CI, 0.60–1.39); the SIR was 0.91 based on 19 cases 
(Ward et al., 2000, 2001). No trends in the SMRs were observed with respect to time 
since first employment, duration of employment, cumulative exposure or calendar period 
of hire. The risk for brain cancer among those who had ever been autoclave workers was 
similar to that of those who had never been autoclave workers. Poisson regression 
analyses of deaths from brain cancer found no significant trends with latency, duration of 
employment or cumulative exposure to vinyl chloride, although the rate ratio was ele-
vated in the middle-dose category of cumulative dose (relative risk, 3.45; 95% CI, 0.94–
12.6).  

In the incidence analyses, significant excesses were found for the category of 27–35 
years since first employment (eight observed deaths; SMR, 2.67; 95% CI, 1.15–5.27) and 
in the highest category of duration of employment (six observed deaths; SMR, 2.15; 95% 
CI, 0.79–4.68), but no apparent trend with cumulative exposure was observed (data not 
shown). 

(c) Other studies 

An SMR of 1.62 (based on two deaths) was reported in the historical cohort study of 
VCM/PVC production workers in Germany (Weber et al., 1981). The SMRs by duration 
of exposure of < 12 months, 13–16 months, 61–120 months and > 121 months were 0, 0, 
3.50 (one death) and 2.78 (one death), respectively. 

An SMR of 1.54 (four observed deaths) was reported in a Russian cohort of more 
than 3200 VCM/PVC production workers (Smulevich et al., 1988). The SMR was 0.9 for 
men and 5 for women. 

An SMR of 2.86 for brain cancer (based on two deaths) was reported in a cohort in 
Taiwan, China (Wong, O. et al., 2002). 

(d) Meta-analysis 

In the meta-analysis by Boffetta et al. (2003), the meta-SMR for brain cancer 
calculated from five studies was 1.26 (95% CI, 0.98–1.62). The authors noted that the 
increase in the meta-SMR was mainly due to the North American multicentric study 
(Mundt et al., 2000) and that no trend with duration of exposure was found in either of the 
two large studies (Mundt et al., 2000; Ward et al., 2000). 
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2.4.2 Case–control and case–cohort studies  

A case–cohort and matched case–control analysis of brain cancer was conducted at a 
polymer production plant included in the North American multicentric cohort (Lewis & 
Rempala, 2003) in which 15 of 36 deaths from brain cancer were identified. The SMR for 
brain cancer was 2.29 (95% CI, 1.29–3.81) at this facility and 1.12 (95% CI, 0.69–1.71) at 
all other plants combined (Lewis et al., 2003). Sixteen deaths from brain cancer from 
1963 to 2000 were included in the case–cohort and case–control studies. The cases of 
brain cancer were slightly less likely than other cohort members to have worked in any 
PVC building (18.8% versus 26.5%, respectively), and slightly more likely to have 
worked in the building that manufactured nitrile rubber copolymers (31.3% versus 25.9%, 
respectively). In general, estimates of cumulative exposure to materials used in PVC pro-
duction among cases of brain cancer were lower than those for other cohort members, 
while exposures to chemicals used in nitrile rubber production were similar. In the 
matched case–control analysis, no significant associations were observed between status 
of brain cancer case and any of the materials used in either PVC or nitrile rubber co-
polymer production.  

2.5 Cancer of the lung and respiratory tract  

2.5.1 Lung cancer 

(a) Cohort studies (Table 8) 

(i) North American multicentric study 

In an update of the North American multicentric study (Mundt et al., 2000), there was 
no evidence of any association between employment with exposure to vinyl chloride and 
mortality from lung cancer overall (303 deaths; SMR, 0.82; 95% CI, 0.73–0.92), nor was 
there any pattern of association by year of first exposure or year at which production of 
vinyl chloride began. The authors noted that regional mortality rates for lung cancer, used 
as the primary referent rates in the analysis, were higher than those in the USA as a 
whole. The SMR for lung cancer based on national referent rates was 0.96 (95% CI, 
0.86–2.07).  

(ii) European multicentric study 

An update of the European multicentric study found an overall SMR for lung cancer 
of 0.95 (272 cases; 95% CI, 0.84–1.07) and an SIR of 0.80 (154 deaths; 95% CI, 0.68–
0.94). No association was observed between mortality from lung cancer and exposure to 
vinyl chloride, as estimated by ranked level of exposure, latency, duration of employment, 
cumulative exposure to vinyl chloride and ever/never employment as an autoclave worker 
(Ward et al., 2000, 2001). Non-significant associations were found for time since first 
employment, production or processing and duration of employment. In Poisson regression  
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Table 8. Cohort studies of lung cancer in vinyl chloride monomer (VCM) and polyvinyl chloride (PVC) production workers 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

North American multicentric study        

Mundt et al. 
(2000), USA 

10 109 white male 
workers employed 
at least ≥ 1 year in 
jobs that entailed 
exposure to VCM 
in 1942–72; 
mortality follow-
up, 1942–95; vital 
status, 96.8%; 
cause of death, 
99% 

JEM Trachea, 
bronchus 
and lung 
(ICD-9 
162) 

 
Job exposed to VC 

 
303 

SMR (state rates) 
0.82 (0.73–0.92) 
SMR (national 
rates) 
0.96 (0.86–2.07) 

 Reference rates: 
state rates and 
USA population 

European multicentric study 

Ward et al. 
(2000, 2001), 
Italy, Norway, 
Sweden, United 
Kingdom 

12 700 male 
workers employed 
in 19 VCM/PVC 
plants ≥ 1 year in 
1950–85; mortality 
follow-up, 1955–
97; incidence 
follow-up, 1955–
96 

Calendar period 
JEM for 13/19 
factories 
grouped in 22 
broad 
categories; 
factory-specific 
JEM with 
validated 
exposure 
estimates (ppm) 

Trachea, 
bronchus 
and lung 
(ICD-9 
162) 

 
Employed in VC industry  
(full cohort) 
 
 
VCM production 
PVC production 
VCM and PVC production 
PVC processing  

 
272 
 
154 
 
 14 
 56 
184 
 18  

SMR 
0.95 (0.84–1.07) 
SIR 
0.80 (0.68–0.94) 
SMR 
1.47 (0.80–2.47) 
0.88 (0.67–1.15) 
0.91 (0.79–1.05) 
1.43 (0.85–2.26) 

 
 
 
 
Age, 
calendar 
period  

Reference rates: 
national; 
incidence rates: 
national 
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Table 8 (contd) 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

Ward et al. 
(2000, 2001) 
(contd) 

   Age, 
calendar 
period  

Poisson 
regression 
analysis 

      

    

Latency (years) 
< 16 
16–21 
22–26 
27–34 
≥ 35 
 
 
Duration (years) 
1–2  
3–6 
7–11 
12–18 
≥ 19 years 
 
 
Cumulative exposure 
(ppm–years) 
0–34 
35–99 
100–535 
536–2811 
≥ 2812 

 
 57 
 55 
 66 
 54 
 40 
 
 
 
 57 
 55 
 66 
 54 
 40 
 
 
 
 
 52 
 52 
 55 
 46 
 43 

Relative risk  
1.00 
0.96 (0.65–1.41) 
1.21 (0.82–1.78) 
0.73 (0.48–1.11) 
0.76 (0.47–1.25) 
Test for linear trend, 
p = 0.119 
 
1.00 
1.12 (0.76–1.64) 
1.31 (0.91–1.88) 
0.89 (0.60–1.30) 
0.77 (0.52–1.15) 
Test for linear trend, 
p = 0.094 
 
 
1.00 
1.11 (0.75–1.62) 
0.90 (0.62–1.32) 
0.85 (0.57–1.27) 
0.84 (0.56–1.26) 
Test for linear trend, 
p = 0.190 
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Table 8 (contd) 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

Ward et al. 
(2000, 2001) 
(contd) 

   Autoclave worker 
Never 
Ever 
Unknown  

 
220 
 44 
  8 

 
1.00 
0.84 (0.61–1.16) 
0.38 (0.19–0.77) 

  

    Cumulative exposure 
(ppm–years) 
Ever employed as packers 
and baggers 
0–34 
35–99 
100–535 
536–2811 
≥ 2812 

 
 
 
 
  9 
  9 
 14 
  9 
 10 

 
 
 
 
1.12 (0.51–2.13) 
0.99 (0.45–1.88) 
1.08 (0.59–1.82) 
0.85 (0.39–1.60) 
1.02 (0.49–1.88) 

  

    Never employed as packers 
and baggers 
0–34 
35–99 
100–535 
536–2811 
≥ 2812 

 
 
 43 
 43 
 41 
 37 
 33 

 
 
0.98 (0.71–1.33) 
1.09 (0.79–1.46) 
0.83 (0.60–1.13) 
0.86 (0.60–1.18) 
0.87 (0.60–1.23) 

  

    Only employed as packers 
and baggers 
0–34 
35–99 
100–535 
536–2811 
≥ 2812 

 
 
  5 
  6 
 11 
  4 
  4 

 
 
0.88 (0.28–2.04) 
1.28 (0.47–2.78) 
1.63 (0.81–2.92) 
1.37 (0.37–3.52) 
3.12 (0.85–8.00) 
Test for trend χ2, 
p = 0.009 
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Table 8 (contd) 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

Pirastu et al. 
(2003), Porto 
Marghera, Italy  

1658 male workers 
employed in 1956–
99; mortality 
follow–up, 1973–
99; vital status, 
100%; cause of 
death, 99%  

JEMs, job- and 
time-specific 
VCM estimates 
(ppm); 
ever/never 
autoclave 
worker  

Lung 
cancer 
(ICD-9 
162.1–
162.9) 

 
Full cohort 
Only versus never baggers 

 
 40 
  7 
 
  7 

SMR 
0.83 (0.64–1.07)a 

1.73 (0.93–3.21) 
SMR  
2.31 (1.15–4.61)a 

 
 
Not 
adjusted 
Latency 

Reference rates: 
regional 
Internal 
comparison 
versus never 
baggers 

Other studies         

Thériault & 
Allard (1981), 
Québec, Canada 

451 male workers 
exposed to VCM 
for ≥ 5 years in a 
polymerization 
plant, employed in 
1948–72; mortality 
follow-up, 1948–
77 

Questionnaire 
to the worker or 
next of kin on 
detailed 
occupational 
history 

Trachea, 
bronchus 
and lung 
(ICD-9 
162) 

 
Exposed to VCM 

 
  2 

SMR 
0.34  (0.04–1.25) 

 Reference rates: 
Canadian 
population in 
1971; 
comparison 
population: 870 
workers not 
exposed to 
VCM for ≥ 5 
months 

Smulevich et al. 
(1988), former 
Soviet Union 

3232 VCM/PVC 
production workers 
(2195 men, 1037 
women) employed 
for ≥ 1 month in 
VCM-exposed 
jobs; mortality 
follow-up, 1939–
77 

Exposure data 
in 1953–66 
from JEM 

Trachea, 
bronchus 
and lung 
(ICD-9 
162) 

 
Estimated area exposure: 
low, medium and high 

 
 17 

SMR 
1.39 (0.81–2.23) 

 City (Gorki) 
mean death 
rates in 1959, 
1969 and 1975 
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Table 8 (contd) 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

Laplanche et al. 
(1992), France 

1100 VCM–
exposed and 1100 
unexposed 
subjects; matched 
on age, plant, 
physician, aged 
40–55 years, 
identified in 1980; 
mortality and 
morbidity follow-
up, 1980–88 

JEM Trachea, 
bronchus 
and lung 
(ICD-9 
162) 

 6 among 
exposed; 
2 among 
un-
exposed 

NR  Prospective 
study  

Wong, O. et al. 
(2002), Taiwan, 
China  

3293 male workers 
in 6 PVC 
polymerization 
plants exposed to 
VCM ≥ 1 year in 
1950–92; mortality 
follow–up, 1985–
97; vital status 99% 

JEM Trachea, 
bronchus 
and lung 
(ICD-9 
162) 

  
  4 

SMR 
0.59 (0.16-1.52) 

 Reference rates: 
national; cohort 
enumerated 
from records of 
the Labour 
Insurance 
Bureau 

CI, confidence interval; ICD, International Classification of Diseases; JEM, job–exposure matrix; NR, not reported; SIR, standardized incidence ratio; SMR, 
standardized mortality ratio; VC, vinyl chloride  
a 90% confidence interval 
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analyses, non-significant negative trends were observed with increasing cumulative 
exposure. 

A possible association between exposure to PVC dust and lung cancer was suggested 
by several early studies as well as recent investigations of PVC baggers in a VCM/PVC 
manufacturing plant in Italy (Pirastu et al., 1998; Mastrangelo et al., 2003). Therefore, 
packers and baggers were examined separately in the European multicentric cohort study. 
No trend in risk was observed with increasing cumulative exposure for those who had 
ever been employed as packers and baggers, among whom 53 deaths from lung cancer 
occurred (Ward et al., 2000). However, among individuals who only worked as packers 
and baggers, 30 deaths from lung cancer occurred, and the trend with increasing cumu-
lative exposure was statistically significant. 

In the cohort of 1658 vinyl chloride workers in Porto Marghera (Pirastu et al., 2003), 
an SMR for lung cancer of 1.73 (seven deaths; 90% CI, 0.93–3.21) was observed among 
‘only baggers’; the SMR for ‘only baggers’ versus ‘never baggers’ adjusted for latency 
was 2.31 (90% CI, 1.15–4.61; p = 0.047).  

(iii) Other studies 

In a Canadian cohort, an SMR of 0.34 (95% CI, 0.04–1.25) was reported for cancer of 
the lung, trachea or bronchus (Thériault & Allard, 1981).  

A study in the former Soviet Union (Smulevich et al., 1988) showed an SMR of 1.39 
(17 observed deaths; 95% CI, 0.81–2.23) for lung cancer and a cohort study in France 
(LaPlanche et al., 1992) reported eight observed deaths from lung cancer but did not 
include risk estimates.  

A study in Taiwan, China, reported an SMR of 0.59 (four observed deaths) for lung 
cancer (Wong, O. et al., 2002).  

(iv) Meta-analysis 

The meta-analysis by Boffetta et al. (2003) showed a meta-SMR for lung cancer of 
0.90 (95% CI, 0.77–1.06) based on five studies.  

(b) Case–control studies (Table 9)  

In a nested case–control study in Porto Marghera, Italy, risk factors for lung cancer 
were examined among 38 subjects who had lung cancer and 224 subjects with no history 
of cancer (Mastrangelo et al., 2003). Although no association was observed between 
estimated cumulative exposure to VCM and lung cancer, the odds ratio for exposure to 
PVC dust among baggers with known length of exposure was 5.60 (95% CI, 2.03–16.3). 
When stratified by duration of work as a bagger, the odds ratio was 2.87 (95% CI, 0.84–
8.56) among those who were employed for < 3.6 years and 7.15 (95% CI, 2.55–19.3) 
among those employed for > 3.6 years. Although the quantity of cigarettes smoked per 
day was associated with lung cancer, this did not appear to confound the association 
between lung cancer and work as a bagger. 
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Table 9. Case–control studies of lung cancer in vinyl chloride monomer (VCM) and polyvinyl chloride (PVC) production 
workers 

Reference, 
location 

Organ site 
(ICD code) 

Characteristics 
of cases 

Characteristics 
of controls 

Exposure 
assessment 

Exposure category No.  of 
cases/controls 

Odds ratio 
(95% CI) 

Adjustment for 
potential 
confounders 

Comments 

Mastrangelo et 
al. (2003), Italy 

Trachea, 
bronchus 
and lung 
(ICD-9 162) 

38 
histologically 
confirmed 
lung cancers  

228 with no 
history of 
cancer 

Facility-
specific JEM 

Smoking habits 
in relation to 
years of work 
as a bagger 

     

 

Cumulative 
exposure to VCM 
(ppm–years) 
≤ 392 
393–1650 
≥ 1651 
 
Circumstances of 
exposure to PVC 
dust 
None  
PVC 
 compounding 
Baggers 
 (unknown length) 
Baggers (known 
 length) 
PVC compounding 
None 
≤ 8.0 years 
> 8.0 years 

 
 
 
16/71 
13/74 
9/79 
 
 
 
 
8/87 
8/49 
 
5/55 
 
17/33 
 
 
30/175 
4/23 
4/26 

 
 
 
1.00 
0.78 (0.32–1.87) 
0.51 (0.18–1.31) 
χ2  trend p > 0.01 
 
 
 
1.00 
1.78 (0.54–5.78) 
 
0.99 (0.24–3.63) 
 
5.60 (2.03–16.3)  
 
 
1.00 
1.10 (0.24–3.28) 
0.90 (0.21–2.86) 

 

Italian 
cohort of 
1658 vinyl 
chloride 
workers; 
nested 
case–
control  
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Table 9 (contd) 

Reference, 
location 

Organ site 
(ICD code) 

Characteristics 
of cases 

Characteristics 
of controls 

Exposure 
assessment 

Exposure 
category 

No.  of 
cases/controls 

Odds ratio 
(95% CI) 

Adjustment for 
potential 
confounders 

Comments 

Mastrangelo et 
al. (2003) 
(contd) 

    Nested 
case–
control  

    

 Baggers 
Duration of job 
None 
< 3.6 years 
≥ 3.6 years 
Calendar year of 
onset  
None 
Before 1967 
Since 1967 
onwards 
Age at onset  
No 
≤ 33 years 
> 33 years 
Length of time 
elapsed from 
onset of job to end 
of follow-up or 
death 
None 
20 years 
≤ 20 years 

 
 
21/191 
6/19 
11/14 
 
 
21/191 
10/19 
7/14 
 
 
21/191 
6/20 
11/13 
 
 
 
 
 
21/191 
12/29 
5/4 

 
 
1.00 
2.87 (0.84–8.56) 
7.51 (2.55–19.3) 
 
 
1.00 
4.79 (1.73–12.5) 
4.55 (1.38–13.6) 
 
 
1.00 
2.73 (0.80–8.07) 
7.70 (2.72–21.1) 
 
 
 
 
 
1.00 
3.76 (1.51–8.99) 
11.4 (2.21–60.7) 
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Table 9 (contd) 

Reference, 
location 

Organ site 
(ICD code) 

Characteristics 
of cases 

Characteristics 
of controls 

Exposure 
assessment 

Exposure 
category 

No.  of 
cases/controls 

Odds ratio 
(95% CI) 

Adjustment for 
potential 
confounders 

Comments 

Scélo et al. 
(2004), seven 
European 
countries 

Trachea, 
bronchus 
and lung 
(ICD-9 162) 

2861 lung 
cancers in 
1998–2002  

3118 (excluded 
hospital 
patients 
admitted for 
tobacco-related 
diseases) 

For each job 
held, local 
experts 
assessed 
intensity and 
frequency of 
exposure to 
vinyl 
chloride, 
acrylonitrile 
and styrene  

Never 
Ever 
Duration (years) 
None 
1–6 
7–14 
> 14 
 
 
Cumulative 
exposure (ppm–
years) 
None 
0.01–1.75 
1.76–12.50 
> 12.50 

2822/3098 
 
 
2794/3062 
18/17 
15/18 
34/21 
 
 
 
 
 
2794/3062 
25/23 
24/16 
18/17 

1.00  
1.05 (0.68–1.62) 
 
1.0 
0.74 (0.35–1.56) 
0.86 (0.39–1.90) 
1.56 (0.81–3.03) 
Test for linear 
trend, p= 0.119 
 
 
 
1.00  
0.90 (0.46–1.75) 
0.96 (0.47–1.98) 
1.51 (0.65–3.47) 

Gender, age, 
tobacco, 
acrylonitrile, 
styrene, plastics 
pyrolysis 
products,  
chromium dust 

Population-
based 

CI, confidence interval; ICD, International Classification of Diseases; JEM, job–exposure matrix 
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In a case–control study from seven European countries (Scélo et al., 2004) that included 
2861 cases of lung cancer and 3118 hospital controls, the odds ratio for ever exposure to 
vinyl chloride was 1.05 (95% CI, 0.68–1.62). A modest non-significant increase in the 
risk for lung cancer was found in the highest-exposed subgroup. 

2.5.2 Other cancers of the respiratory tract 

With respect to other cancers of the respiratory tract, neither the European nor the 
North American multicentric cohort studies found any evidence of an excess incidence of 
or mortality from laryngeal cancer. Mortality from cancer of the pleura was moderately 
elevated in the update of the European multicentric cohort (nine deaths; SMR, 1.89; 95% 
CI, 0.86–3.59) (Ward et al., 2000, 2001). In an update of the North American multicentric 
study (Mundt et al., 2000), an elevated SMR was found for cancer of other parts of the 
respiratory tract (six deaths; SMR, 1.80; 95% CI, 0.66–3.92). 

2.6 Cancer of the lymphatic and haematopoeitic tissues (Table 10) 

2.6.1 North American multicentric study 

In the update of the North American multicentric study, the SMR for cancer of the 
lymphatic and haematopoeitic tissues was 0.86 (71 observed deaths; 95% CI, 0.67–1.08). 
The SMR for lymphosarcoma and reticulosarcoma (defined as ICD-9 code 200) was 1.20 
(12 deaths; 95% CI, 0.62–2.09). No excesses were reported for other leukaemias or 
Hodgkin lymphoma (Mundt et al., 2000).  

2.6.2 European multicentric study 

In an update of the European multicentric cohort study, an SMR of 0.94 (62 deaths; 
95% CI, 0.72–1.21) was observed for cancers of lymphatic and haematopoeitic tissue; no 
significant excess was reported in any category of leukaemia or lymphoma. The overall 
SMR of 1.19 (26 deaths; 95% CI, 0.78–1.75) for non-Hodgkin lymphoma (Ward et al., 
2000, 2001) was much lower than that observed in the original study (seven deaths; SMR, 
1.70; 95% CI, 0.69–3.71) (Simonato et al., 1991). The SIR for non-Hodgkin lymphoma 
(ICD-9 code 200 and 202) in the updated study was 0.78 (20 deaths; 95% CI, 0.48–1.21); 
SIRs reported for other leukaemias and lymphomas were all below 1.00. Among the four 
countries, Italy had the highest SMR of 1.86 (95% CI, 0.84–3.54) and much of the excess 
was in the mixed production plants (SMR, 1.52; 95% CI, 0.96–2.27). No significant 
trends were observed with time since first employment, duration of employment, cumu-
lative exposure or calendar period of hire. In the Poisson regression analyses, there ap-
peared to be some elevation in rate ratios above the baseline category of cumulative dose, 
but the trend was not statistically significant (data not shown). 
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Table 10. Cohort studies of lymphohaematopoietic neoplasms in vinyl chloride monomer (VCM) and polyvinyl chloride (PVC) 
production workers 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

North American multicentric study        

Mundt et al. 
(2000), USA 

10 109 white male 
workers from 37 
plants (race 
unknown, 6%) 
employed at least 
≥ 1 year in jobs 
that entailed 
exposure to VCM 
in 1942–72; 
mortality follow-
up, 1942–95; vital 
status, 96.8%; 
cause of death, 
99% 

JEM  
Lymphohaemato-
poeitic (ICD-9 
200–208) 
Lymphosarcoma or 
reticulosarcoma 
(ICD-9 200) 
Hodgkin lymphoma 
(ICD-9 201) 
Leukaemia/ 
aleukaemia (204–
208) 

Job exposed to VC  
71 
 
 
12  
 
 
 3 
 
31 
 

SMR 
0.86 (0.67–1.08) 
 
 
1.20 (0.62–2.09)  
 
 
0.44 (0.09–1.29) 
 
0.94 (0.64–1.34) 

 Reference rates: 
state rates 

European multicentric study 

Ward et al. 
(2000, 2001), 
Italy, Norway, 
Sweden, United 
Kingdom 

12 700 male 
workers employed 
at 19 VCM/PVC 
plants ≥ 1 year in 
1950–85; mortality 
follow-up, 1955–
97; incidence 
follow-up, 1955–96 

Calendar period 
JEM for 13/19 
factories 
grouped in 22 
broad 
categories; 
factory-specific 
JEM with 
validated 
exposure 
estimates (ppm) 

 
Lymphohaemato-
poeitic (ICD-9 
200–208) 
Non-Hodgkin 
lymphoma 
(ICD-9 200, 202) 
Hodgkin lymphoma 
(ICD-9 201) 
Leukaemia  
(ICD-9 204–208) 

Employed in VC 
industry  (full 
cohort) 

 
62 
 
 
26 
 
 
 7 
 
22 

SMR 
0.94 (0.72–1.21) 
 
 
1.19 (0.78–1.75) 
 
 
1.03 (0.41–2.12) 
 
0.87 (0.54–1.31) 

 
Age, 
calendar 
period  

Reference rates 
and incidence 
rates: national 
Poisson regression 
analysis 
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Table 10 (contd) 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

Other studies         

Thériault & 
Allard (1981), 
Québec, Canada 

451 male workers 
exposed to VCM 
for ≥ 5 years in a 
polymerization 
plant, employed in 
1948–72; mortality 
follow-up, 1948–77 

Questionnaire 
to the worker or 
next of kin on 
detailed 
occupational 
history 

Leukaemia (ICD-9 
200–209) 

Exposed versus 
unexposed 

 
 1 

SMR 
0.60 (NR) 

 Reference rates: 
Canadian 
population in 
1971; comparison 
population: 870 
workers not 
exposed to VCM 
for ≥ 5 months 

Weber et al. 
(1981), 
Germany  

7021 male 
VCM/PVC 
production workers 
from beginning of 
operation to 1974; 
mortality follow-
up, from beginning 
of operation to 
1974; vital status, 
> 90%; cause of 
death, 7–13%  

JEM Lymphatic and 
haematopoietic 
(ICD-8 200–209) 

Exposed versus 
unexposed 

15 2.14 (1.12–3.53)  Reference rates: 
national  
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Table 10 (contd) 

Name of study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of cancer 
(ICD code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

Smulevich et al. 
(1988), former 
Soviet Union 

3232 VCM/PVC 
production workers 
(2195 men, 1037 
women) employed 
for ≥ 1 month in 
VCM-exposed 
jobs; mortality 
follow-up, 1939–77 

Exposure data 
in 1953–66 
from JEM 

 
Non-Hodgkin 
lymphoma and 
multiple myeloma 
(ICD-9 200, 202, 
203) 
Leukaemia (ICD-9 
204–207) 

Estimated area 
exposure: low, 
medium and high 

 
 5 
 
 
 
 
 5 

SMR 
4.17 (p < 0.05) 
 
 
 
 
5.00 (p < 0.05) 

 City (Gorki) mean 
death rates in 
1959, 1969 and 
1975 

Wong, O. et al. 
(2002), Taiwan, 
China  

3293 male workers 
in 6 PVC 
polymerization 
plants exposed to 
VCM ≥ 1 year in 
1950–92; mortality 
follow-up, 1985–
97; vital status, 
99% 

JEM  
Lymphatic and 
haematopoietic 
(ICD-9 200–208) 

  
 7 

SMR 
2.71 (1.09–5.60) 

 Reference rates: 
national; cohort 
assembled from 
Bureau of Labour 
Insurance  

CI, confidence interval; ICD, International Classification of Diseases; JEM, job–exposure matrix; NR, not reported; SMR, standardized mortality ratio; VC, vinyl chloride 
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2.6.3 Other studies 

Only one death from leukaemia (1.67 expected; SMR, 0.60) was reported in the 
Canadian study (Thériault & Allard, 1981). 

Two independent European studies in Germany (Weber et al., 1981) and the former 
Soviet Union (Smulevich et al., 1988) have reported significantly increased mortality 
from neoplasms of the lymphatic and haematopoeitic system (Germany: SMR, 2.14; 95% 
CI, 1.12–3.53; former Soviet Union: SMR, 4; p < 0.05. 

A study in Taiwan, China, reported a significant SMR for neoplasms of the lymphatic 
and haematopoeitic system (seven deaths; SMR, 2.71; 95% CI, 1.09–5.60) (Wong, O. et 
al., 2002). 

2.6.4 Meta-analysis 

The meta-analysis by Boffetta et al. (2003) showed a meta-SMR for neoplasms of the 
lymphatic and haematopoeitic system of 0.90 (95% CI, 0.75–1.07) based on the two 
multicentric cohorts. A meta-SMR for all studies was not calculated due to the high 
degree of heterogeneity between studies. 

Non-Hodgkin lymphoma and multiple myeloma (ICD-9 200, 202, 203) were 
combined in the meta-analysis (Boffetta et al., 2003). SMRs for both the European and 
North American multicentric cohorts were below 1.00. However, an independent study 
from the former Soviet Union reported a significantly elevated SMR of 4.17 (p < 0.05) for 
this category of neoplasms (Smulevich et al., 1988). Due to borderline results for tests of 
heterogeneity, the multicentric cohorts and three independent studies were combined in 
the meta-analysis to yield a meta-SMR of 1.23 (95% CI, 0.70–2.19). 

2.7 Malignant melanoma and cancer of the skin (Table 11) 

2.7.1 North American multicentric cohort study 

In the update of the North American cohort (Mundt et al., 2000), no elevation in mortality 
from skin cancer was observed (12 observed deaths; SMR, 0.64; 95% CI, 0.33–1.12). 

2.7.2 European multicentric cohort study 

An update of the European multicentric study found a non-significantly elevated 
SMR for malignant melanoma (15 deaths; SMR, 1.60; 95% CI, 0.90–2.65) (Ward et al., 
2000, 2001). The analysis of incidence did not show an excess of melanoma (18 observed 
cases; SIR, 1.06; 95% CI, 0.63–1.68). An excess of mortality from melanoma had been 
previously noted for the Norwegian cohort and was found to be dose-related (Heldaas et 
al., 1984, 1987; Langărd et al., 2000). In the update of the European multicentric study, 
the excess in Norway was statistically significant (five deaths; SMR, 6.27; 95% CI, 2.04–
14.6) (Ward et al., 2001). An excess of mortality from melanoma was also observed in  
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Table 11. Cohort studies of malignant melanoma or skin cancer in vinyl chloride monomer (VCM) and polyvinyl chloride 
(PVC) production workers 

Name of 
study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD 
code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

North American multicentric study  
 

     

Mundt et al. 
(2000), USA 

10 109 white male workers 
in 37 plants (race 
unknown, 6%) employed 
at least ≥ 1 year in jobs 
that entailed exposure to 
VCM in 1942–72; 
mortality follow-up, 1942–
95; vital status, 96.8%; 
cause of death, 99%  

JEM Skin 
(ICD-9 
172–173) 

Job exposed to VC  
12 

SMR 
0.64 (0.33–1.12)  

 Reference rates: 
state and USA 
population  

European multicentric study       

Ward et al. 
(2000, 2001), 
Italy, 
Norway, 
Sweden, 
United 
Kingdom 

12 700 male workers 
employed in 19 
VCM/PVC plants ≥ 1 year 
in 1950–85; mortality 
follow-up, 1955–97; 
incidence follow-up, 
1955–96 

Calendar 
period JEM 
for 13/19 
factories 
grouped in 22 
broad 
categories; 
factory-
specific JEM 
with validated 
exposure 
estimates 
(ppm) 

Melanoma 
(ICD-9 
172) 

Employed in VC industry 
(full cohort) 
 
 
 
VCM production 
PVC production 
VCM and PVC production 
PVC processing  
Latency (years) 
< 16 
16–21 
22–26 
27–34 
≥ 35 

 
15 
 
18  
 
 1 
 0 
13 
 1 
 
 4 
 3 
 1 
 3 
 4 

SMR 
1.60 (0.90–2.65) 
SIR 
1.06 (0.63–1.68) 
SMR 
5.13 (0.13–28.6) 
(0.00–2.45) 
2.12 (1.13–3.62) 
0.66 (0.02–3.68) 
Relative risk  
1.00 
1.06 (0.20–5.61) 
0.49 (0.04–5.43) 
1.78 (0.25–12.8) 
4.41 (0.51–38.4) 
Test for linear trend, 
p= 0.193 

 
 
 
 
Age, calendar 
period  
 
 
 
Age, calendar 
period  

Reference rates 
and incidence 
rates: national 
 
 
 
 
 
 
Poisson 
regression 
analysis 
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Table 11 (contd) 

Name of 
study 
Reference, 
location 

Cohort description Exposure 
assessment 

Type of 
cancer 
(ICD 
code)  

Exposure categories No. of 
cases/ 
deaths 

Relative risk (95% 
CI) 

Adjustment 
for potential 
confounders 

Comments 

Ward et al. 
(2000, 2001) 
(contd) 

     

    

Duration (years) 
1–2  
3–6 
7–11 
12–18 
≥ 19  
 
 
Cumulative exposure 
(ppm–years) 
35–99 
100–535 
536–2811 
≥ 2812 

 
 5 
 1 
 1 
 4 
 4 
 
 
 
 
 3 
 4 
 4 
 3 

 
1.00 
0.22 (0.03–1.85) 
0.22 (0.03–1.89) 
0.83 (0.22–3.16) 
1.10 (0.27–4.44) 
Test for linear trend, 
p = 0.665 
 
 
1.00 
2.31 (0.51–10.3) 
2.57 (0.57–11.5) 
2.68 (0.53–13.7) 
Test for linear trend, 
p = 0.193 

  

Other studies        

Smulevich et 
al. (1988), 
former 
Soviet Union 

3232 VCM/PVC 
production workers (2195 
men, 1037 women) 
employed for ≥ 1 month in 
VCM-exposed jobs; 
mortality follow-up, 1939–
77 

Exposure data 
in 1953–66 
from JEM 

 Estimated area exposure: 
low, medium and high 

 
 1 

SMR 
2.00 (p > 0.05) 

 City (Gorki) 
mean death 
rates in 1959, 
1969 and 1975 

CI, confidence interval; ICD, International Classification of Diseases; JEM, job–exposure matrix; SIR, standardized incidence ratio; SMR, standardized mortality ratio; 
VC, vinyl chloride 
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the Italian cohort (four deaths; SMR, 1.96; 95% CI, 0.53–5.01). No association was 
observed with previous employment as an autoclave cleaner. 

2.7.3 Other cohort studies 

In a study in the former Soviet Union (Smulevich et al., 1988), one case of melanoma 
skin cancer was reported (SMR, 2.00; p > 0.05). 

No cases were reported from the other independent studies (Thériault & Allard, 1981; 
Weber et al., 1981; Laplanche et al., 1992; Wong, O. et al., 2002). 

2.7.4 Meta-analysis 

 In the meta-analysis, results for mortality from skin cancer were heterogeneous, 
with no overall indication of an increased risk (meta-SMR, 1.11; 95% CI, 0.49–2.54) 
(Boffetta et al., 2003).  

2.8 Cancer of the breast 

 Although concern has been raised about a potential association between exposure 
to vinyl chloride and the risk for breast cancer, human studies to date are not informative 
on this issue because of the very small numbers of women included. The analyses of both 
the European and North American cohorts included only men because of the extremely 
small number of women available for analysis (59 in the European multicentric cohort 
and 11 in the North American cohort) (Mundt et al., 2000; Ward et al., 2000, 2001). No 
deaths from breast cancer were observed in the European multicentric cohort (Ward et al., 
2000), with only 0.53 expected, and two deaths were observed in the North American 
cohort, with 1.05 expected (SMR, 1.90; 95% CI, 0.23–6.87) (Mundt et al., 2000). 

2.9 Soft-tissue sarcoma 

2.9.1 North American multicentric cohort study 

In the update of the North American multicentric study (Mundt et al., 2000), the SMR 
for cancer of connective and soft tissue was 2.70 (12 deaths; 95% CI, 1.39–4.72); 
significant excesses were observed for those employed for 10–19 years (SMR, 4.77; 95% 
CI, 1.55–11.1) and for those employed for 20 years or more (SMR, 7.25; 95% CI, 1.97–
18.6). SMRs were also significantly increased for first exposure before 1950 (SMR, 3.33; 
CI, 1.08–7.77) and between 1950 and 1959 (SMR, 4.68; 95% CI, 1.88–9.64). Seven of 
the 12 cancers were specific soft tissue other than angiosarcomas, and four were angio-
sarcomas with site not specified.  
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2.9.2 European multicentric cohort study 

A total of six soft-tissue sarcomas were observed in the European multicentric study 
(SMR, 1.89; 95% CI, 0.69–4.11) (Ward et al., 2000, 2001), all of which occurred in the 
United Kingdom. Three additional soft-tissue sarcomas were identified from the inci-
dence data (one in the United Kingdom and two in Sweden). However, during the review 
of the best available data for diagnosis to ascertain cases of liver cancer, it became appar-
ent that three of the six deaths coded as tumours of the connective tissue were actually 
angiosarcomas of the liver, the primary site of which had been miscoded. A Poisson re-
gression analysis was not conducted for the remaining soft-tissue sarcomas due to the 
small number of cases involved. 

2.9.3 Other cohort studies 

Two deaths from soft-tissue sarcoma were observed in the Canadian cohort (SMR, 
5.26) (Thériault & Allard, 1981). 

One case of soft-tissue sarcoma was observed in the cohort from the former Soviet 
Union (SMR, 1.43; p > 0.05) (Smulevich et al., 1988) 

3. Studies of Cancer in Experimental Animals 

Studies of the carcinogenicity of vinyl chloride following oral, inhalation and/or intra-
tracheal administration, subcutaneous and/or intramuscular administration, intraperitoneal 
administration and perinatal exposure have been reviewed previously (IARC, 1979, 
1987). Those that were found to be adequate and/or reported more fully in later publi-
cations are included in this section.  

The carcinogenicity of vinyl chloride has been studied intensively and repeatedly by 
inhalation exposure of experimental animals at a range of concentrations that spanned 
decimal orders of magnitude. The numerous studies were generally mutually reinforced 
and consistently yielded hepatic and extrahepatic angiosarcomas in mice, rats and ham-
sters. Various other malignant neoplasms also occurred at several anatomical sites. 
However, the reporting of this multitude of data has often been incomplete, and the 
outcomes of many studies are available only from summary tables in the published 
literature, in which technical details are given only as footnotes. 

3.1 Inhalation exposure 

3.1.1 Mouse 

Groups of 12 male and 12 female NMRI mice, 12 weeks of age, were exposed by 
inhalation to 50 or 500 ppm [130 or 1300 mg/m3] vinyl chloride [purity unspecified] on 
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6 h per day for 5 days per week for either 26 (500 ppm) or 52 (50 ppm) weeks. Two 
groups of 12 male and 12 female control mice were untreated and were observed for 
either 26 or 52 weeks. The treatment with 500 ppm vinyl chloride was terminated at week 
26 because of poor survival. The incidence of treatment-related tumours in males of the 
two control groups combined, and low- and high-dose groups, respectively, was: extra-
hepatic angiosarcomas, 0/24, 6/12 and 3/12; and lung tumours, 0/24, 9/12 and 12/12. That 
in females was: extrahepatic angiosarcomas, 0/24, 8/12 and 5/12; and lung tumours, 0/24, 
4/12 and 12/12. Mammary carcinomas were observed in 1/24, 1/12 and 4/12 control, low-
dose and high-dose females, respectively [no statistical analysis reported] (Holmberg 
et al., 1976). 

Groups of 36 male and 36 female CD-1 mice, 2 months of age, were exposed by 
inhalation to 0, 50, 250 or 1000 ppm [0, 130, 650 or 2600 mg/m3] vinyl chloride (99.8% 
pure) in air for 6 h per day on 5 days per week for 52 weeks. Four animals per group were 
terminated at 1, 2, 3, 6 or 9 months for laboratory tests and gross and histological exam-
ination. The incidence of liver angiosarcomas in control, 50-, 250- and 1000-ppm vinyl 
chloride-treated mice, respectively, was 0/26, 3/29, 7/29 (p < 0.05, Fisher’s exact test) and 
13/33 (p < 0.05) males and 0/36, 0/34, 16/34 (p < 0.05) and 18/36 [p < 0.05] females; that 
of extrahepatic angiosarcomas was 0/26, 5/29 (p < 0.05), 2/29 and 0/33 males and 0/36, 
1/34, 3/34 and 9/36 (p < 0.05) females, respectively; and that of lung tumours (adenomas) 
was 1/26, 8/29, 10/29 and 22/33 males and 0/36, 4/34, 12/34 and 26/36 females, respec-
tively. The incidence of mammary tumours (adenocarcinomas and carcinomas) in female 
mice was 0/36, 9/34, 3/34 and 13/36, respectively [no statistical analysis reported for lung 
and mammary tumours] (Lee et al., 1978). 

Groups of 8–28 male and 8–28 female CD1 mice, 2 months of age, were exposed by 
whole-body inhalation to 0, 130, 650 or 2600 mg/m3 [0, 340, 1690 or 6760 ppm] vinyl 
chloride (99.8% pure) for 6 h per day on 5 days per week for 1, 3 or 6 months and were 
then removed from exposure chambers and observed for an additional 12 months. The 
incidence of haemangiosarcoma and lung and mammary gland tumours is presented in 
Table 12. An increased cumulative incidence of haemangiosarcomas and bronchiolo-
alveolar lung tumours was seen in male and female mice and an increase in the cumu-
lative incidence of mammary gland adenocarcinomas/carcinomas in females (Hong et al., 
1981). 

Groups of 30 male and 30 female Swiss mice [data reported for both sexes 
combined], 11 weeks of age, were exposed by inhalation to 50, 250, 500, 2500, 6000 or 
10 000 ppm [130, 650, 1300, 6500, 15 600 or 26 000 mg/m3] vinyl chloride (99.97% 
pure) on 4 h per day on 5 days per week for 30 weeks. Control animals comprised 150 
untreated mice [sex distribution not specified; data reported for both sexes combined]. 
Animals were observed until 81 weeks, when the experiment (experiment BT4) was 
terminated. Survival rates of the groups were not reported. The incidence of treatment-
related tumours in control and 50-, 250-, 500-, 2500-, 6000- and 10 000-ppm vinyl 
chloride-treated mice, respectively, was: liver angiosarcomas, 0/150, 1/60, 18/60, 14/60, 
16/59, 13/60 and 10/56; extrahepatic angiosarcomas, 1/150, 1/60, 3/60, 7/60, 8/59, 1/60  
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Table 12. Tumour incidence in CD1 mice exposed by inhalation to vinyl 
chloride for 1–6 months and observed for an additional 12 months 

Tumour incidence/no. examined 

Concentration (ppm) [mg/m3]  

Tumour type 

0 50 [130] 250 [650] 1000 [2600] 

Males 
1 month 
Liver 

Haemangiosarcoma  0/16 1/16 0/16 0/16 
Lung 

Bronchioloalveolar tumour  2/16 3/16 10/16 11/16 

3 months 
Liver 

Haemangiosarcoma 0/16 0/16 1/16 1/10 
Lung 

Bronchioloalveolar tumour 2/16 7/16 11/16 9/10 

6 months 
Liver     

Haemangiosarcoma 0/28 0/8 7/12 5/12 
Lung     

Bronchioloalveolar tumour 4/28 2/8 8/12 7/12 

Cumulative incidence     

Liver     
Haemangiosarcomaa 0/60 1/40 8/44c 6/38c 

Lung     
Bronchioloalveolar tumourb 8/60 12/40 29/44c 27/38c 

Females     

1 month     
Liver     

Haemangiosarcoma 0/16 0/16 0/16 0/16 
Lung     

Bronchioloalveolar tumour 1/16 0/16 9/16 9/16 
Mammary gland     

Adenocarcinoma/carcinoma 1/16 4/16 2/16 0/16 

3 months     

Liver     
Haemangiosarcoma 0/16 0/16 3/16 4/10 

Lung     
Bronchioloalveolar tumour 0/16 5/16 10/16 7/10 

Mammary gland     
Adenocarcinoma/carcinoma 0/16 4/16 6/16 2/10 
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Table 12 (contd) 

Tumour incidence/no. examined 

Concentration (ppm) [mg/m3]  

Tumour type 

0 50 [130] 250 [650] 1000 [2600] 

6 months     

Liver     
Haemangiosarcoma 1/28 1/8 2/8 8/12 

Lung     
Bronchioloalveolar tumour 7/28 1/8 4/8 7/12 

Mammary gland     
Adenocarcinoma/carcinoma 3/28 2/8 5/8 4/12 

Cumulative incidence     

Liver     
Haemangiosarcomaa 1/60 1/40 5/40c 12/38c 

Lung     
Bronchioloalveolar tumourb 8/60 6/40 23/40c 23/38c 

Mammary gland     
Adenocarcinoma/carcinoma 4/60 10/40d 13/40d 6/38d 

From Hong et al. (1981) 
a Significant dose-related incidence (males and females combined); Cochran-Armitage trend test 
b Significant non-linearity in dose–incidence curve (males and females combined); Cochran-Armitage 
trend test 
c Combined incidence in males and females significantly different from controls (p < 0.05, Fisher’s exact 
test) 
d Incidence in females significantly different from controls (p < 0.05, Fisher’s exact test)  

and 1/56; lung tumours, 15/150, 6/60, 41/60, 50/60, 40/59, 47/60 and 46/56; and 
mammary carcinomas, 1/150, 12/60, 12/60, 8/60, 8/59, 8/60 and 13/56. A low incidence 
of skin tumours was also reported [no statistical analysis provided] (Maltoni et al., 1981).  

Groups of female Swiss CD-1 mice [initial numbers not specified], 8–9 weeks of age, 
were exposed by whole-body inhalation to 0 (control) or 130 mg/m3 [0 or 50 ppm] vinyl 
chloride (commercial grade) [purity unspecified] for 6 h per day on 5 days per week for 6, 
12 or 18 months. Animals were allowed to complete their lifespan and were necropsied 
when moribund or dead. There was a significant decrease (p < 0.01) in survival of the 
animals treated for 6, 12 and 18 months compared with controls. Statistically significant 
increases (p < 0.01, life-table analysis) in the incidence of haemangiosarcomas (all sites, 
mainly peritoneal and skin), mammary gland carcinomas and lung carcinomas were 
observed in all exposure groups. The incidence of haemangiosarcomas (all sites) was: 
control, 1/71; exposed for 6 months, 29/67; 12 months, 30/47; and 18 months, 20/45. The 
incidence of mammary gland carcinomas was 2/71, 33/67, 22/47 and 22/45, respectively; 
and that of lung carcinomas was 9/71, 18/65, 15/47 and 11/45, respectively. In the same 
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study, groups of female Swiss CD-1 mice [initial numbers not specified], 8 or 14 months 
of age, were exposed by whole-body inhalation to 0 (control) or 130 mg/m3 [0 or 50 ppm] 
vinyl chloride for 6 h per day on 5 days per week for 6 or 12 months. Animals were 
allowed to complete their lifespan and were necropsied when found moribund or dead. 
Among animals exposed for 6 months beginning at 8 and 14 months of age, statistically 
significant increases (life-table analysis) in the incidence of haemangiosarcomas (all sites) 
(control, 1/71; 8 months of age, 11/49, p < 0.01; and 14 months of age, 5/53), mammary 
gland carcinomas (control, 2/71; 8 months of age, 13/49, p < 0.01; and 14 months of age, 
2/53) and lung carcinomas (control, 9/71; 8 months of age, 13/49, p < 0.05; and 14 
months of age, 7/53) were observed in the animals exposed beginning at 8 months of age 
only. Among those exposed for 12 months, statistically significant increases in the 
incidence of haemangiosarcomas (all sites) (control, 1/71; 8 months of age, 17/46, 
p < 0.01; and 14 months of age, 3/50), mammary gland carcinomas (control, 2/71; 
8 months of age, 8/45, p < 0.01; and 14 months of age, 0/50) and lung carcinomas 
(control, 9/71; 8 months of age, 9/46, p < 0.05; and 14 months of age, 3/50) were 
observed in the animals exposed beginning at 8 months of age only (Drew et al., 1983). 

Groups of female B6C3F1 mice [initial number not specified], 8–9 weeks of age, 
were exposed by whole-body inhalation to 0 (control) or 130 mg/m3 [0 or 5.0 ppm] vinyl 
chloride (commercial grade) [purity unspecified] for 6 h per day on 5 days per week for 6 
or 12 months. Animals were allowed to complete their lifespan and were necropsied 
when found moribund or dead. There was a significant decrease (p < 0.01) in survival of 
the animals treated for 6 or 12 months compared with controls. Statistically significant 
increases (p < 0.01, life-table analysis) in the incidence of haemangiosarcomas (all sites) 
and mammary gland tumours were observed in all exposure groups. The incidence of 
haemangiosarcomas (all sites, mainly peritoneal and subcutis) was: control, 4/69; exposed 
for 6 months, 46/67; and 12 months, 69/90; that of mammary gland carcinomas was 3/69 
(control), 29/67 and 37/90, respectively. In the same study, groups of female B6C3F1 
mice [initial number not specified], 8 or 14 months of age, were exposed by whole-body 
inhalation to 0 (control) or 130 mg/m3 [0 or 50 ppm] vinyl chloride for 6 h per day on 5 
days per week for 6 or 12 months. Animals were allowed complete their lifespan and 
were necropsied when found moribund or dead. There was a significant decrease 
(p < 0.01) in survival of the treated animals compared with controls. Among the animals 
exposed for 6 and 12 months, statistically significant increases (p < 0.01 except p < 0.05 
where indicated, life-table analysis) were observed in the incidence of haemangio-
sarcomas (all sites) (control, 4/69; 6-month exposures: 8 months of age, 27/42; and 14 
months of age, 30/51; 12-month exposures: 8 months of age, 30/48; and 14 months of 
age, 29/48) and mammary gland carcinomas (control, 3/69; 6-month exposures: 8 months 
of age, 13/42; and 14 months of age, 4/51, p < 0.05; 12-month exposures: 8 months of 
age, 9/48; and 14 months of age, 4/48) (Drew et al., 1983). 

[The Working Group noted that lung tumours were not observed in B6C3F1 mice 
exposed to vinyl chloride in the studies of Drew et al. (1983), whereas Swiss CD-1 mice, 
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a strain that is more susceptible to the induction of lung tumours, did develop such 
tumours in these and other studies.] 

Groups of 30, 40 or 60 male CD1 mice, 5–6 weeks of age, were exposed by whole-
body inhalation to 0, 2.6, 26, 260, 780 or 1560 mg/m3 [0, 1, 10, 100, 300 or 600 ppm] 
vinyl chloride [purity unspecified] for 6 h per day on 5 days per week for 4 weeks and 
were then observed for an additional 0, 12 or 40–41 weeks. Surviving animals were killed 
after each observation period. The study focused on lung tumours. After 12 weeks of 
exposure, the incidence of pulmonary tumours was 0/18, 0/10, 0/9, 0/6, 6/9 and 8/9 for 
mice treated with 0 (control), 2.6, 26, 260, 780 and 1560 mg/m3, respectively; after 40–41 
weeks of exposure, the incidence was 0/17, 1/9, 3/9, 6/9, 5/7 and 6/7, respectively [no 
statistical analysis provided] (Suzuki, 1983). 

3.1.2 Rat 

Groups of 36 male and 36 female CD rats, 2 months of age, were exposed by 
inhalation to 0, 50, 250 or 1000 ppm [0, 130, 650 or 2600 mg/m3] vinyl chloride (99.8% 
pure) in air for 6 h per day on 5 days per week for 52 weeks. Four animals per group were 
terminated at 1, 2, 3, 6 or 9 months for laboratory tests and gross and histological exam-
ination. The combined incidence of liver angiosarcomas by increasing level of exposure 
was 0/35 (control), 0/36, 2/36 and 6/34 in males and 0/35 (control), 0/36, 10/34 (p < 0.05, 
Fisher’s exact test) and 15/36 (p < 0.05) in females, respectively. Similarly, the incidence 
of extrahepatic angiosarcomas was 0/35 (control), 1/36, 2/36 and 4/34 in males and 0/35 
(control), 1/36, 3/34 and 10/36 (p < 0.05) in females, respectively (Lee et al., 1978). 

Groups of 62 newly weaned male and female Wistar rats were exposed by whole-
body inhalation to 0 or 13 000 mg/m3 [0 or 5000 ppm] vinyl chloride (≥ 99.97% pure) for 
7 h per day on 5 days per week for 52 weeks. Ten animals per dose per sex were killed at 
4, 13, 26 and 52 weeks. No information on survival was provided. At 52 weeks, an in-
crease in the incidence of angiosarcomas of the liver (males, 3/9; females, 6/10), Zymbal 
gland squamous-cell carcinomas (males, 3/9; females, 2/10) and carcinomas of the nasal 
cavity (males, 2/9; females, 5/10) compared with controls (no tumours) was observed [no 
statistical evaluation provided] (Feron & Kroes, 1979; Feron et al., 1979). 

Groups of 110–128 male and 110–128 female Sprague-Dawley rats, 6, 18, 32 or 52 
weeks of age, were exposed in chambers by whole-body inhalation to 0 (controls) or 
2465 mg/m3 [0 or 940 ppm] vinyl chloride [purity unspecified] for 7 h per day on 5 days 
per week for 24.5 weeks. An epidemic of pneumonia in exposed rats during the 28th week 
forced premature conclusion of the study and all surviving rats were killed 43 weeks after 
the beginning of exposure. Rats killed at 3, 6 or 9 months (interim sacrifice group) were 
evaluated separately from rats that either died, were killed in poor condition or were killed 
at the conclusion of the study (non-scheduled sacrifice group). Angiosarcomas, mostly 
primary tumours in the liver, were highly anaplastic and frequently metastasized to the 
lung. The incidence of angiosarcomas in vinyl chloride-exposed male rats in the non-
scheduled sacrifice group was 0/37, 0/44, 3/45 and 13/55 in rats that were exposed 
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beginning at 6, 18, 32 or 52 weeks of age, respectively. The corresponding incidence of 
angiosarcomas in exposed females was 2/38, 7/47, 23/49 and 11/54. Only one angio-
sarcoma occurred in subcutaneous tissues in a control male placed on study at 32 weeks 
of age (incidence for this control group, 1/86; incidence for all control males, 1/357). The 
incidence of angiosarcomas in control females was 0/382. Pituitary tumours and mam-
mary tumours occurred in both control and exposed rats at comparable rates. A few rats in 
the control and exposed groups had Zymbal gland or brain tumours (Groth et al., 1981).  

Five groups of 51–93 male random-bred white rats, weighing 160–180 g at the 
beginning of the experiment, were exposed by whole-body inhalation to 0 (control), 14, 
25, 266 or 3690 mg/m3 [0, 5.4, 9.6, 102 or 1420 ppm] vinyl chloride [purity unspecified] 
for 4.5 h per day on 5 days per week for 52 weeks and observed until their death, but no 
longer than 126 weeks. The authors reported the development of angiosarcomas of liver 
or other sites in rats of the three highest-dose groups (9.3–15.7%). No such tumours were 
observed in control animals (Kurlyandski et al., 1981).  

Groups of 30 male and 30 female Sprague-Dawley rats [data reported for both sexes 
combined], 12 weeks of age, were exposed by inhalation to 50, 250, 500, 2500, 6000 or 
10 000 ppm [130, 650, 1300, 6500, 15 600 or 26 000 mg/m3] vinyl chloride (99.97% 
pure) for 4 h per day on 5 days per week for 17 weeks. Control animals comprised 190 
untreated rats [data reported for both sexes combined]. Animals were observed until 156 
weeks, when the experiment (experiment BT3) was terminated. Survival rates of the 
groups were not reported. The incidence of tumours was: liver angiosarcomas, 0/190, 
0/58, 0/59, 1/60, 1/60, 1/60 and 0/58 in control, 50-, 250-, 500-, 2500-, 6000- and 10 000-
ppm vinyl chloride-treated rats, respectively; ‘hepatomas’, 0/190 (control), 0/58, 0/59, 
0/60, 2/60, 1/60 and 1/58, respectively; Zymbal gland carcinomas, 2/190 (control), 0/58, 
1/59, 1/60, 7/60, 9/60 and 9/58, respectively; and ‘skin epitheliomas’, 1/190 (control), 
1/58, 0/59, 0/60, 2/60, 5/60 and 5/58, respectively [no statistical analysis reported] 
(Maltoni et al., 1981). 

Groups of 60 male and 60 female Sprague-Dawley rats [data reported for both sexes 
combined], 13 weeks of age, were exposed by inhalation to 6000 or 10 000 ppm [15 600 
or 26 000 mg/m3] vinyl chloride (99.97% pure) for 4 h per day on 5 days per week for 
5 weeks (groups I and II), for 1 h per day on 4 days per week for 25 weeks (groups III and 
IV) or for 4 h per day once a week for 25 weeks (groups V and VI). Control animals 
comprised two groups of 120 untreated rats [data reported for both sexes combined]. 
Animals were observed until 154 weeks, when the experiment (experiment BT10) was 
terminated. Survival rates of the groups were not reported. The incidence of tumours was: 
liver angiosarcomas, 0/227, 1/118, 0/120, 1/119, 3/118, 1/119 and 1/120 in controls and 
groups I, II, III, IV, V and VI, respectively; extrahepatic angiosarcomas, 0/227 (control), 
0/118, 0/120, 0/119, 2/118, 0/119 and 1/120, respectively; Zymbal gland carcinomas, 
0/227 (control), 9/118, 9/120, 9/119, 5/118, 8/119 and 9/120, respectively; and mammary 
tumours, 17/227 (control), 13/118, 13/120, 16/119, 11/118, 20/119 and 12/120, 
respectively. The predominant carcinogenic effect was in the Zymbal gland [no statistical 
analysis reported] (Maltoni et al., 1981). 
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Five experiments (BT1, BT2, BT6, BT9, BT15) performed by Maltoni et al. (1981) 
were combined to construct a dose–response table. Groups of 60–300 male and female 
Sprague-Dawley rats [data reported for both sexes combined], 13–17 weeks of age, were 
exposed by inhalation to 1, 5, 10, 25, 50, 100, 150, 200, 250, 500, 2500, 6000, 10 000 or 
30 000 ppm [2.6, 13, 26, 65, 130, 260, 390, 520, 650, 1300, 6500, 15 600, 26 000 or 
78 000 mg/m3] vinyl chloride (99.97% pure) for 4 h per day on 5 days per week for 52 
weeks. Controls comprised 461 untreated rats from four experiments [data reported for 
both sexes combined]. Animals were observed until 68 (BT6) or 135–147 (BT1, BT2, 
BT9, BT15) weeks, when the experiments were terminated. Survival rates of the groups 
were not reported. Selected tumour incidences are presented in Table 13 [no statistical 
analysis reported] (Maltoni et al., 1981). [The Working Group noted that the clearest 
dose–response was observed for hepatic angiosarcomas and Zymbal gland carcinomas.] 

Groups of 30–40 male (BT7) or 120–130 male [exact numbers not specified] (BT17) 
Wistar rats, 11–13 weeks of age, were exposed by inhalation to 1, 50, 250, 500, 2500, 
6000 or 10 000 ppm [2.6, 130, 650, 1300, 6500, 15 600 or 26 000 mg/m3] vinyl chloride 
(99.97% pure) for 4 h per day on 5 days per week for 52 weeks. Control animals 
comprised 40 (BT7) or 120–130 [exact number not specified] (BT17) untreated rats. 
Animals were observed until 134 (BT17) or 165 (BT7) weeks, when the experiment was 
terminated. Survival rates of the groups were not reported. The incidence of selected 
tumours in order of increasing doses was: liver angiosarcomas, 0/132 (control), 0/99, 
0/28, 1/27, 3/28, 3/25, 3/26 and 8/27, respectively; extrahepatic angiosarcomas, 1/132 
(control), 3/99, 0/28, 1/27, 0/28, 1/25, 1/26 and 0/27, respectively; ‘hepatomas’, 0/132 
(control), 1/99, 0/28, 0/27, 0/28, 1/25, 2/26 and 0/27, respectively; and Zymbal gland 
carcinomas, 3/132 (control), 2/99, 0/28, 0/27, 0/28, 0/25, 2/26 and 2/27, respectively [no 
statistical analysis provided] (Maltoni et al., 1981). [The Working Group noted the lack of 
a dose–response for extrahepatic angiosarcomas, Zymbal gland carcinomas and 
hepatomas.] 

Groups of 55–112 female Fischer 344 rats, 8–9 weeks of age, were exposed by 
whole-body inhalation to 0 (control) or 260 mg/m3 [0 or 100 ppm] vinyl chloride 
(commercial grade) [purity unspecified] for 6 h per day on 5 days per week for 6, 12, 18 
or 24 months. Animals were allowed to complete their lifespan and were necropsied 
when found moribund or dead. There was a significant decrease (p < 0.01) in survival of 
animals exposed for 1 year or more compared with controls. Statistically significant 
increases (p < 0.01, life-table analysis) were observed in the incidence of liver haeman-
giosarcomas, haemangiosarcomas (all sites), mammary gland fibroadenomas and liver 
neoplastic nodules [hepatocellular adenomas] in all exposure groups and of mammary 
gland adenocarcinomas and hepatocellular carcinomas in the groups exposed for 12, 18 
and 24 months. Tumour incidence after 24 months of exposure was: haemangiosarcoma 
of the liver, 1/112 control versus 19/55 exposed; haemangiosarcoma (all sites), 2/112 
control versus 24/55 exposed; fibroadenoma of the mammary gland, 24/112 control 
versus 26/55 exposed; adenocarcinoma of mammary gland, 5/112 control versus 5/55 
exposed; liver neoplastic nodules [hepatocellular adenomas], 4/112 control versus 6/55  
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Table 13. Tumour incidence in a dose–response study of vinyl chloride administered by inhalation to Sprague-
Dawley rats for 52 weeks 

Exposure  (ppm) 
[mg/m3] 

Experiment Liver 
angiosarcomas 

Extrahepatic 
angiosarcomas 

Hepatomas Zymbal gland 
carcinomas 

Mammary 
tumours 

Nephroblastomasa Neuroblastomasb 

0 BT1, BT2, 
BT9, BT15 

0/461 2/461 0/461 4/461 19/461 0/461 0/461 

1 [2.6] BT15 0/118 0/118 0/118 1/118 15/118 0/118 0/118 

5 [13] BT15 0/119 0/119 0/119 1/119 22/119 0/119 0/119 

10 [26] BT15 1/119 2/119 0/119 2/119 21/119 0/119 0/119 

25 [65] BT15 5/120 0/120 0/120 4/120 17/120 1/120 0/120 

50 [130] BT1 1/60 1/60 0/60 0/60 2/60 1/60 0/60 

50 [130] BT9 14/294 9/294 0/294 9/294 62/294 1/294 0/294 

100 [260] BT2 1/120 0/120 0/120 1/120 4/120 10/120 0/120 

150 [390] BT2 6/119 0/119 0/119 4/119 6/119 11/119 0/119 

200 [520] BT2 12/120 1/120 3/120 4/120 6/120 7/120 0/120 

250 [650] BT1 3/59 2/59 1/59 0/59 2/59 5/59 0/59 

500 [1300] BT1 6/60 1/60 5/60 4/60 1/60 6/60 0/60 

2500 [6500] BT1 13/60 3/60 2/60 2/60 2/60 6/60 4/60 

6000 [15 600]  BT1 13/59 3/59 1/59 7/59 0/59 5/59 3/59 

10 000 [26 000] BT1 7/60 3/60 1/60 16/60 3/60 5/60 7/60 

30 000 [78 000] BT6 18/60 1/60 1/60 35/60 2/60 0/60 1/60 

From Maltoni et al. (1981) 
a Primary renal tumours were not necessarily embryonal in morphology. 
b See Working Group comment on this diagnosis in the text that describes the Maltoni and Cotti (1988) study.  
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exposed; and hepatocellular carcinoma, 1/112 control versus 9/55 exposed. In the same 
study, groups of 51–112 female Fischer 344 rats, aged 2, 8, 14 or 20 months, were 
exposed by whole-body inhalation to 0 (control) or 260 mg/m3 [100 ppm] vinyl chloride 
for 6 h per day on 5 days per week for 6 or 12 months. Exposures were initiated when the 
animals were 2, 8, 14 or 20 months of age for the 6-month exposures and 2, 8 or 14 months 
of age for the 12-month exposures. Animals were allowed to complete their lifespan and 
were necropsied when found moribund or dead. The incidence of haemangiosarcomas, 
and mammary gland and liver tumours is presented in Table 14. For the 6-month 
exposures, increases were observed in the incidence of liver haemangiosarcomas in one 
exposure group, of mammary gland fibroadenomas and neoplastic liver nodules 
[hepatocellular adenomas] in the 2- and 8-month-old groups, respectively, and of hepato-
cellular carcinomas in the 8-month-old group. After the 12-month exposures, increases 
were observed in the incidence of liver haemangiosarcomas, haemangiosarcomas (all 
sites) and mammary gland fibroadenomas in the 2- and 8-month-old groups and of 
mammary gland adenocarcinomas, neoplastic liver nodules [hepatocellular adenomas] 
and hepatocellular carcinomas in the 2-month-old group (Drew et al., 1983). 

Table 14. Incidence of tumours in female Fischer 344 rats exposed to 260 mg/m3 
[100 ppm] vinyl chloride by inhalation 

Haemangiosarcoma Mammary gland Exposure 
period 
(months) 

Age 
at start 
(months) Liver All sites Fibro- 

adenoma 
Adeno- 
carcinoma 

Liver neoplastic 
nodules [hepato-
cellular adenoma] 

Hepato- 
cellular 
carcinoma 

 0 (control)  – 1/112 2/112 24/112 5/112 4/112 1/112 
 6  2  4/76a 4/76 28/76a 6/76 15/75a 3/75 
 6  8  2/52 2/53 23/53b 2/53 10/52a 6/52a 
 6 14 0/51 0/53 17/53 3/53 2/51 0/51 
 6 20 0/53 0/53 20/53b 2/53 4/53 1/53 
12  2  11/55a 12/56a 28/56a 11/56a 20/56a 4/56a 
12  8  5/54a 5/55a 16/55a 4/55 4/54 1/54 
12 14 2/49 2/50 15/50 0/50 4/49 0/49 

Adapted from Drew et al. (1983) 
a Difference from controls, p < 0.01 (life-table analysis) 
b Difference from controls, p < 0.05 (life-table analysis) 

3.1.3 Hamster 

Groups of 30 male Golden hamsters, 11 weeks of age, were exposed by inhalation to 
50, 250, 500, 2500, 6000 or 10 000 ppm [30, 650, 1300, 6500, 15 600 or 26 000 mg/m3] 
vinyl chloride (99.97% pure) for 4 h per day on 5 days per week for 30 weeks. Control 
animals comprised 60 untreated male hamsters. Animals were observed until 109 weeks, 
when the experiment (experiment BT8) was terminated. Survival rates of the groups were 
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not reported. The incidence of treatment-related tumours by increasing dose of exposure 
was: liver angiosarcomas, 0/60 (control), 0/30, 0/30, 2/30, 0/30, 1/30 and 0/30, respec-
tively; skin epitheliomas, 3/60 (control), 9/30, 3/30, 7/30, 3/30, 1/30 and 7/30, respec-
tively; and forestomach papillomas and acanthomas, 3/60 (control), 3/30, 4/30, 9/30, 
17/30, 10/30 and 10/30, respectively. Leukaemia was observed at a similar incidence in 
control and treated groups (8/60 (control), 6/30, 6/30, 5/30, 9/30, 6/30 and 5/30, respec-
tively), but the authors reported a decrease in the latency period [no statistical analysis 
provided] (Maltoni et al., 1981). 

Groups of female Syrian golden hamsters [initial numbers not specified], 8–9 weeks 
of age, were exposed by whole-body inhalation to 0 or 520 mg/m3 [0 or 200 ppm] vinyl 
chloride (commercial grade) [purity unspecified] or 6 h per day on 5 days per week for 6, 
12 or 18 months. Animals were allowed to complete their lifespan and were necropsied 
when found moribund or dead. There was a significant decrease (p < 0.01) in survival of 
all exposed animals compared with controls. Statistically significant increases (see Table 
15) were observed in the incidence of mammary gland carcinomas and stomach ade-
nomas in all exposure groups and of haemangiosarcomas (all sites) in the groups exposed 
for 6 and 12 months. A significant increase in the incidence of skin carcinomas was also 
seen in the 12-month exposure group. In the same study, groups of female Syrian golden 
hamsters, 2, 8, 14 or 20 months of age (Groups I, II, III and IV, respectively) [initial 
numbers not specified], were exposed by whole-body inhalation to 0 or 520 mg/m3 [0 or  

 

Table 15. Incidence of tumours in female Syrian golden hamsters exposed to 
520 mg/m3 [200 ppm] vinyl chloride by inhalation 

Exposure period 
(months) 

Age at first 
exposure 

Haemangiosarcoma 
(all sites)a 

Mammary gland 
carcinoma 

Stomach 
adenoma 

Skin carcinoma 

 0 (control) – 0/143 0/143 5/138 0/133 

 6 8 weeks 13/88b 28/87 b 23/88b 2/80 

12 8 weeks 4/52 b 31/52 b 3/50c 9/48b 

18 8 weeks 2/103 47/102b 20/101b 3/90 

 6 8 months 3/53 c 2/52c 15/53b 0/49 

 6 14 months 0/50 0/50 6/49c 0/46 

 6 20 months 0/52 1/52 0/52 0/50 

12 2 months 4/52 b 31/52b 3/50c 2/80 

12 8 months 1/44 6/44 b 10/44b 0/38 

12 14 months 0/43 0/42 3/41 0/30 

Modified from Drew et al. (1983) 
a These tumours occurred primarily in the skin, spleen and liver. 
b Difference from controls, p < 0.01 (life-table analysis) 
c Difference from controls, p < 0.05 (life-table analysis) 
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200 ppm] vinyl chloride for 6 h per day on 5 days per week for 6 or 12 months. Exposures 
were initiated when the animals were 2, 8, 14 or 20 months of age for the 6-month 
exposures and 2, 8 or 14 months of age for the 12-month exposures. Animals were 
allowed to complete their lifespan and were necropsied when found moribund or dead. 
There was a significant decrease (p < 0.01) in the survival of animals that were exposed 
early in life for 12 months compared with controls. In some of the 6-month and 12-month 
exposure groups (see Table 15), statistically significant increases were observed in the 
incidence of stomach adenomas, haemangiosarcomas (all sites) and mammary gland 
carcinomas (Drew et al., 1983). 

[The Working Group noted the successful induction of hepatic angiosarcomas in 
three species (rats, mice and hamsters) exposed to vinyl chloride by inhalation.] 

3.2 Oral administration 

Rat 

Groups of 40 male and 40 female Sprague-Dawley rats [data reported only for both 
sexes combined], 13 weeks of age, were administered 3.3, 17 or 50 mg/kg bw vinyl 
chloride (99.97% pure) in olive oil by gastric intubation four or five times a week for 52 
weeks. Control rats comprised 40 males and 40 females [data reported for both sexes 
combined] that were treated with olive oil alone. Animals were observed until 136 weeks, 
when the experiment (experiment BT11) was terminated. Survival rates of the groups 
were not reported. The incidence of treatment-related tumours in control and 3.3-, 17- and 
50-mg/kg bw vinyl chloride-treated rats, respectively, was: liver angiosarcomas, 0/80, 
0/80, 10/80 and 17/80; extrahepatic angiosarcomas, 0/80, 2/80, 0/80 and 2/80; and 
primary renal tumours (‘nephroblastomas’), 0/80, 0/80, 3/80 and 2/80 [no statistical 
analysis reported] (Maltoni et al., 1981). 

Groups of 75 male and 75 female Sprague-Dawley rats [data reported only for both 
sexes combined], 10 weeks of age, were administered 0.03, 0.3 or 1 mg/kg bw vinyl 
chloride (99.97% pure) in olive oil by gastric intubation four or five times a week for 52–
59 weeks. Controls comprised 75 males and 75 females [data reported for both sexes 
combined] that were treated with olive oil alone. Animals were observed until 136 weeks, 
when the experiment (experiment BT27) was terminated. Survival rates of the groups 
were not reported. The incidence of several tumours was increased in the treated groups. 
The incidence in control and 0.03-, 0.3- and 1-mg/kg bw vinyl chloride-treated rats, 
respectively, was: hepatic angiosarcomas, 0/150, 0/150, 1/148 and 3/149; extrahepatic 
angiosarcomas, 0/150, 0/150, 0/148 and 1/149; hepatomas [not otherwise specified], 
0/150, 0/150, 1/148 and 1/149; Zymbal gland carcinomas, 1/50, 0/150, 0/148, 5/149; and 
mammary tumours, 7/150, 14/150, 4/148 and 12/149 [no statistical analysis reported] 
(Maltoni et al., 1981). 

Groups of 60–80 male and 60–80 female Wistar rats, 5 weeks of age, were fed diets 
that contained 0, 1, 3 or 10% of 4000 ppm vinyl chloride (≥ 99.97% pure) in a PVC 



 VINYL CHLORIDE 385 
 

 

powder (vehicle) (which resulted in calculated daily doses of 0, 1.7, 5.0 or 14 mg/kg bw 
vinyl chloride, respectively) during a 4-h feeding period each day on 7 days per week. 
Animals were treated for a total of 135 (males) or 144 (females) weeks, after which the 
experiment was terminated. Survival of males at the end of the study was 14/60 control, 
20/60 low-dose, 0/60 intermediate-dose and 0/60 high-dose animals; for females, survival 
was 19/60 control, 5/60 low-dose, 0/60 intermediate-dose and 0/60 high-dose animals. 
Neoplastic responses included a significantly increased incidence (p < 0.05, χ2 test) of 
liver haemangiosarcomas and lung angiosarcomas in high- and mid-dose males and high-
dose females, of hepatocellular carcinomas in high-dose males and high- and mid-dose 
females and of neoplastic liver nodules (hepatocellular adenomas) in high- and mid-dose 
males and females. The incidence of hepatocellular carcinomas was 0/55 control, 1/58 
low-dose, 2/56 mid-dose and 8/59 high-dose males and 0/57 control, 4/58 low-dose, 
19/59 mid-dose and 29/57 high-dose females; that of liver haemangiosarcomas was 0/55 
control, 0/58 low-dose, 6/56 mid-dose and 27/59 high-dose males and 0/57 control, 0/58 
low-dose, 2/59 mid-dose and 9/57 high-dose females; and that of neoplastic nodules 
(hepatocellular adenomas) was 0/55 control, 1/58 low-dose, 7/56 mid-dose and 23/59 
high-dose males and 2/57 control, 26/58 low-dose, 39/54 mid-dose and 44/57 high-dose 
females (Feron et al., 1981). 

As in the previous experiment, groups of 50–100 male and 50–100 female Wistar rats 
[age unspecified] were fed diets similar to those described in Feron et al. (1981) that 
resulted in calculated daily doses of 0, 0.014, 0.13 and 1.3 mg/kg bw vinyl chloride 
(≥ 99.97% pure), respectively, during a daily 4–6-h feeding period on 7 days per week. 
Animals were treated for a total of 149 (males) or 150 (females) weeks, after which the 
experiment was terminated. Survival of males at the end of the study was 20/100 control, 
20/100 low-dose, 18/100 intermediate-dose and 8/50 high-dose animals; for females, 
survival was 24/100 control, 23/100 low-dose, 26/100 intermediate-dose and 5/50 
(p < 0.05) high-dose animals. Neoplastic responses included a significantly increased 
incidence of hepatocellular carcinomas in high-dose males and of liver neoplastic nodules 
(hepatocellular adenomas) in high-dose females (p < 0.05). The incidence of hepato-
cellular carcinoma was 0/99 control, 0/99 low-dose, 0/99 mid-dose and 3/49 high-dose 
males and 1/98 control, 0/100 low-dose, 1/96 mid-dose and 3/49 high-dose females; that 
of neoplastic nodules (hepatocellular adenomas) was 0/99 control, 0/99 low-dose, 0/99 
mid-dose and 1/49 high-dose males and 0/98 control, 1/100 low-dose, 1/96 mid-dose and 
9/49 high-dose females; and that of liver haemangiosarcomas was 0/99 control, 0/99 low-
dose, 0/99 mid-dose and 1/49 high-dose males and 0/98 control, 0/100 low-dose, 0/96 
mid-dose and 2/49 high-dose females (Til et al., 1991).  
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3.3 Subcutaneous injection 

Rat 

Groups of 35 male and 40 female Sprague-Dawley rats, 21 weeks of age, were 
administered a single subcutaneous injection of 4.25 mg vinyl chloride (99.97% pure) in 
1 mL olive oil. Control animals comprised 35 male and 40 female rats that were treated 
with olive oil alone (1 mL). Animals were followed until 145 weeks, when the experi-
ment [BT13] was terminated. Survival rates of the groups were not reported. No hepatic 
or extrahepatic angiosarcomas were observed. Tumour incidence was reported for both 
sexes combined. Mammary tumours were observed in 1/75 vinyl chloride-treated rats and 
3/75 controls. Nephroblastomas were observed in 1/75 treated rats and 0/75 controls. No 
other tumour types were reported in vinyl chloride-treated animals (Maltoni et al., 1981). 

3.4 Intraperitoneal injection 

Rat 

Groups of 30 male and 30 female Sprague-Dawley rats [data reported for both sexes 
combined], 17 weeks of age, were administered 4.25 mg vinyl chloride (99.97% pure) in 
1 mL olive oil by intraperitoneal injection once, twice, three times or four times at 
2-month intervals. Control animals comprised 60 rats that were treated with olive oil 
alone (1 mL) [number of treatments not reported; data reported for both sexes combined]. 
Animals were followed until 144 weeks, when the experiment (BT12) was terminated. 
Survival rates of the groups were not reported. No liver angiosarcomas were observed. 
Extrahepatic angiosarcomas were observed in 0/55 controls, and 0/55, 1/56, 1/53 and 
0/56 rats treated with vinyl chloride once, twice, three times or four times, respectively; 
mammary tumours were observed in 0/55 controls, and 2/55, 3/56, 1/53, and 1/56 rats 
treated with vinyl chloride once, twice, three times or four times, respectively [no statis-
tical analysis reported] (Maltoni et al., 1981). 

3.5 Transplacental administration 

Rat 

Groups of 30–54 pregnant female Sprague-Dawley rats, 19 weeks of age, were 
exposed by inhalation to 6000 or 10 000 ppm [15 600 or 26 000 mg/m3] vinyl chloride 
(99.97% pure) for 4 h per day for 7 days, from days 12 to 18 of pregnancy (experiment 
BT5). Both dams and offspring were observed until the experiment was terminated at 143 
weeks, without further exposure to vinyl chloride [the Working Group noted the lack of 
control groups]. Survival rates of the various groups were not reported. No hepatic or 
extrahepatic angiosarcomas or hepatomas were observed in either dams or offspring. 
Tumours appeared at several sites in offspring, including extrahepatic angioma (1/32 low-
dose, 0/51 high-dose), kidney tumours (0/32 low-dose, 3/51 high-dose), Zymbal gland 
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carcinomas (3/32 low-dose, 5/51 high-dose), skin epitheliomas (1/32 low-dose, 0/51 high-
dose), forestomach papillomas and achanthomas (1/32 low-dose, 1/51 high-dose) and 
mammary gland tumours (2/32 low-dose, 1/51 high-dose). No tumours occurred at these 
sites in low-dose dams. One Zymbal gland carcinoma was seen in a high-dose dam (1/30) 
(Maltoni et al., 1981). [The Working Group considered that, despite the lack of controls, 
this study provides some evidence of the transplacental carcinogenicity of vinyl chloride.] 

3.6 Perinatal exposure 

Rat 

Male and female Sprague-Dawley rats (breeders), 21 weeks of age, were exposed by 
inhalation together with their newborn offspring to 6000 or 10 000 ppm [15 600 or 
26 000 mg/m3] vinyl chloride (99.97% pure) on 4 h per day on 5 days per week for 
5 weeks. Offspring [data reported for both sexes combined] included 44 rats in the high-
dose and 42 in the low-dose group. All vinyl chloride-treated rats were followed until 124 
weeks, when the experiment (experiment BT14) was terminated [the Working Group 
noted the lack of controls]. Survival rates of the groups were not reported. In rats treated 
perinatally, the incidence of hepatic angiosarcomas was 17/42 and 15/44 in 6000- and 
10 000-ppm vinyl chloride-treated animals, respectively. Other tumours that occurred in 
low-dose and high-dose groups, respectively, were liver angiomas (1/42, 0/44), extra-
hepatic angiosarcomas (1/42, 0/44), extrahepatic angiomas (1/42, 3/44), ‘hepatomas’ 
(20/42, 20/44), Zymbal gland carcinomas (2/42, 1/44), skin epitheliomas (2/42, 1/44) and 
mammary tumours (1/42, 0/44). No tumours were reported in breeders at the sites where 
tumours occurred in offspring (Maltoni et al., 1981). 

Male and female Sprague-Dawley rats (breeders), 13 weeks of age, were exposed by 
inhalation to 0 (controls) or 2500 ppm [6500 mg/m3] vinyl chloride (99.97% pure) for 4 h 
per day on 5 days per week for an initial 7-week period during which 54 exposed females 
and 60 control females became pregnant and delivered young. Exposed dams then con-
tinued to receive vinyl chloride by inhalation for 7 h per day on 5 days per week for an 
additional 69 weeks. Offspring [details of delivery and perinatal husbandry not given] 
were exposed with their dams pre- and postnatally during the initial 7-week exposure 
period, and were then either exposed similarly to their dams for 7 h per day on 5 days per 
week for a further 69 weeks (63 males, 64 females; Group I) or for a shorter 8-week 
period (60 males, 60 females; Group II). Control offspring were 158 males and 149 
females. Hepatocarcinomas occurred in 5/54 exposed female breeders and 0/60 control 
breeders, in 27/64 male and 38/63 female Group I offspring, in 42/60 male and 43/60 
female Group II offspring and in 1/158 control male and 0/149 control female offspring. 
Angiosarcomas [origin not specified; presumably hepatic] occurred in 27/54 exposed 
female breeders, in 36/64 male and 46/63 female Group I offspring and 24/60 male and 
28/60 female Group II offspring. No angiosarcomas were seen in 60 control breeders or in 
158 male and 149 female control offspring. Latencies for both hepatocellular carcinomas 
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and angiosarcomas averaged approximately 52 weeks in Group I offspring and approx-
imately 80 weeks in Group II offspring. Tumours in the brain described as ‘neuro-
blastomas’ were seen in vinyl chloride-exposed rats only: 32/54 female breeders, 31/64 
male and 27/63 female Group I offspring and 7/60 male and 11/60 female Group II 
offspring (Maltoni & Cotti, 1988). [The Working Group noted that these latter neoplasms 
occurred at a high frequency in vinyl chloride-exposed adult rats which is unprecedented 
for primary brain tumours in bioassays; that this diagnosis has not been established in 
other bioassays of vinyl chloride or other chemicals; and that the photomicrographs and 
the preferential location of the tumours in the anterior frontal lobes support the alternative 
diagnosis of an origin in the metabolically active olfactory neuroepithelium of the pos-
terior nasal cavity (aesthesioneuroepithelioma).] 

3.7 Carcinogenicity of metabolites 

Mouse 

Local tumours (mainly fibrosarcomas) were observed in 15/28 male, 12/24 female 
and 0/30 control male XVIInc/Z mice, 8–10 weeks of age, following 32 subcutaneous 
injections of 0 (controls) or 0.1 mg chloroethylene oxide [purity unspecified] over 42 
weeks (the experiment was terminated 36.5 weeks post-exposure). Chloroethylene oxide 
increased the incidence of skin papillomas and carcinomas in male XVIInc/Z mice in a 
classical initiation–promotion experiment (chloroethylene oxide was used as an initiator 
and 12-O-tetradecanoylphorbol-13-acetate [TPA] as a promoter) (skin papilloma, 18/28 
versus 4/28 TPA controls; skin carcinoma, 5/28 versus 0/28 TPA controls), whereas 
chloroacetaldehyde [purity unspecified]did not produce such tumours under comparable 
conditions (Zajdela et al., 1980). 

Chloroacetaldehyde (≥ 95% pure with no identifiable impurities) slightly increased 
the incidence of hepatocellular tumours (10/26 versus 3/20 controls [not significant]) in 
male B6C3F1 mice when administered orally in the drinking-water at a mean daily 
ingested dose of 17 mg/kg bw per day for 104 weeks (Daniel et al., 1992).  

3.8 Co-exposure with modifying agents 

Rat 

Groups of 80 male Sprague-Dawley rats [age not specified] were used in a 2 × 2 
factorial design and were exposed by whole-body inhalation to 1500 mg/m3 [577 ppm] 
vinyl chloride (99.9% pure) for 4 h per day on 5 days per week for 12 months and were 
then held for an additional 18 months. Animals were kept until spontaneous death or were 
killed at the end of the 18-month post-exposure observation period. Additional groups 
were exposed to vinyl chloride and ingested 5% ethanol in water (v/v), were exposed to 
filtered air and ethanol or were exposed to filtered air alone. Ingestion of 5% ethanol was 
begun 4 weeks before inhalation of vinyl chloride and continued for life or until ter-
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mination of the study 30 months after the first vinyl chloride exposure. No information on 
survival was provided. The incidence of hepatocellular carcinomas was: 1/80 control, 
8/80 ethanol-treated, 35/80 vinyl chloride-treated and 48/80 vinyl chloride plus ethanol-
treated rats; that of liver angiosarcomas was: 0/80 control, 0/80 ethanol-treated, 18/80 
vinyl chloride-treated and 40/80 vinyl chloride plus ethanol-treated rats; that of pituitary 
tumours was: 8/80 control, 26/80 ethanol-treated, 19/80 vinyl chloride-treated and 12/80 
vinyl chloride plus ethanol-treated; and that of lymphosarcomas was 2/80 control, 4/80 
ethanol-treated, 6/80 vinyl chloride-treated and 11/80 vinyl chloride plus ethanol-treated 
rats. The authors stated that these results indicate that ethanol potentiates the carcino-
genicity of vinyl chloride (Radike et al., 1981). [The Working Group noted that isocaloric 
and isonutrient intakes were not controlled in either the treated or control groups.] 

4. Mechanistic and Other Relevant Data 

4.1 Absorption, distribution, metabolism and excretion 

4.1.1 Humans 

No data on absorption, distribution, metabolism or elimination of vinyl chloride in 
humans were presented in the previous review (IARC, 1979). Since that time, a number 
of studies have contributed to the understanding of the inhalation pharmacokinetics of 
vinyl chloride in humans. 

Pulmonary absorption of vinyl chloride in humans appeared to be rapid and the 
percentage absorbed was independent of the concentration inhaled. Krajewski et al. 
(1980; cited in ATSDR, 2006) reported that adult male volunteers exposed for 6 h to 2.9, 
5.8, 11.6 or 23.1 ppm [7.5, 15, 30 or 60 mg/m3] by gas mask retained on average 
approximately 42% of inhaled vinyl chloride. Pulmonary uptake is determined in part by 
the blood:air partition coefficient, which is 1.16 for vinyl chloride (Gargas et al., 1989). 
No data were available on human tissue:blood partition coefficients or tissue 
concentrations of vinyl chloride in exposed humans. However, calculations based on the 
assumption of an identical solubility of vinyl chloride in rodent and human tissues 
indicate that the tissue:blood partition coefficients of vinyl chloride would be twofold 
greater in humans (Clewell et al., 2001), as a consequence of the twofold lower blood:air 
partition coefficient of vinyl chloride in humans compared with rats and mice.  

Vinyl chloride is primarily and rapidly metabolized in the liver, and this metabolism 
is saturable (Bolt, 2005). The proposed metabolic pathways for vinyl chloride are 
presented in Figure 1. The first step in the metabolism of vinyl chloride is oxidation, 
which is predominantly mediated by human cytochrome P450 (CYP) 2E1, to form the 
highly reactive chloroethylene oxide, which can spontaneously rearrange to chloro-
acetaldehyde (Barbin et al., 1975). Both metabolites can bind with proteins, DNA and 
RNA and form etheno-adducts; chloroethylene oxide is the most reactive with nucleotides  
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Figure 1. Proposed metabolic pathways for vinyl chloride  
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(Guengerich et al., 1979). Conjugation of chloroethylene oxide and chloroacetaldehyde 
with glutathione (GSH) eventually leads to the major urinary metabolites N-acetyl-S-(2-
hydroxyethyl)cysteine and thiodiglycolic acid. Chloroethylene oxide and chloro-
acetaldehyde can also be detoxified to glycolaldehyde by microsomal epoxide hydrolase 
(mEH) and to the urinary metabolite chloroacetic acid by aldehyde dehydrogenase 
2 (ALDH2), respectively (Guengerich & Watanabe, 1979; ASTDR, 2006).  

A number of in-vitro studies that used purified human CYP2E1 and liver 
microsomes confirmed that vinyl chloride is activated mainly by CYP2E1 (reviewed 
in WHO, 1999). In hepatic postmitochondrial fractions, Sabadie et al. (1980) found 
significant interindividual variability in the metabolism of vinyl chloride, although the 
average activity in human samples was comparable with that in rat samples. 

The main routes of elimination of vinyl chloride and its metabolites are exhalation 
and urinary excretion, respectively. Accordingly, thiodiglycolic acid has been reported to 
be the major metabolite of vinyl chloride detected in the urine of exposed workers (Cheng 
et al., 2001). Urinary levels of thiodiglycolic acid were correlated with levels of vinyl 
chloride in the air at concentrations of > 5 ppm (ATSDR, 2006). In contrast, exhalation of 
unmetabolized vinyl chloride has been reported to occur in humans at low levels (Müller 
et al., 1978; Krajewski et al., 1980; Pleil & Lindstrom, 1997). For example, the mean 
concentration in expired air of humans exposed for 6 h to air that contained 6.8–23.1 ppm 
[15–60 mg/m3] vinyl chloride ranged from 0.21 to 1.11 ppm [0.54–2.84 mg/m3], which 
represented 3.6 and 4.73% of the inhaled amounts, respectively (Krajewski et al,. 1980). 

4.1.2 Experimental systems 

The absorption, distribution, metabolism and elimination of vinyl chloride in rats and 
mice have been reviewed (IARC, 1979; WHO, 1999; ATSDR, 2006). The following 
section summarizes the salient features of the studies reviewed in IARC (1979) as well as 
significant new information on the metabolism and pharmacokinetics of vinyl chloride in 
animals. 

Animal data have demonstrated that pulmonary and gastrointestinal absorption of 
vinyl chloride occurs readily and rapidly. On the contrary, dermal absorption of airborne 
vinyl chloride is probably not significant. In monkeys, Hefner et al. (1975a) reported that 
only 0.023–0.031% of the total available vinyl chloride was absorbed by the dermal route, 
whereas absorption in rats was virtually complete following single oral doses (44–
92 mg/kg bw) of vinyl chloride in aqueous solution (Withey, 1976). When rats were 
exposed to initial concentrations of < 260 mg/m3 [100 ppm], about 40% of inhaled 
[14C]vinyl chloride was absorbed by the lung (Bolt et al., 1976). 

The tissue:blood partition coefficients (which determine the volume of distribution) of 
vinyl chloride range from 0.4 (muscle) to 10 (fat) in male rats (Barton et al., 1995). The 
fat:air partition coefficient for vinyl chloride, reported by several authors, tended to be 
higher in female than in male rats (WHO, 1999). Bolt et al. (1976) reported that, 
following inhalation exposure to [14C]vinyl chloride, several tissues (brain, liver, spleen, 
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kidney, adipose tissue and muscle) contained radioactivity, and that the highest levels 
were found in liver and kidney. Ungvary et al. (1978) reported that vinyl chloride was 
present in fetal blood and amniotic fluid following exposure of pregnant rats on gestation 
day 18 to ~2000–13 000 ppm [5500–33 000 mg/m3] (2.5-h exposures), which indicates 
that vinyl chloride crossed the placental barrier. 

Osterman-Golkar et al. (1977) reported the alkylation of cysteine and histidine of 
haemoglobin and small amounts of alkylated histidine in proteins from the testis mice 
exposed to [14C]vinyl chloride. 

The metabolism of vinyl chloride to chloroethylene oxide, the probable carcinogenic 
metabolite, appears to be a saturable, dose-dependent process that occurs in the liver 
predominantly through the CYP system (Reynolds et al., 1975; Ivanetich et al., 1977; 
Barbin & Bartsch, 1989; Lilly et al., 1998; Bolt, 2005). CYP2E1 appears to account for 
all metabolic activity in rat liver microsomes, with a maximum velocity (Vmax) of 
4674 pmol/mg protein/min and a Michaelis-Menten constant (Km) of 7.42 µmol/L (El 
Ghissassi et al., 1998). Since CYP2E1 has been demonstrated to be present in several 
other tissues at low levels (compared with the liver), it is reasonable to anticipate that 
extrahepatic metabolism of systemically available vinyl chloride occurs 

Inhibitors of CYP, such as 3-bromophenyl-4(5)-imidazole or 6-nitro-1,2,3-
benzothiadiazole, reduced the metabolism of vinyl chloride in vivo (Bolt et al., 1976). 
Chloroethylene oxide, which has a half-life of 1.6 min in aqueous solution at neutral pH 
(Barbin et al., 1975), rearranges to chloroacetaldehyde (Bonse et al., 1975), conjugates 
with GSH and can be hydrolysed by EH to glycolaldehyde (WHO, 1999). Chloro-
acetaldehyde combines directly or enzymatically via glutathione-S-transferase (GST) with 
GSH to form S-formylmethyl glutathione, which is excreted as N-acety1-S-(2-hydroxy-
ethyl)cysteine (Green & Hathway, 1977) (Figure 1). Chloroacetaldehyde can be oxidized 
to chloroacetic acid, which is either excreted as such or bound to GSH to form S-carboxy-
methyl glutathione, which, upon further enzymic degradation, is excreted as thiodi-
glycolic acid (thiodiacetic acid) (Plugge & Safe, 1977). 

Chloroacetic acid was metabolized in rats to two major urinary metabolites, 
S-carboxymethyl cysteine and thiodiacetic acid (Yllner, 1971). N-Acetyl-S-(2-hydroxy-
ethyl)cysteine (a major metabolite) (Watanabe et al., 1976a,b; Green & Hathway, 1977), 
S-(carboxymethyl)cysteine and N-acetyl-S-vinyl cysteine have been shown to be metab-
olites of vinyl chloride in rats after oral administration (Green & Hathway, 1977) and 
N-acetyl-S-(2-hydroxyethyl)cysteine after inhalation (Watanabe et al., 1976b); 
S-(2-chloroethyl)cysteine was also identified after oral administration of vinyl chloride to 
rats (Green & Hathway, 1975). As thiodiglycolic acid was obtained as a common metab-
olite in rats dosed separately with chloroacetaldehyde, chloroacetic acid or S-(carboxy-
methyl)cysteine, the identification of the same S-containing metabolite from vinyl 
chloride-treated animals gives further support to the hypothesis that chloroethylene oxide 
or chloroacetaldehyde are formed and react with GSH (Green & Hathway, 1977). 
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Following oral administration of [14C]vinyl chloride, [14C]carbon dioxide (Green & 
Hathway, 1975; Watanabe et al., 1976a), 14C-labelled urea and glutamic acid were iden-
tified as minor metabolites (Green & Hathway, 1975). 

Saturation of the metabolism of vinyl chloride (Gehring et al., 1978; Filser & Bolt, 
1979) appears to occur at an inhalation concentration of above 200 ppm [518.6 mg/m3] in 
rhesus monkeys (Buchter et al., 1980) and 250 ppm [648 mg/m3] in rats (Bolt et al., 1977; 
Filser & Bolt, 1979). The plateau of incidence of hepatic angiosarcoma in rat 
carcinogenicity bioassays is also observed at above 250 ppm (reviewed in Bolt, 2005). 

ATSDR (2006) summarized the kinetic constants obtained in vivo in male Sprague-
Dawley rats (Vmax, 58 µmol/h/kg; Km, 1 µM) and rhesus monkeys (Vmax, 50 µmol/h/kg) 
(based on Buchter et al., 1980; Barton et al., 1995). The Vmax of 50 µmol/h/kg in rhesus 
monkeys was suggested to be a closer approximation of metabolism in humans than the 
value of 110 µmol/h/kg estimated for rats by Filser and Bolt (1979) (ATSDR, 2006). 
Although vinyl chloride has not been associated with the induction of CYP, several 
authors reported the destruction of CYP protein following exposures to vinyl chloride 
(WHO, 1999). However, Watanabe et al. (1978a) reported that the rate of elimination of 
vinyl chloride was not altered during repeated exposures (5 days per week for 7 weeks) 
compared with single inhalation exposure (~13 000 mg/m3 [5000 ppm]). 

Urinary excretion of polar metabolites is the predominant process of elimination at 
low concentrations of exposure, and very small amounts are expired in air as unchanged 
vinyl chloride (Hefner et al., 1975b). Following exposure of male rats by inhalation to 
26 mg/m3 [10 ppm] [14C]vinyl chloride for 6 h, urinary 14C activity and expired vinyl 
chloride comprised 68 and 2%, respectively, of the recovered radioactivity; after exposure 
to 2600 mg/m3 [1000 ppm] [14C]vinyl chloride, the proportion of radioactivity in the urine 
was lower and that expired as vinyl chloride was higher, and represented 56 and 12%, 
respectively (Watanabe et al., 1976b). Following a single oral administration of 0.05, 1 or 
100 mg/kg bw [14C]vinyl chloride to male rats, excretion in the urine was 68, 59 and 11%, 
respectively; [14C]carbon dioxide in expired air accounted for 9, 13 and 3%, respectively; 
pulmonary elimination of unchanged vinyl chloride represented only 1–3% of the lower 
dose and 67% of the higher dose (Watanabe et al., 1976a). These data are consistent with 
the fact that, once metabolic saturation is attained, the elimination of vinyl chloride occurs 
via other routes, mainly exhalation of the parent chemical. The route of elimination also 
depends upon the route of administration; urinary excretion is favoured following oral or 
intraperitoneal administration, which indicates a first-pass effect due to metabolism in the 
liver (reviewed in Clewell et al., 2001). 

Several investigators have observed the binding of non-volatile metabolites of 
[14C]vinyl chloride to liver macromolecules, both in vitro and in rats exposed by inha-
lation (Kappus et al. 1976; Watanabe et al., 1978a,b; Guengerich & Watanabe, 1979; 
Guengerich et al., 1979; Bolt et al., 1980; Guengerich et al., 1981; Barton et al., 1995). 
Jedrychowski et al. (1984) reported a decrease in non-protein sulfhydryl concentration in 
rats exposed to high concentrations of vinyl chloride, and Kappus et al. (1975) and Laib 
and Bolt (1977) reported binding of vinyl chloride to RNA in vitro and in vivo. In single-
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exposure experiments at various concentrations, the extent of macromolecular binding 
increased proportionately to the amount of vinyl chloride metabolized and dispropor-
tionately to the exposure concentration (Watanabe et al., 1978b).   

4.1.3  Toxicokinetic models 

The data on absorption, distribution, metabolism and excretion of vinyl chloride have 
been analysed with the use of empirical and physiologically based compartmental models 
(Gehring et al., 1978; Chen & Blancato, 1989; Clewell et al., 1995; Reitz et al., 1996; 
Clewell et al., 2001). These models indicate that vinyl chloride is rapidly absorbed by the 
inhalation and oral routes and is distributed to all tissues; the adipose tissues show the 
greatest affinity. The physiologically based pharmacokinetic models developed by Chen 
and Blancato (1989), Clewell et al. (1995, 2001) and Reitz et al. (1996) permit the 
prediction of the pharmacokinetics, GSH depletion and the amount of vinyl chloride 
metabolized in animals and/or humans exposed to various concentrations by different 
routes and schedules. However, these models do not currently permit the simulation of the 
time course of the formation and persistence of DNA adducts in target tissues. 

4.2 Genetic and related effects 

Since the last review of vinyl chloride (IARC, 1979), a large amount of data on vinyl 
chloride has been produced and reviewed (WHO, 1999). Only the more recent data that 
are relevant to the comprehension of vinyl chloride-induced carcinogenicity are reported 
in this section. 

4.2.1 Humans 

(a) DNA adducts 

In vitro, both chloroethylene oxide, the biologically reactive intermediate of vinyl 
chloride that is formed in the liver, and its rearrangement product, chloroacetaldehyde, 
can form etheno adducts with nucleic acid bases. Chloroethylene oxide has, however, 
greater reactivity and it was shown in vitro to be the main entity that gives rise to etheno 
adducts (Guengerich, 1992). The reaction of 2-chloroethylene oxide with nucleic acid 
bases yields the N-7-(2-oxoethyl)guanine adduct (7-OEG) and four etheno adducts—
1,N6-ethenoadenine (εA), 3,N4-ethenocytosine (εC), N2,3-ethenoguanine (N2,3-εG) and 
1,N2-ethenoguanine (1,N2-εG) (Figure 2) (Ciroussel et al., 1990; Guengerich, 1992). 
Another adduct, formed by chloroethylene oxide, 5,6,7,9-tetrahydro-7-hydroxy-9-
oxoimidazo[1,2-a]purine (HO-ethanoG), has also been identified in vitro (Müller et al., 
1996). 

Data on the occurrence and persistence of DNA adducts in tissues of humans exposed 
to vinyl chloride are lacking. Only one study that used immunoaffinity purification of the 
etheno adducts and subsequent 32P-postlabelling reported levels of 14.1 εA and 8.1 εC per 
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109 parent bases in non-neoplastic liver tissue of a vinyl chloride-exposed patient with 
hepatocellular carcinoma (Nair et al., 1995). These adducts can also result from lipid 
peroxidation (El Ghissassi et al., 1995) and their level can be quite high (in the range of 
≤ 0.5–40 εA and εC per 109 parent bases in liver DNA samples from patients with 
unknown exposure) (Bartsch & Nair, 2000a,b). 

Figure 2. Reactive metabolites and main nucleic acid adducts of vinyl chloride 
identified in vitro and in vivo  
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Adapted from Ciroussel et al. (1990) 
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(b) Mutations and other related effects 

(i) Mutated p21ras and p53 proteins in the blood of vinyl chloride-
exposed workers 

Mutated p21ras and p53 proteins in the blood of vinyl chloride-exposed workers may 
reflect the mutagenic effects of vinyl chloride. A G→A transition at the second base of 
codon 13 of the Ki-ras gene was found in four liver angiosarcomas that were associated 
with occupational exposure to vinyl chloride (Marion et al., 1991). The resulting 
Asp13p21ras protein was also detected in the serum of these four patients by immuno-
histochemistry using a monoclonal antibody specific for the Asp13p21ras protein 
(De Vivo et al., 1994). The presence of the mutant RAS protein in the blood correlates 
with the mutated ras gene in the tumour (Table 16). 

Several studies showed a high concentration of the Asp13p21ras mutant protein in the 
sera of workers who had been heavily exposed to vinyl chloride whereas all unexposed 
controls showed negative results. In addition, these studies found a significant dose– 
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Table 16. Ki-ras and p53 Gene analysis of vinyl chloride-related liver angio-
sarcoma (ASL) and detection of mutated p21ras and p53 proteins and anti-p53 
antibodies in the serum from the same patients  

 Ki- ras 2 Gene p53 Gene 

 Tissue Serum  Tissue Serum 

 DNA 
GGC13→GAC13 

Asp13p21ras Asp13p21ras DNA Mutant 
p53 protein 

Anti-p53 
antibodies 

ASL1 + + + ATC→TTC + –a 
ASL2 + + + AGG→TGG + ++ 
ASL3 + + + – – – 
ASL4 + + + – – – 
ASL5b – – – CAT→CTT ± + 
ASL6 – – – NR – ++ 

From Marion (1998) 
NR, not reported; +, positive; –, negative; ±, equivocal; ++, strongly positive 
a Patient with abnormal immunological response 
b Fibroblastic cell line established from a liver angiosarcoma 

response relationship between exposure to vinyl chloride and the detection of Asp13p21ras 

mutant protein in the sera of exposed workers (Tables 17 and 18). 
Mutated p53 proteins and/or anti-p53 antibodies were also found in the blood of vinyl 

chloride-exposed patients. In a pilot study, Trivers et al. (1995) analysed 148 serum 
samples from 92 vinyl chloride-exposed workers from factories in France and industrial 
plants in Kentucky, USA. Serum anti-p53 antibodies were found in five of 15 workers 
who had liver angiosarcoma (33%), two of whom had confirmed mutated p53 gene 
(Hollstein et al., 1994), and in four (5%) of 77 workers with no clinical evidence of 
cancer. Two of 26 workers who had clinical symptoms of vinyl chloride toxicity had 
antibodies that were detectable by enzyme immunoassays. No antibodies were detected in 
the two workers who had hepatocellular carcinoma or in seven of eight workers who had 
liver angiomas. In two liver angiosarcoma patients, anti-p53 antibodies were detected 
4 months and 11 years, respectively, before the diagnosis of cancer and one patient had 
anti-p53 antibodies before and after surgery. Anti-p53 antibodies were thought to be the 
result of earlier antigenic presentation to the immune system, through accumulation of the 
mutated protein. 

The main purpose of these studies was to determine whether the expression of serum 
biomarkers was indeed related to exposure to vinyl chloride. The finding of a significant 
dose–response relationship strongly supports this hypothesis and confirms that RAS gene 
mutations are involved in the onset of liver angiosarcoma induced by vinyl chloride and 
that mutant p21ras plays a key role in the development of vinyl chloride-induced liver 
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Table 17. Dose–response relationship between the detection of Asp13p21ras protein in blood and exposure to vinyl chloride (VC) 

References Cohort description Exposure assessment Exposure categories No. of 
Asp13p21-
positive  

Odds ratio (95% 
CI) (adjusted) 

Adjustment 
for potential 
confounders 

De Vivo et 
al. (1994)  

60 male workers heavily exposed to 
VC (at least 1 year before 1974 or 5 
years of total exposure); average 
exposure, 19.5 years with an average 
of 12.2 years before 1974; 5 ASL, 
1 HCC, 9 liver angiomas, 45 subjects 
with no liver lesion 

Estimates of VC based 
on years worked with 
VC: total years worked 
and years worked 
before 1974 

Years of total exposure 
0 (n = 28) 
< 10 (n = 10) 
10–19 (n = 22) 
20–29 (n = 20) 
≥ 30 (n = 8) 

 
 0 
 4 
11 
13 
 6 

 
1.0 
37 
56 
104 
168 
χ2 for linear trend = 
24.986; p < 10–5 

None 

Li et al. 
(1998a)  

225 men randomly selected among the 
job categories involving exposure to 
VC; average exposure level, 
3735 ppm–years (range, 4–
46 702 ppm–years); 42.2% with a 
history of having smoked cigarettes, 
25.3% with regular daily alcoholic 
beverage consumption  

VC exposure levels 
were attributed to each 
subject on the basis of 
the job, using estimated 
values assigned to the 
various jobsa 

0 (n = 111) 
≤ 500 ppm–years 
(n = 54) 
501–2500 ppm–years  
(n = 62) 
2501–5000 ppm–years  
(n = 51) 
> 5000 ppm–years (n = 58) 

 4 
13 
 
19 
 
18 
 
26 

 
10.18 (2.94–35.25) 
 
13.61 (4.26–43.46) 
 
15.43 (4.83–49.28) 
 
21.55 (6.99–66.44) 
p < 0.0001 

Age, smoking, 
alcoholic 
beverage 
consumption 

Luo et al. 
(1998) 

117 randomly selected workers 
including 7 with liver tumours 
(angiomas); average exposure, 
2734.9 ± 4299.9 ppm–months (range, 
5.4–34 521 ppm–months) 

Estimated accumulated 
ppm–months 

No exposure (n = 18) 
> 1000 ppm–months (n = 69) 
≤ 1000 ppm–months (n = 48) 

 0 
10 
 4 

1.0 
2.65 (0.42–16.8) 
1.64 (0.17–15.8) 
χ2 for linear trend = 
3.92; p = 0.048 

Age, alcoholic 
beverage 
consumption, 
smoking, 
hepatitis C 
and HBV 
infection  

ASL, liver angiosarcoma; CI, confidence interval; HBV, hepatitis B virus; HCC, hepatocellular carcinoma  
a Estimates of VC exposure in ppm–years were based on years of a given job category weighted by the presumed level of exposure as defined by the exposure matrix of 
Heldaas et al. (1984) 
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Table 18. Prevalence of Asp13p21ras mutant protein in blood samples of vinyl 
chloride-exposed workers 

Reference Mean exposure to vinyl chloride No. of subjects tested Asp13p21-positive (%) 

De Vivo et 
al. (1994) 

19.5 years, 12.2 years before 
1974 

60, including 5 ASL 
and 1 HCC 

56.6 (0 in controls) 

Li et al. 
(1998a) 

2735 ppm–years  
(range, 4–46 702 ppm–years) 

225 33.8 (3.7 in controls) 

Luo et al. 
(1998) 

2734.9 ppm–months  
(range, 5.4–34 521 ppm–months) 

117 12 (0 in controls) 

ASL, liver angiosarcoma; HCC, hepatocellular carcinoma  

angiosarcoma (Table 17). A similar relationship was found between the presence of 
mutated p53 in blood and exposure to vinyl chloride (Tables 19 and 20). 

Anti-p53 antibodies have also been tested as a possible biomarker of exposure to 
vinyl chloride. The occurrence of anti-p53 antibodies in the blood of vinyl chloride-
exposed workers seems to be related to the level of exposure with a threshold 
[~1000 ppm–years]. Below this threshold, this effect is not detected (Table 21). 

When two markers, Asp13p21ras and mutated p53, were tested against exposure to 
vinyl chloride, each biomarker alone demonstrated a highly statistically significant trend 
with exposure (p < 0.0001). Similarly, a highly statistically significant increase was 
observed in the serum concentration of one or both of the biomarkers with increasing 
exposure (Table 22). 

(ii)  Cytogenetic studies of vinyl chloride-exposed workers 

Studies on the genotoxicity of vinyl chloride, including studies of chromosomal 
aberrations, micronucleus formation and sister chromatid exchange, have recently been 
reviewed (WHO, 1999). There was a clear relationship between the incidence of chromo-
somal aberrations and exposure concentration, although exposure concentration and 
duration of exposure were only estimated. Lesser or no effects were seen when the expo-
sure was reduced to levels < 5 ppm [< 13 mg/m3]. 

The frequency of sister chromatid exchange increased with the level of exposure to 
vinyl chloride, and sister chromatid exchange was generally not detected in the blood of 
workers exposed to levels < 5 ppm [< 13 mg/m3]. A recent study conducted to investigate 
the genotoxicity of vinyl chloride at low levels confirmed the absence of sister chromatid 
exchange in the blood of workers exposed to vinyl chloride levels of approximately 
1 ppm [2.59 mg/m3] (Cheng et al., 2000). 

DNA single-strand breaks measured in the alkaline comet assay were thought to 
occur by transformation of apurinic sites that resulted from repair of vinyl chloride–etheno 
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Table 19. Dose–response relationship between detection of mutant p53 protein in blood and occupational exposure to vinyl 
chloride (VC) 

Reference, 
location 

Cohort description Exposure assessment Exposure categories No of 
mutant 
p53-
positive  

Odds ratio (95% CI) 
(adjusted) 

Adjustment 
for potential 
confounders 

Smith et al. 
(1998), 
France 

225 men randomly selected 
among job categories that 
involved exposure to VC; 
average VC exposure level, 
3735 ppm–years (range, 4–
46 702 ppm–years) 

VC exposure levels were 
attributed to each subject on 
the basis of the job, using 
estimated values assigned 
to the various jobsa 

0 (n = 111) 
≤ 500 ppm–years (n = 54) 
501–2500 ppm–years (n = 62) 
2501–5000 ppm–years (n = 51) 
> 5000 ppm–years (n = 58) 

 9 
16 
21 
24 
30 

1 
4.16 (1.63–10.64) 
5.76 (2.39–13.85) 
10.24 (4.20–24.95) 
13.26 (5.52–31.88) 
p < 0.0001 

Age, smoking 
status, 
alcoholic 
beverage 
consumption 

CI, confidence interval 
a Estimates of VC exposure in ppm–years were based on years of a given job category weighted by the presumed level of exposure as defined by the exposure matrix of 
Heldaas et al. (1984) 
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Table 20. Prevalence of mutant p53 and anti-p53 antibody-positive blood 
samples in vinyl chloride-exposed workers 

Reference Mean cumulative exposure to 
vinyl chloride 

No of 
subjects 
tested 

Mutant p53-
positive (%)  

Anti-p53 antibody-
positive (%) 

Smith et al. 
(1998) 

3735 ppm–years  
(range, 4–46 702 ppm–years) 

225 40.4 (8 in controls) – 

Luo et al. 
(1999) 

1341 ± 3148 ppm–months 
(range, 0–34 521 ppm–months) 

251 11 (2.8 in controls) 3.6 (2.3 in controls) 

Mocci & 
Nettuno (2006) 

484 ppm–years  
(range, 4–2823 ppm–years) 

151 2 (0 in controls) 3.3 (0 in controls) 

 
adducts through base-excision repair by glycosylase. The level of DNA single-strand 
breaks was found to be significantly higher in workers exposed to levels of vinyl chloride 
> 5 ppm [13 mg/m3] than in workers exposed to levels < 5 ppm (Lei et al., 2004). 

(iii)  Mutations at the hypoxanthine guanine phosphoribosyl 
transferase (HPRT) locus 

With the HPRT lymphocyte clonal assay, it is possible to determine the mutation 
frequency of the HPRT gene and to characterize its mutant spectra. Mutagenesis induced 
in the lymphocytes of PVC production workers was measured by selecting resistant 
mutant T cells in a medium that contained 6-thioguanine. Exposed workers and controls 
had similar mutation frequencies. However, great differences occurred in the spectrum of 
mutants. In particular, the percentage of large deletions in the exposed group was much 
higher (21%) than in unexposed controls (11%) (Hüttner & Holzapfel, 1996). The mutant 
frequency of HPRT in T lymphocytes of 29 individuals accidentally exposed to levels of 
vinyl chloride between 1 and 8 ppm [2.6–20.7 mg/m3] was measured after the accident 
and in a follow-up study 2 years later. A statistically significantly higher cloning 
efficiency was observed in the exposed population after the accident (68.1 versus 50.7% 
in the controls; p = 0.007, Mann-Whitney test). However, no significant difference in the 
mutant frequency could be found between the exposed population and controls 
(3.28 ± 1.84 × 10–6 versus 3.01 ± 2.38 × 10–6) (Becker et al., 2001). 

4.2.2 Experimental systems 

(a) DNA adducts 

Studies on the formation of DNA adducts in animals have recently been reviewed 
(WHO, 1999). New data are summarized in Table 23.  
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Table 21. Dose–response relationship between detection of mutant p53 protein and anti-p53 antibody in blood and occupational 
exposure to vinyl chloride (VC) 

Reference, 
location 

Cohort 
description 

Exposure 
assessment 

Exposure categories No of 
mutant 
p53-
positive  

Odds ratio 
(95% CI) 
(adjusted) 

No. of 
total p53 
responses 
(mutant or 
antibody) 

Odds ratio 
(95% CI) 
(adjusted) 

Adjustment 
for potential 
confounders 

Comments 

Luo et al. 
(1999), 
Taiwan, 
China 

251 workers 
including 7 with 
liver tumours 
(assumed to be 
angiomas); 
average cumu-
lative exposure, 
1341 ± 3148 
ppm–months 
(range, 0–34 521 
ppm–months) 

Estimated 
accumulated 
ppm–months 
 

0 (n = 36) 
Low exposure 
≤ 480 ppm–months  
(n = 156) 
 
 
High exposure 
> 480 ppm-months 
(n = 95) 
 

 1 
14 
 
 
 
 
11 

1 
1.6  
(0.21–12.54) 
χ2 for linear 
trend = 1.37; 
p = 0.24 
3.5 
(0.54–22.5) 

 2 
19 
 
 
 
 
14 

1 
1.49  
(0.24–9.2) 
χ2 for linear 
trend = 0.95; 
p = 0.33 
2.5 
(0.5–12.14) 

Age, 
smoking, 
alcoholic 
beverage 
consumption 

Significant dose–
response relationship 
between plasma total 
p53 protein 
overexpression and 
cumulative VC 
exposure 
concentration 

Mocci & 
Nettuno 
(2006), Italy 

151 male 
workers; mean 
cumulative 
exposure,  484 ± 
725 ppm–years 
(range, 4–2823 
ppm–years) 

VC exposure 
levels before 
1983 were 
attributed to 
each subject on 
the basis of the 
job, using 
estimated 
values assigned 
to the various 
jobs 
 

0 (n = 136) 
1–100 ppm–years  
(n = 86) 
101–1000 ppm–
years (n = 35) 
1001–2000 ppm–
years (n = 18) 
> 2000 ppm–years  
(n = 12) 

 0  
 0 
 
 0 
 
 1 
 
 2 

  0  
 0 
 
 1 
 
 1 
 
 3 

 
 
 
1 
 
2 
 
11.33 
χ2 for linear 
trend = 5.6;  
p = 0.02 

Age, 
smoking, 
alcoholic 
beverage 
consumption 

Trend for increasing 
serum positivity for 
p53 antibodies with 
increasing level of VC 
exposure; logistic 
regression using 
mutant p53 antigen or 
p53 antibodies 
adjusted for smoking, 
alcoholic beverage 
consumption and age 
shows cumulative VC 
exposure as only 
significant predictor 
(p = 0.03 and 0.005) 

CI, confidence interval 
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Table 22. Dose–response relationship between detection of Asp13p21ras protein and/or mutated p53 protein in blood of vinyl 
chloride (VC)-exposed workers 

Reference, 
location 

Cohort description Exposure 
assessment 

Exposure categories One 
marker 
positive  

Both 
markers 
positive 

Odds ratio (95% 
CI) (adjusted) 

Adjustment 
for potential 
confounders 

Comments 

Li et al. 
(1998b), 
France 

172 exposed men 
randomly selected 
among job categories 
that involved VC 
exposure employed 
since 1950; average 
VC exposure level, 
4107 ppm–years 
(range, 4–46 702 
ppm–years) 

VC exposure 
levels were 
attributed to 
each subject on 
the basis of the 
job, using 
estimated values 
assigned to the 
various jobsa 

0 (n = 43) 
≤ 500 ppm–years  
(n = 42) 
501–2500 ppm–years 
(n = 45) 
2501–5000 ppm–years 
(n = 31) 
> 5000 ppm–years 
(n = 54) 

 

 5 
21 
 
21 
 
19 
 
22 

  0 
  1 
 
  4 
 
  6 
 
17 

1 
11.1 (3.3–37.5) 
 
12.8 (4.1–40.2) 
 
29.9 (9.0–99.1) 
 
31.2 (10.4–94.2) 
p < 0.0001 

Age, 
smoking, 
alcoholic 
beverage 
consumption 

Each biomarker alone 
demonstrated a highly 
statistically significant 
trend with exposure 
(p < 0.0001). 
Similarly, highly 
statistically significant 
increasing likelihood 
of seropositivity for 
one or both of the 
biomarkers with 
increasing exposure 

Luo et al. 
(2003), 
Taiwan, 
China 

251 workers (7 with 
liver tumours 
assumed to be 
angiomas); average 
cumulative exposure, 
112 ± 262 ppm–years 
(range, 0–2877 ppm–
years) 

Estimated 
accumulated 
ppm–months 

0 (n = 44) 
0–10 ppm–years  
(n = 71) 
10–40 ppm-years 
(n = 77) 
> 40 ppm–years  
(n = 95)  

  2 
12 
 
13 
 
29 

  0 
  1 
 
  1 
 
  0 

1 
2.18 (0.09–54.8) 
 
2.01 (0.08–50.5) 
 
– 
 

 Significant linear trend 
between exposure 
concentration and one 
oncoprotein over-
expression 

CI, confidence interval  
a Estimates of VC exposure in ppm–years were based on years of a given job category weighted by the presumed level of exposure as defined by the exposure matrix of 
Heldaas et al. (1984) 
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Table 23. Formation of DNA adducts in rats exposed to vinyl chloride (VC) 

Strain, sex, age Treatment Organs 
investigated 

Alkylated bases/108 unmodified bases in DNA Comments Reference 

   Background levels After vinyl chloride exposure   

Sprague-
Dawley, male, 
6 weeks  

1300 mg/m3 
[500 ppm], 4 h/d, 
5 d/wk for 8 wks 

Liver, lung, 
kidney, 
circulating 
lymphocytes, 
brain, spleen 
testis 

εεεεA: mean value from 
0.043 in the liver to 35 
in brain 
εεεεC: mean value from 
0.062 in the liver to 20.4 

in brain 
 

εεεεA: 4.1 ± 1.5 in liver, lung, 
lymphocytes and testis; no 
increase in kidney and spleen 
εεεεC: 7.8 ± 1.2  in liver, kidney, 
lymphocytes and spleen 
No significant increase in 
brain for either etheno adduct 

Levels of VC-induced and 
endogenous adducts were not 
higher in the liver, the major 
target organ of VC, than in 
other tissues 

Barbin 
(1999) 

Sprague-
Dawley, 
female, 10 days 

600 ppm 
[139 mg/m3], 4 h/d, 
5 d 

Liver NR εεεεA: (immunohistochemical 
levels) 1.5 times higher in 
VC-exposed rats than in 
controls 

After VC exposure, staining 
for εA was higher in both 
parenchymal cells and non-
parenchymal cells. 
Significantly elevated adduct 
levels persisted in the liver of 
VC-exposed rats 14 days 
after cessation of exposure 

Yang et 
al. (2000) 

Fischer 344 0, 10, 100, 1100 ppm 
[0, 26, 259, 2858 
mg/m3], 6 h/d, 
5 d/wk, 1 or 4 wks 

Liver N2,3-εεεεG: 9 ± 0.4 N2,3-εεεεG: 
10 ppm VC, 5 d: 20 ± 5.0 
10 ppm VC, 20 d: 53 ± 1.1 
100 ppm VC, 5 d: 68 ± 9 
100 ppm VC, 20 d: 228 ± 18 

After 10 ppm VC exposure, 
respectively 2.2- and 5.9-fold 
increase in N2,3-εG 
compared with the amount of 
endogenous N2,3-εG 

Swenberg 
et al. 
(2000) 

Sprague-
Dawley, male, 
11 weeks 

0 and 1100 ppm 
[2858  mg/m3], 6 h/d, 
5 d/wk, 1 or 4 wks 

Liver NR N2,3-εεεεG: 20 d, 80.6 ± 2.58  
1,N2-εεεεG: below the detection 
limit of 15 fmol 

 Morinello 
et al. 
(2001) 
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Table 23 (contd) 

Strain, sex, age Treatment Organs 
investigated 

Alkylated bases/108 unmodified bases in DNA Comments Reference 

   Background levels After vinyl chloride exposure   

Adult study 
Sprague-
Dawley, male, 
11 weeks 
Weanling study 
40 pups weaned 
at day 25 

Whole-body 
inhalation: 
0 and 1100 ppm 
[2852 mg/m3], 6 h/d, 
5 d/wk, 1 or 4 wks 
 

Liver, brain Adult study 
N2,3-εεεεG: ~ 5 in liver and 
brain 
 
Weanling study 
N2,3-εεεεG: ~ 1.5 in liver 
and brain 
 

Adult study  
N2,3-εεεεG: 110 ± 20 in liver 
after 20 d exposure 
 
Weanling study 
N2,3-εεεεG: 97 ± 5.0 in liver after 
5 d exposure; 4.4 ± 1.1 in 
brain after 5 d exposure 
 

Adult study 
No increase after 5 d 
exposure in liver; no increase 
observed in brain  
Weanling study  
Levels of N2,3-εG in 
wealings after 5 d exposure 
similar to those in adults 
exposed for 4 wks; small but 
statistically significant 
increase of N2,3-εG in brain 

Morinello 
et al. 
(2002a) 

Adult study 
Sprague-
Dawley, male, 
11 weeks 
 
 
 
Weanling study 
40 pups weaned 
at day 25 

Whole-body 
inhalation: 0, 10, 
100, 1100 ppm [0, 
26, 259, 2852 
mg/m3], 6 h/d, 5 
d/wk, 1 or 4 wks 
 

Liver, 
hepatocytes 
(HEP) and 
non-
parenchymal 
cells (NPC)  

Adult study 
N2,3-εεεεG: ~ 5 in HEP; ~ 9 
in NPC 
 
 
 
 
Weanling study 
N2,3-εεεεG: ~1.6 in HEP; 
~ 4.9 in NPC 
 
 

Adult study 
N2,3-εεεεG: ~35 in HEP and 
NPC after 5 d exposure to 
100 ppm; 110 ± 1 and 71 ± 1.1 
in HEP and NPC, 
respectively, after 20 d 
exposure to 100 ppm 
Weanling study 
N2,3-εεεεG: 90 ± 0.7 and 43 ± 0.5 

in HEP and NPC, 
respectively, after 5 d 
exposure to 100 ppm 

 
Linear increase from 0 to 
100 ppm and plateau 
between 100 and 1100 ppm  
 
 
 
In contrast to adults, 
difference in adducts 
concentration detected 
between the HEP and NPC 
populations from the 
weanlings 

Morinello 
et al. 
(2002b) 

d, day; εεεεA: 1,N6-ethenoadenine; εεεεC: 3,N4-ethenocytosine; N2,3-εεεεG: N2,3-ethenoguanine; 1,N2-εεεεG: 1,N2-ethenoguanine; NR, not reported; wk, week 
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The DNA adducts εA and εC have been found in various organs in rats after inhalation 
exposure to vinyl chloride. 7-OEG was shown to be the major DNA adduct formed in 
vivo and was found in greater amounts in young animals (Swenberg et al., 2000). 
However, 7-OEG has a short half-life of about 62 h while etheno adducts were more 
persistent. For example, N2,3-εG has a half-life of about 30 days (Fedtke et al., 1990). Of 
the etheno adducts, N2,3-εG was present in greatest amounts in tissues of exposed animals 
(10–100-fold greater than other etheno adducts).  

After exposure of rats to 500 ppm [1300 mg/m3] vinyl chloride for 8 weeks, the level 
of εA was increased significantly above background in the liver, lung, lymphocytes and 
testis. The level of εC was also increased significantly in the liver, kidney, lymphocytes 
and spleen. No significant increase was found in brain for either ethano adducts (Guichard 
et al., 1996; Barbin, 1999). When adult rats were exposed to 1100 ppm [2858 mg/m3] 
vinyl chloride for 1 or 4 weeks, there was a significant increase in the level of N2,3-εG in 
hepatocytes, but not in the brain. In contrast to adults, there was a small, statistically 
significant increase in N2,3-εG in the brain of weanling animals exposed for 5 days. In 
addition, in weanlings, the concentration of N2,3-εG in hepatocytes was significantly 
greater than that measured in non-parenchymal cells after exposures to 10 and 100 ppm 
[26 and 259 mg/m3 ] vinyl chloride (Morinello et al., 2002a). These differential responses 
between weanlings and adults may contribute to the particular susceptibility of young rats 
to vinyl chloride-induced neuroblastomas and hepatocarcinomas (Maltoni & Cotti, 1988).  

In adult rats, N2,3-εG was clearly induced in both hepatocytes and non-parenchymal 
cells after exposure to vinyl chloride for 1 or 4 weeks, with a linear increase at exposure 
concentrations from 0 to 100 ppm [259 mg/m3] and a plateau at levels of 100–1100 ppm 
[259–2852 mg/m3]. There was no significant difference in N2,3-εG adduct levels, nor in 
the rate of repair between hepatocytes and non-parenchymal cells (Morinello et al., 
2002b), which confirms the earlier observation of Yang et al. (2000) (see also Table 23).  

(b) Mutations and other related effects (see Table 24)  

Genotoxicity studies on vinyl chloride in vitro and in vivo have recently been 
reviewed (WHO, 1999). The genotoxicity of vinyl chloride has been clearly demonstrated 
in several in-vitro systems. Vinyl chloride vapour induced reverse mutation in various 
strains of Salmonella typhymurium. In aqueous or alcoholic solutions, vinyl chloride in-
duced mutations in Escherichia coli, Saccharomyces cerevisiae and Schizosaccharomyces 
pombe. It was also mutagenic in the recessive lethal test in Drosophila melanogaster, but 
not in the dominant lethal test in mice. It induced DNA strand breaks, sister chromatid 
exchange, micronucleus formation and chromosomal aberrations in rodents. In vitro, a 
higher mutagenic response was obtained in the presence of an exogenous metabolic 
activation system from rat liver. 
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Table 24. Genetic and related effects of vinyl chloride 

Test system Resulta Doseb 

(LED or HID) 
Reference 

 Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

  

Salmonella typhimurium TA100, TA1535, reverse mutation + + 200 000 ppm/48 h  McCann et al. (1975) 
Salmonella typhimurium TA100, TA1535, reverse mutation + + 1000 ppm Shimada et al. (1985) 
Salmonella typhimurium TA1530, TA1535, G-46, reverse mutation + + 2000 ppm/48 h Bartsch et al. (1975) 
Salmonella typhimurium TA1530, reverse mutation + + 2---20% in air de Meester et al. (1980) 
Salmonella typhimurium TA1535, reverse mutation + + 110 000 ppm Rannug et al. (1974) 
Salmonella typhimurium TA1536, TA1537, TA1538, reverse mutation --- --- 200 000 ppm Rannug et al. (1974) 
Salmonella typhimurium TA1538, G-46, reverse mutation (+) (+) 200 000 ppm Bartsch et al. (1975) 
Salmonella typhimurium TA1537, TA1538, TA98, reverse mutation --- --- 100 000 ppm Shimada et al. (1985) 
Escherichia coli K12, gene mutation +  10.6 mM (medium) Greim et al. (1975) 
Schizosaccharomyces pombe P1, SP.198, gene mutation + + 16---48 mM (medium) Loprieno et al. (1976) 
Drosophila melanogaster male Berlin K, sex-linked recessive lethal 
 mutation  

+  850 ppm/2 d or 
30 ppm/17 d 

Verburgt & Vogel (1977) 

Drosophila melanogaster male Karnäs, sex-linked recessive lethal mutation  +  10 000 ppm/3 h Magnusson & Ramel (1978) 
Drosophila melanogaster male Berlin K, dominant lethal test ---  30 000 ppm/2 d Verburgt & Vogel (1977) 
Drosophila melanogaster male Berlin K, aneuploidy (sex chromosome loss) ---  30 000 ppm/2 d Verburgt & Vogel (1977) 
Drosophila melanogaster male Berlin K, aneuploidy (sex chromosome loss) +  48 500 ppm Ballering et al. (1996) 
Host-mediated assay, forward mutation, Schizosaccharomyces pombe 
 SP.198 in Swiss mice  

+  74 mg/kg bw po Loprieno et al. (1976) 

Host-mediated assay, gene conversion, Saccharomyces cerevisiae in male 
 Wistar rats 

+  10 000 ppm/24 h Eckardt et al. (1981) 

DNA single-strand breaks, female NMR mice in vivo +  500 ppm, 6 h/d × 5 Walles & Holmberg (1984) 
Mouse spot test, pregnant female C57BL mice ---  4600 ppm/5 h Peter & Ungvá ry (1980) 
Sister chromatid exchange, male and female Chinese hamsters in vivo +  12 500 ppm/6 h Basler & Röhrborn (1980) 
Micronucleus formation, male CBA mice in vivo +  50 000 ppm/4 h Jenssen & Ramel (1980) 
Micronucleus formation, male and female C57BL/6J mouse bone-marrow 
 cells in vivo 

+  50 000 ppm/6 h Richardson et al. (1983) 
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Table 24 (contd) 

Test system Resulta Doseb 

(LED or HID) 
Reference 

 Without 
exogenous 
metabolic 
system 

With 
exogenous 
metabolic 
system 

  

Chromosomal aberrations, male and female Chinese hamster bone-marrow 
 cells in vivo 

+  25 000 ppm/24 h Basler & Röhrborn (1980) 

Chromosomal aberrations, male Wistar rat bone-marrow cells in vivo +  1500 ppm, 6 h/d ×  5 Anderson & Richardson 
(1981) 

Dominant lethal test, male CD-1 mice in vivo ---  30 000 ppm, 6 h/d ×  5 Anderson et al. (1976, 1977) 
Dominant lethal test, male CD-1 mice in vivo ---  10 000 ppm, 4 h/d × 5 Himeno et al. (1983) 
Dominant lethal test, male CD-1 mice in vivo ---  5000 ppm, 4 h/d,  

5 d/wk × 10 
Himeno et al. (1983) 

Dominant lethal test, male CD rats in vivo ---  1000 ppm, 6 h/d ×  5 Short et al. (1977) 

a +, positive; (+), weak positive; ---, negative 
b LED, lowest effective dose; HID, highest ineffective dose; d, day; po, orally; wk, week 
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4.2.3  Mutagenic or promutagenic properties of DNA adducts formed by vinyl 
chloride metabolites 

The major DNA adduct 7-OEG lacks miscoding properties (Barbin et al., 1985). In 
contrast, promutagenic properties have been shown for the etheno and related exocyclic 
DNA adducts, εΑ, εC, N2,3-εG, and HO-ethanoG that involve mainly base-pair sub-
stitution mutations (WHO, 1999; see Table 25) 

Various assays have been designed to explore the mutagenic properties of DNA 
adducts, which have been incorporated into oligonucleotides or into site-specific vectors 
and used in experiments of misincorporation. Vector plasmids have also been treated with 
2-chloroethyleneoxide or 2-chloroacetaldehyde and propagated in E. coli or mammalian 
cells. The more significant and recent studies are listed in Table 25. The mechanism by 
which adducts cause mutations still remains unclear. At least two vinyl chloride-induced 
DNA adducts, HO-ethanoG and 1, N2-εG have been shown to block replication with 
many different polymerases, thereby causing base misincorporation (Langouët et al., 
1997, 1998; Guengerich et al., 1999). The misincorporation events appear to be clearly 
dependent on the individual mechanisms of DNA polymerases (Choi et al., 2006). 
Mutation frequencies induced by etheno adducts may also depend on the system used 
since εA was shown to be highly miscoding in COS7 simian kidney cells, in contrast to 
the findings in E. coli (Pandaya & Moriya, 1996). [Clearly, the patterns of base 
substitution vary among the different systems used and cannot be extrapolated easily to 
predict mutations in human tumour tissue.] 

4.2.4 Alterations in oncogenes and suppressor-genes in tumours 

(a) RAS genes 

Carcinogens are believed to alter genes that are involved in cell proliferation and 
differentiation. The RAS genes, Ha-ras, Ki-ras and N-ras, are members of a family of 
genes that code for closely homologous proteins that are termed p21ras and function as 
signal-switch molecules in the cell. RAS genes activated by point mutations are found in a 
wide variety of human cancers. In a study of mutations of RAS oncogenes at codons 12, 
13 and 61 in angiosarcomas of the liver of vinyl chloride-exposed workers, five of six 
tumours were found to contain a G→A transition at the second base of codon 13 
(GGC→GAC) of the Ki-ras-2 gene (Marion et al., 1991). This mutation leads to 
substitution of glycine by aspartic acid at amino acid residue 13 in the encoded p21ras 
protein. In another series, eight of 15 tumours contained a mutated Ki-ras gene, either at 
codon 12 or at codon 13. In five cases, the mutation led to substitution of glycine by 
aspartic acid. Two mutations were also found in non-neoplastic tissue (Weihrauch et al., 
2002a). 

In studies of hepatocellular carcinomas of vinyl chloride-exposed workers, three 
tumours were found to contain mutations at codon 12 in the first exon of the Ki-ras-2 
gene due to a G→A transition in two tumours (GGT→GAT) and to a G→T transversion  
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Table 25. Miscoding specificities of etheno bases 

Method Etheno base 
tested 

Incorporation 
opposite the lesion 

Mutation Comments Reference 

Incorporation of etheno bases into 
oligodeoxynucleotides and used as 
templates with the Klenow fragment of 
Escherichia coli DNA polymerase I 

εC A, T CG�TA  
CG�AT 

εC facilitates translesional 
synthesis 

Zhang et al. (1995) 

Incorporation of etheno bases into 
oligodeoxynucleotides and used as 
templates with various polymerases 

1,N2-εG  
 
HO-ethanoG  
 

A, G 
 
A, G 

GC�AT (2%) 
GC�TA (0.74%) 
GC�AT (0.71%) 
GC�TA (0.71%) 

Both adducts strongly 
blocked replication with all 
polymerases tested. 

Langouët et al. (1997, 
1998) 

Incorporation of 1,N2-εG into 
oligodeoxynucleotides and used as 
templates with translesion human DNA 
polymerases 

1,N2-εG G  Incorporation events are 
determined by the individual 
mechanisms of DNA 
polymerases. 

Choi et al. (2006) 

Incorporation of 1,N2-εG at a single 
site in a pCNheIA vector integrated in 
the chromosomes, CHO cells 

1,N2-εG G Various mutations  
mainly GC�AT 

 Akasaka & Guengerich 
(1999) 

Incorporation of HO-ethanoG in the 
single-stranded vector pMS2, COS7 
simian kidney cell line 

HO-ethanoG  GC�TA (11 mutations) 
GC�CG (2 mutations) 
GC�AT (1 mutation) 

 Fernandes et al. (2005) 

Single-stranded vector pMS2 
containing a single εA residue; 
propagated in 5 strains of E. coli and in 
COS7 simian kidney cell line 

εA G > T > C AT�GC (63%) 
AT�TA (6%) 
AT�CG (1%) 

εA highly miscoding in COS 
cells (frequency of mutations 
70%) in contrast to results 
for E. coli 

Pandya & Moriya 
(1996) 

supF Gene in vector plasmid pMY189 
treated with CAA, human fibroblast 
W138-VA13 cells 

εC and 
N2,3-εG as 
possible 
adducts 

 GC�AT (53.8%) 
GC�TA (29.5%) 
GC�CG (6.4%) 

71% of mutations were 
single base mutations 

Matsuda et al. (1995) 

εA, 1,N6-ethenoadenine; εC, 3,N4-ethenocytosine; N2,3-εG, N2,3-ethenoguanine; 1,N2-εG, 1,N2-ethenoguanine; CAA, chloroacetaldehyde; CHO, Chinese hamster ovary; 
HO-ethanoG, 5,6,7,9,-tetrahydro-7-hydroxy-9-oxoimidazo[1,2-a]purine 
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in one tumour (GGT→TGT). In addition, one tumour contained a mutation due to a 
G→T transversion at the second base of codon 12 (GGT→GTT) in neoplastic tissue and 
a G→A transition at the second base of codon 12 in non-neoplastic tissue (GGT→GAT). 
One tumour contained a mutation at the first base of codon 13 (G→T transversion, 
GGC→TGC) in neoplastic tissue and a G→A transition at the second base of codon 13 in 
non-neoplastic tissue (GGC→GAC). In one case, the wild-type Ki-ras-2 gene was detec-
ted in neoplastic tissue while a codon 13 mutation was found in non-neoplastic cirrhotic 
tissue (GGC→CAT) (Weinrauch et al., 2001a). In the same study, 20 hepatocellular 
carcinomas from a control group and associated with hepatitis B or C virus infection or 
alcoholic beverage consumption were also analysed. Ki-ras-2 mutations were found in 
three cases, two of which were attributed to HBV infection (GGT→GTT and GGC→GAC) 
and one to hepatitis C virus infection (GGT→TGT) (Weihrauch et al., 2001a,b).  

No mutations were found in the Ki-ras gene in vinyl chloride-induced liver angio-
sarcoma or hepatocellular carcinoma in rats. One mutation was found at codon 13 of 
N-ras in a liver angiosarcoma (G→A, GGC→GAC). However, mutations that involved 
the second base of codon 61 of the Ha-ras gene and were due to A→T transversions 
(CAA→CTA) were found in five of eight hepatocellular carcinomas (Froment et al., 
1994; Boivin-Angèle et al., 2000a) (Table 26). 

(b) p53 

The p53 gene is a tumour-suppressor gene at the crossroads of many cellular 
pathways that involve cell cycle control, DNA repair, DNA replication, apoptosis and 
senescence. The majority of cancer-related mutations in p53 cluster in several regions of 
the gene that determine the protein structure and that have been highly conserved through 
evolution. These regions occur in the sequence-specific DNA-binding core domain of the 
protein between amino acid residues 102 and 292. The mutations found in malignancies 
could result in substitution of amino acid residues in these regions that are critical for p53 
function (Cho et al., 1994; Brandt-Rauf et al., 1996). 

A comparison of the mutation spectra in the p53 gene in vinyl chloride-associated 
liver tumours in humans and rats is detailed in Table 27. 

Five liver tumours (four liver angiosarcomas and one hepatocellular carcinoma) from 
workers who were heavily exposed to vinyl chloride were investigated for mutations in 
the p53 gene in exons 5 to 8. Two A→T missense mutations were found in a highly 
conserved domain: one at codon 249 (AGG→TGG, Arg to Trp) and one at codon 255 
(ATC→TTC, Ile to Phe) each in the tumour but not in the normal cells of two of the liver 
angiosarcoma patients, of whom both were smokers (Hollstein et al., 1994). A third 
mutation, also due to an A→T transversion, was found at codon 179 (CAT→CTT, His to 
Leu) in a fibroblastic cell line established from a liver angiosarcoma from a vinyl 
chloride-exposed patient (Boivin-Angèle et al., 2000b). Such mutations are uncommon in 
human cancers (2.7% of a total of 5085 cancers; Hollstein et al., 1996). Futhermore, p53 gene 
mutations are uncommon in sporadic (non-vinyl chloride-induced) liver angiosarcomas 
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Table 26. Comparison of the mutation spectra in ras proto-oncogenes in vinyl chloride-associated liver tumours 
in humans and rats 

Tumour origin Gene involved  Codon No. of 
mutations/ 
no. of tumours 

No. of base-pair changes/codon change Reference 

Human ASL Ki-ras-2 13 5/6 5 G→A/GGC→GAC Marion et al. (1991) 

Human ASL Ki-ras-2 12 
 
13 
 
12 

5/8 
 
3/8 

3/5 G→A/GGT→GAT 
2/5 G→T/GGT→GTT, GGT→TGT 
2/3 G→A/GGC→GAC, GGC→CAT 
1/3 G→T/GGC→TGC 
1/2 G→T/GGT→TGT (non-neoplastic tissue) 
1/2 G→A/GGT→GAT (non-neoplastic tissue) 

Weihrauch et al. 
(2002a) 

Human HCC Ki-ras-2 12 
 
 
 
13 

4/12 
 
 
 
1/12 

2 G→A/GGT→GAT 
G→T/GGT→TGT 
G→T/GGT→GTT (with GGT→GAT in the non-
neoplastic tissue) 
G→T/GGC→TGC (with GGC→GAC in the non-
neoplastic tissue) 
G→A/GGC→CAT non-neoplastic tissue 

Weihrauch et al. 
(2001a) 

Rat ASL Ki-ras-2 
N-ras A 

12, 13, 
and 61 
13 
36 

0/11 
 
2/11 

None 
 
G→A/GGC→GAC 
A→T/ATA→CTA 

Froment et al. (1994); 
Boivin-Angèle et al. 
(2000a) 

Rat HCC Ha-ras 61 5/8 5 A→T/CAA→CTA Froment et al. (1994); 
Boivin-Angèle et al. 
(2000a) 

ASL, liver angiosarcoma; HCC, hepatocellular carcinoma   
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Table 27. Comparison of the mutation spectra in the p53 gene in vinyl chloride-
associated liver tumours in humans and rats 

Tumour origin No. of 
mutations/no. of 
tumours 

Codon (exon) No. of base-pair changes/ 
codon change 

References 

Human ASL 2/4  
249 (7) 
255 (7) 

2 A→T/ 
AGG→TGG 
ATC→TTC 

Hollstein et al. 
(1994) 

Human ASL 6/17 131 (5) 
248 (7) 
282 (8) 
342 (10) 
200 (6) 
216 (6) 

1 A→T/AAC→ATC 
1 G→A/CGG→CAG 
1 C→T/CGG→TGG 
1 C→T/CGA→TGA 
del-2 
del-3 

Weihrauch et al. 
(2002b) 

Human 
fibroblastic cell 
line from an 
ASL  

1/1 179 (5) 1 A→T/CAT→CTT Boivin-Angèle et al. 
(2000b) 

Human HCC 11/18 130 (5) 
175 (5) 
282 (8) 
179 (5) 
193 (6) 
246 (7) 
 
245 (7) 
248 (7) 
273 (8) 
226 (6) 
236 (7) 

1 T→G/CTC→CGC 
1 C→A/CAC→AAC 
1 C→T/CGG→TGG 
1 A→T/CAT→CTT 
1 A→C/CAT→CCT 
1 A→G/ATG→GTG 
3 G→A/ 
GGC→GAC 
CGG→CAG 
CGT→CAT 
1 G→C/GGC→GCC 
del(-3) 

Weihrauch et al. 
(2000) 

Rat ASL 11/25  
160 (5) 
235 (7) 
253 (7) 
253 (7) 
235 (7) 
 
203 (6) 
203 (6) 
 
152 (5) 
246 (7) 
147 (5) 
235 (7) 
177–181 (5) 

4 A→T/ 
ATC→TTC 
ATG→TTG 
ATC→TTC 
ATC→TTC 
1 A→C/ATG→CTG 
2 A→G/ 
TAT→TGT 
TAT→TGT 
2 G→A/ 
GGT→AGT 
CGC→CAC 
1 C→T/TCC→TCT 
1 T→G/ATG→AGG 
del(-12) 

Barbin et al. (1997) 

Rat HCC 1/8 283 (8) 1 A→T/GAG→GTG Barbin et al. (1997) 

ASL, liver angiosarcoma; HCC, hepatocellular carcinoma   
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(2/21 cases, 9%; Soini et al., 1995), which supports the evidence that links exposure to 
vinyl chloride with liver angiosarcoma that contains p53 mutations due to A→T 
transversions. 

In another series, six mutations were found in 17 vinyl chloride-induced liver 
angiosarcomas (four point mutations and two deletions); only one mutation was due to an 
A→T transversion (codon 131, AAC→ATC) (Weihrauch et al., 2002b). 

Eighteen hepatocellular carcinomas from vinyl chloride-exposed workers were 
analysed for mutations in the p53 gene in exons 5–9. In this series, 11 of 18 hepatocellular 
carcinomas exhibited a p53 gene mutation, with five transversions and five transitions. 
Five of the 11 mutations (codons 175, 245, 248, 273 and 282) affected CpG dinu-
cleotides, three of which (codons 175, 248, 273) were also found in hepatocellular 
carcinomas induced by alcoholic beverage consumption and viral or autoimmune cir-
rhosis, which led the authors to conclude that the p53 mutations in their series might be 
due to spontaneous processes such as deamination of 5-methylcytosine (Weihrauch et al., 
2000). In studies of both liver angiosarcoma and hepatocellular carcinoma, no p53 
mutations were found in the surrounding non-neoplastic tissue. 

Mutations in the p53 gene were also found in 11 of 25 (44%) liver angiosarcomas 
induced by vinyl chloride in Sprague-Dawley rats and in one of eight hepatocellular 
carcinomas (Barbin et al., 1997). Five mutations involved an A→T transversion as seen 
in human vinyl chloride-induced liver angiosarcoma. The A→T transversion in the first 
base of codon 253 in two rat liver angiosarcomas was equivalent to the transversion 
observed in codon 255 in one human liver angiosarcoma associated with exposure to 
vinyl chloride (Hollstein et al., 1994) (Table 27). 

4.3 Mechanisms of carcinogenesis 

Many key events in the pathway of vinyl chloride-induced hepatocarcinogenesis have 
been established. These include (a) metabolic activation (to chloroethylene oxide), 
(b) DNA binding of the reactive metabolites (characteristic exocyclic etheno-adducts, 
(c) promutagenicity of these adducts that lead to G→A and A→T transitions and 
(d) effects of such mutations on proto-oncogenes/tumour-suppressor genes at the gene 
and gene product levels, with tumorigenesis as the final outcome (Bolt, 2005). 

Vinyl chloride has been demonstrated to be a genotoxic carcinogen in animal and 
human studies (Block, 1974; Creech & Johnson, 1974; Lee & Harry, 1974; Maltoni et al., 
1974, 1981). It is absorbed rapidly after inhalation and oral exposure (Bolt, 1978), and is 
metabolized (activated) mainly by CYP2E1 to 2-chloroethylene oxide which spon-
taneously rearranges to 2-chloroacetaldehyde. 2-Chloroethylene oxide and 2-chloro-
acetaldehyde can be transported intercellularly from parenchymal cells to non-paren-
chymal cells in the liver (Kuchenmeister et al., 1996). The primary detoxification reaction 
of the two reactive metabolites is conjugation with GSH catalysed by GST; the 
conjugation products are then excreted in urine (reviewed in WHO, 1999).  
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Both 2-chloroethylene oxide and 2-chloroacetaldehyde can form DNA adducts. Five 
DNA adducts are formed by 2-chloroethylene oxide or 2-chloroacetaldehyde (Cheng et 
al., 1991; Basu et al., 1993). These include the major adduct, 7-OEG, and four cyclic 
etheno adducts (1,N2-εG, εC, εA and N2,3-εG). These etheno adducts generate mainly 
base-pair substitution mutations and specific mutations in cancer-related genes (i.e. RAS 
oncogenes, p53 tumour-suppressor genes). The major reaction product of 2-chloro-
ethylene oxide is 7-OEG, but 2-chloroacetaldehyde does not form this adduct. 7-OEG 
does not exhibit promutagenic properties whereas εA, εC, N2,3-εG and 1,N2-εG do. εA, 
εC and N2,3-εG have demonstrated miscoding potential in vitro and in vivo (Singer et al., 
1987; Cheng et al., 1991; Mroczkowska & Kusmierek, 1991; Singer et al., 1991; Basu et 
al., 1993) and others have shown that εA causes A→G transitions and A→T trans-
versions, εC causes C→A transversions and C→T transitions and εG causes G→A 
transitions (reviewed in Bolt, 2005; see Table 25). These changes were consistent with the 
mutations of p53 and RAS genes observed in tumours from vinyl chloride-exposed 
humans and rats (Tables 26 and 27). 

Etheno adducts appear to have long persistence and are repaired by glycolases (Gros 
et al., 2004). In addition to the DNA adducts produced by vinyl chloride, a physiological 
background of endogenously produced etheno adducts is possibly the product of oxi-
dative stress and lipid peroxidation (Bartsch & Nair, 2000a,b; De Bont & van Larebeke, 
2004; Bolt, 2005). 

The induction of extrahepatic tumours by vinyl chloride has been established experi-
mentally, but the mechanism for this extrahepatic tumour formation, e.g. in the brain or 
lung, is not well elucidated (Bolt, 2005). 

While the data overall suggest that etheno adducts are probably involved in the 
initiation of hepatocarcinogenesis by vinyl chloride, some factors have yet to be 
explained. These include observed tissue and cell specificity and variability in various 
biomarkers such as mutant p53 protein and anti-p53 antibodies in vinyl chloride-exposed 
workers with tumours (Trivers et al., 1995; Brand-Rauf et al., 1996). One source for this 
variability might be explained by differences in genetic polymorphisms of genes that 
encode for enzymes involved in vinyl chloride metabolism and for proteins involved in 
DNA repair (Li et al., 2003a).  

4.4 Susceptibility  

4.4.1 Genetic polymorphisms and enzyme induction 

The enzymes that are involved in vinyl chloride activation and detoxification, 
i.e. CYP2E1, ALDH2, GST and mEH (Figure 1), are known to have polymorphic 
variants with altered activity. Polymorphisms of each of these enzymes may modulate the 
metabolism of vinyl chloride, the levels of 2-chloroethylene oxide and 2-chloro-
acetaldehyde and hence the frequency and nature of vinyl chloride-induced mutations. 
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For example, individuals who have high-activity variants of CYP2E1 and/or low-
activity variants of ALDH2 or GST enzymes may have elevated levels of chloroethylene 
oxide and chloroacetaldehyde and increased DNA damage.  

Among the many CYP2E1 polymorphisms described, c1 and c2 alleles have been 
identified in the 5-regulatory region of the gene. According to in-vitro studies that inves-
tigated gene transcription and enzyme activity, workers who have at least one c2 allele 
may have higher CYP2E1 activity than the homozygous c1c1, although this was not 
clearly confirmed in vivo. The frequency of the rare c2 allele is 24–30% for Asian pop-
ulations, 2–3% for Caucasians, 0.3–7% for African-Americans, 15% for Mexican 
Americans and 18% for Chinese (Province of Taiwan) (Danko & Chaschin, 2005). The 
levels of CYP2E1 vary in human populations and have been shown in addition to be 
induced by repetitive alcoholic beverage consumption and exposure to other agents 
(Lieber & DeCarli, 1970; Roberts et al., 1995; Mastrangelo et al., 2004). 

GSTs are encoded by a supergene family that is divided, on the basis of the chromo-
somal location and sequence homology, into four classes; Alpha, Mu, Pi and Theta (Lo & 
Li-Osman, 2007). Approximately half of the Caucasian population has no GSTM1-1 
enzyme because of a homozygous deletion of the GSTM1 gene. The other half is either 
heterozygous or homozygously normal. The frequency of the GSTM1 null-null genotype 
is similar in Asians but lower in African-Americans (~ 27%) (Parl, 2005). 

Genotypic differences are also frequent for the GSTT1 gene. The GSTT1–/– genotype 
is more common in Asians, at frequencies that range from 47 to 64%, whereas this homo-
zygous null genotype is found only in 20% of Caucasians (Parl, 2005). 

There is a structural polymorphism at amino acid position 487 of the ALDH2 gene. A 
substitution of lysine for glutamic acid results from a transition of G (allele 1) to A (allele 
2). The ALDH2 alleles that encode the active and inactive subunits are termed ALDH2*1 
and ALDH2*2, respectively (Farres et al., 1994). The dominant-negative mutant allele, 
ALDH2*2, is extremely rare in Caucasians, but is widely present in Mongoloids (28–
45%; Goedde et al., 1992). 

Polymorphisms in genes that encode for the proteins that are involved in DNA-repair 
processes, such as XRCC1 (X-ray cross-complementing group 1) and XPD (xeroderma 
pigmentosum group D), may also modulate the occurrence of vinyl chloride-induced 
mutations. The XRCC1 protein is responsible for the repair of DNA lesions that are 
caused by alkylating agents. Etheno adducts produced by vinyl chloride are normally 
removed by the base-excision repair pathway which contains several proteins that are 
coordinated by XRCC1. Three polymorphisms have been identified at codon 194 (Arg to 
Trp), 280 (Arg to His) and 399 at codon 10 (Arg to Gln, termed Gln phenotype) for 
XRCC1 (Lindahl & Wood, 1999; Goode et al., 2002).  

The XPD protein is an adenosine triphosphate-dependent 5’-3’ helicase involved in 
nucleotide excision repair. Several polymorphisms have also been described for the XPD 
gene (Lindahl & Wood, 1999; Goode et al., 2002).  

Few studies have investigated vinyl chloride-induced alterations at the chromosome 
level (sister chromatid exchange) and at the gene level (RAS and p53 point mutations) in 
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vinyl chloride-exposed workers with various polymorphisms. In a study from Taiwan, 
China, CYP2E1c1c2/c2c2, ALDH2 1-2/2-2 and XRCC1 Gln-Gln polymorphisms 
appeared to be weak susceptibility factors for the frequency of sister chromatid exchange 
in relation to exposure to vinyl chloride, but not GSTT1 or GSTM1 genes (Table 28). 
CYP2E1 c2c2 was also associated with a higher risk for p53 protein overexpression in the 
plasma of vinyl chloride-exposed workers (adjusted odds ratio, 9.8; 95% CI, 1.2–81.6), 
and this increased risk was also associated with GSTT1 non-null (odds ratio, 2.4; 95% CI, 
0.8–7.6) or ALDH2 1-2/2-2 (odds ratio, 1.6; 95% CI, 0.5–4.6), particularly in the low-
exposure group (≤ 40 ppm–years) (Wong, R.H. et al., 2002). These authors suggested that 
frequency of sister chromatid exchange reflects recent exposure to vinyl chloride, while 
p53 gene mutations reflect cumulative exposure to vinyl chloride. However, CYP2E1 
c1/c2 genotype compared with the wild-type c1/c1 genotype appeared to contribute only 
slightly to the occurrence of mutant p21ras or p53 proteins in French vinyl chloride-
exposed workers (Li et al., 2003b).  

In contrast, a joint effect of the XRCC1 codon 399 polymorphism and cumulative 
exposure to vinyl chloride on the occurrence of the p53 biomarker was observed (Li et al., 
2003a). While GSTM1, GSTT1 and GSTP1 polymorphisms were not found to be asso-
ciated with an increased occurrence of mutant p53, a significant trend for the prevalence 
of p53 biomarkers was observed when the combined effects of GSTM1, GSTT1 and 
XRCC1 were analysed. The GSTM1 and GSTT1 null genotypes appeared to modify the 
effect of XRCC1 codon 399 genotype on p53 biomarker status, possibly in a synergistic 
fashion (Table 29) (Li et al., 2005a). All XRCC1 codon 194, 280 and 399 polymorphisms 
also had an effect on the occurrence of the p53 biomarker (Table 30), but not on that of 
the p21ras biomarker in the blood of vinyl chloride-exposed workers (Li et al., 2006). In 
contrast, the mEH genotype has no effect on p21ras or p53 biomarkers of vinyl chloride-
induced mutagenic damage and may not be involved as a major detoxification enzyme in 
the metabolism of vinyl chloride in humans (Li et al., 2005b). A follow-up of these 
studies has recently reported the analysis of a cohort of 597 French vinyl chloride-
exposed workers. The presence of biomarkers for mutant p21ras and mutant p53 was 
found to be highly significantly associated with cumulative exposure to vinyl chloride 
(p for trend < 0.0001). The CYP2E1 variant c2 allele was significantly associated with the 
presence of either or both mutant biomarkers even after controlling for potential con-
founders including cumulative exposure to vinyl chloride (odds ratio, 2.3; 95% CI, 1.2–
4.1), and the effects of the c2 allele and vinyl chloride exposure were approximately 
additive. GSTT1 null status was found to have an increased but not significant association 
with the presence of either or both biomarkers after controlling for confounders (odds 
ratio, 1.3; 95% CI, 0.8–2.0) (Schindler et al., 2007). 

The effects of polymorphisms of the DNA repair gene XPD on DNA damage in 
lymphocytes were studied in vinyl chloride-exposed workers in China using the comet 
assay. The study compared workers with ≥ 5 damaged cells per 100 cells studied with 
workers with no DNA damage who were matched for age, gender, cumulative exposure 
to VCM and worksite. Three XPD polymorphisms were investigated: Ile199Met, Asp312Asn  
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Table 28. Association between frequency of sister chromatid exchange and different polymorphisms (multiple regression 
model for frequencies of sister chromatid exchange per cell)  

Reference Cohort description Exposure assessment Exposure categories One marker positive  Regression 
coefficient/SE 

p value 

Wong et al. 
(1998)  

44 men with 4–36 years’ 
exposure to VC, from 
3 PVC plants; study based 
on predetermined VC 
exposure levels and 
smoking status; mean age,  
45.1 ± 1.4 years; current 
smokers, 55.6% 

A TWA exposure to 
VC assigned to each 
category of job based 
on monitored air 
levels of VC 

High VC exposure 
group > 1 ppm  
(n = 28) 
Low VC exposure 
< 1 ppm (n = 16)  

Smoking status, yes versus no 
VC exposure, high versus low 
CYP2E1 c1c2/c2c2 versus c1c1 
ALDH2 1-2/2-2 versus 1-1 
GSTM1 non-null versus null 
GSTT1 non-null versus null 

0.85/0.31 
0.64/0.34 
0.50/0.33 
0.63/0.31 
–0.41/0.31 
0.27/0.30 

< 0.01 
0.06 
0.14 
0.05 
0.19 
0.38 

Wong et al. 
(2003b)  

61 men, 29 controls A TWA exposure to 
VC assigned to each 
category of job based 
on monitored air 
levels of VC 

Controls (n = 29) 
High VC exposure > 
1 ppm (n = 32) 
Low VC exposure < 1 
ppm (n = 29) 

Smoking status, yes versus no 
Alcohol drinking, yes versus no 
High VC exposure versus controls 
Low VC exposure versus controls 
XRCC1 exon 10: Gln-Gln versus 
Arg-Arg/Arg-Gln 
CYP2E1 c2c2 versus c1c1/c1c2 
ALDH2 1-2/2-2 versus 1-1 
GSTT1 null versus non null 

0.56/0.26 
–0.21/0.33 
1.00/0.46 
0.60/0.42 
1.09/0.49 
 
1.54/0.72 
0.44/0.25 
0.12/0.25 

0.03 
0.52 
0.03 
0.16 
0.03 
 
0.04  
0.08 
0.63 

ALDH2, aldehyde dehydrogenase 2; CYP, cytochrome P450; GST, glutathione-S-transferase; PVC, polyvinyl chloride; SE, standard error; TWA, time-weighted 
average ; VC, vinyl chloride; XRCC1, X-ray cross-complementing group 1 
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Table 29. Association between XRCC1/GSTM1/GSTT1 polymorphisms and mutant p53 in vinyl chloride (VC) workers 

Reference Cohort description Exposure assessment XRCC1 codon 399/GSTM1 or 
GSTT1 genotypes 

Exposure categories 
(in ppm–years) 

No. positive 
mutant p53 
biomarker (%) 

Adjusted odds ratio 
(95% CI)a 

Li et al. 
(2003a) 

211 VC-exposed workers; 
average age, 56 years 
(range, 35–74 years); 
current smokers, 39%; 
current drinkers, 20% 

Average cumulative 
exposure, 5871 ppm–
years (range, 6–
46 702 ppm–years); 
VC exposure levels 
were attributed to each 
subject on the basis of 
the job, using 
estimated values 
assigned to the various 
jobsb 

Arg-Arg 
 
 
 
Arg-Gln 
 
 
 
Gln-Gln  

≤ 1000 (n = 24) 
1001–4000 (n = 31) 
> 4000 (n = 31) 
 
≤ 1000 (n = 26)  
1001–4000 (n = 25) 
> 4000 (n = 39) 
 
≤ 1000 (n = 11)  
1001–4000 (n = 14) 
> 4000 (n = 10) 
 

 6 (25) 
12 (39) 
11 (35) 
 
10 (38) 
 9 (36) 
23 (59) 
 
 5 (45) 
10 (71) 
 8 (80) 

1.00 
2.19 (0.65–7.40) 
1.96 (0.56–6.80) 
 
1.90 (0.55–6.52) 
1.89 (0.53–6.69) 
5.43 (1.57–18.83) 
 
2.50 (0.54–11.51) 
8.84 (1.87–41.70) 
12.17 (1.88–78.67) 
p for trend = 0.0004 

Li et al. 
(2005a) 

Same cohort as Li et al. 
(2003a) 

Same as Li et al. 
(2003a) 

Arg-Arg/both wild types (n = 31) 
Arg-Arg/either null (n = 47) 
Arg-Arg/ both null (n = 8) 
Arg-Gln+Gln-Gln/both wild 
 types (n = 50) 
Arg-Gln+Gln-Gln/either null 
 (n = 68) 
Arg-Gln+Gln-Gln/both null 
 (n = 7) 

NR  8 (26) 
18 (38) 
 3 (38) 
25 (50) 
 
35 (51) 
 
5 (71) 

1 
1.8 (0.7–5.0) 
1.8 (0.3–9.3) 
2.9 (1.1–7.8) 
 
3.2 (1.2–8.3) 
 
8.4 (1.3–54.0) 
 
p for trend = 0.00037 

CI, confidence interval; GST, glutathione-S-transferase; NR, not reported; XRCC1, X-ray cross-complementing group 1  

a Adjusted for age, smoking, alcoholic beverage consumption and cumulative VC exposure 
b Estimates of VC exposure in ppm–years based on years of a given job category weighted by the presumed ppm level of exposure as defined by the exposure matrix of 
Heldaas et al. (1984) 
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Table 30. Association between XRCC1 codons 194, 280 and 399 polymorphisms and mutant p53 in vinyl chloride (VC) 
workers 

Reference Cohort description Exposure assessment XRCC1 codons 194, 280 
and 399  

Mutant p53 biomarker  Adjusted odds ratio 
(95% CI)a 

    + –  

Li et al. (2006) 211 VC-exposed workers; 
average age, 56 years 
(range, 35–74 years); 
current smokers, 39%; 
current drinkers, 20% 

Average cumulative exposure, 
5871 ppm–years (range, 6–
46 702 ppm–years); VC exposure 
levels were attributed to each 
subject on the basis of the job, 
using estimated values assigned 
to the various jobsb 

All wild type 
One variant allele 
Two variant alleles 

21 (34%) 
41 (43%) 
32 (60%) 

41 (66%) 
55 (57%) 
21 (40%) 

1 
1.5 (0.8–3.0) 
3.1 (1.4–6.7) 
p for trend = 0.005 

CI, confidence interval; XRCC1, X-ray cross-complementing group 1 
a Adjusted for age, smoking, alcoholic beverage consumption and cumulative exposure to VC 
b Estimates of VC exposure in ppm–years based on years of a given job category weighted by the presumed ppm level of exposure as defined by the exposure matrix of 
Heldaas et al. (1984) 
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and Lys751Gln. Using univariate analysis, it was shown that only the XPD751 Lys/Gln 
and Gln/Gln genotypes were significantly associated with DNA damage (odds ratio, 2.21; 
95% CI, 1.01–5.13; p < 0.05). After adjusting for the effects of smoking, alcoholic 
beverage consumption, liver damage and polymophisms of the DNA repair gene, and 
using the group with low exposure to vinyl chloride and the XPD312 Asp/Asp genotype 
as a reference, it was found that workers with high exposure and the XPD312 Asp/Asn 
and Asn/Asn genotypes had a significantly reduced risk for DNA damage (odds ratio, 
0.33; 95% CI, 0.11–0.95) (Zhu et al., 2005b).  

These results suggest possible interactions between polymorphisms in the metabolic 
pathway of vinyl chloride and/or in the DNA repair processes and exposure to vinyl 
chloride that could contribute to the variable susceptibility to the mutagenic effects of 
vinyl chloride in exposed populations and might shed some light on the mechanism of 
tumour formation in humans. 

4.4.2 Age 

After results were published to indicate that hepatocytes of young, postnatal rats are 
much more susceptible than those of adult rats to the carcinogenic effect of vinyl chloride 
(Maltoni et al., 1981; see Section 3), several investigations began to characterize the 
potentially susceptible period and the underlying mechanisms. 

Laib et al. (1985a) investigated the age-dependence of the induction of preneoplastic 
enzyme-altered hepatic foci. Male and female Wistar rats were exposed to 2000 ppm 
[5186 mg/m3] vinyl chloride either transplacentally or immediately (1 day) after birth for 
a period of 5, 11, 17, 47 or 83 days, or from age 7 days or 21 days until death. Adenosine 
triphosphatase-deficient foci were increased compared with control rats after newborn 
exposures of 11 days or more, although foci area did not further increase after 17 days. 
Transplacental exposure and exposures before day 5 did not increase adenosine triphos-
phatase-deficient foci. 

In accompanying studies, Laib et al. (1985b) also investigated the effects of a range 
of lower concentrations administered early in life. Wistar rats were exposed to 10, 40, 70, 
150, 500 or 2000 ppm [26, 104, 182, 389, 1300 or 5186 mg/m3] vinyl chloride for 
10 weeks beginning at 1 day of age, and Wistar and Sprague–Dawley rats were exposed 
to 2.5, 5, 10, 20, 40 or 80 ppm [6.5, 13, 26, 52, 104 or 208 mg/m3] vinyl chloride for 
3 weeks beginning at 3 days of age. In each case, a linear relationship was observed 
between the concentration of vinyl chloride and the percentage of foci area induced, with 
no obvious threshold for the induction of preneoplastic foci. 

Ciroussel et al. (1990) measured the levels of εA and εC adducts in DNA from 
several target organs. Rats were exposed to 500 ppm [1300 mg/m3] vinyl chloride for 
2 weeks beginning at 7 days or 13 weeks of age. Both εA and εC adducts were detected in 
the liver, lungs and brain (but not kidneys) of rats that were 7 days old when first exposed. 
In rats that were 13 weeks old when first exposed, only liver DNA was analysed and 
levels of each adduct were one-sixth of those observed in the younger rats. 
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Fedtke et al. (1990) investigated the formation and persistence of the DNA adducts 
7-OEG and N2,3-εG. Lactating Sprague–Dawley rats and their 10-day-old offspring were 
exposed to 600 ppm [1560 mg/m3] vinyl chloride for 4 h per day for 5 days. In the neo-
natal rats, concentrations of both DNA adducts were highest in the liver, followed by 
kidney and lung. No adducts were found in the brain or spleen. DNA adducts were detec-
ted only in the liver and lung of the dams. Concentrations of DNA adducts in the liver and 
lung were fourfold higher in the neonatal rats than in the dams. 

Morinello et al. (2002a) studied the exposure–response relationship of N2,3-εG 
adducts over a range of dose levels. Adult Sprague-Dawley rats were exposed to 0, 10, 
100 or 1100 ppm [0, 26, 260 or 2852 mg/m3] vinyl chloride for 1 or 4 weeks, and 
weanlings were similarly exposed for 5 days. The exposure–response relationship was 
linear from 0 to 100 ppm, then did not increase further. Compared with adult rats, two- to 
threefold higher concentrations of N2,3-εG adduct were measured in hepatocytes in the 
weanlings. 

5. Summary of Data Reported 

5.1 Exposure data 

Vinyl chloride is a gas that is produced predominantly by breaking down ethylene 
dichloride into smaller molecules. Production of vinyl chloride by the initial acetylene-
based process is still carried out in China. More than 95% of vinyl chloride is used for the 
production of polyvinyl chloride resin, which in turn is mainly used to produce plastic 
piping and other plastic items. Vinyl chloride is also used in the manufacture of chlori-
nated solvents. Production of vinyl chloride monomer is increasing. In 2005, production 
in Asia had outgrown that in both western Europe and North America. An increasing 
number of workers worldwide are exposed to vinyl chloride monomer during either its 
production, the manufacture of polyvinyl chloride or polyvinyl chloride processing. Since 
the late 1970s when the closed-loop polymerization process was introduced, the concen-
trations to which workers are exposed have decreased substantially in North America and 
western Europe. Levels before that time had been higher than 100 mg/m3. In low- and 
medium-resource countries, older technologies have continued to be used and therefore 
high exposures probably occur. Exposures in polyvinyl chloride processing plants are 
usually considerably lower than those in vinyl chloride monomer/polyvinyl chloride 
production; in western Europe and North America, current exposure levels are generally 
below 1 mg/m3. Concentrations of vinyl chloride monomer in ambient air are normally 
below 0.01 mg/m3, but higher concentrations have been measured in the vicinity of vinyl 
chloride/polyvinyl chloride production plants. 
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5.2 Cancer in humans  

Epidemiological evidence for the carcinogenicity of vinyl chloride in humans derives 
principally from two large, multicentric cohort studies, one of which was carried out in 
the USA and the other in Europe. These investigations focused on plants that manu-
factured vinyl chloride monomer, polyvinyl chloride or polyvinyl chloride products. 
Additional information is provided by several smaller cohort studies. 

Both of the multicentric cohort studies found a substantial increase in the relative risk 
for angiosarcoma of the liver, a tumour that is extremely rare in the general population, in 
exposed workers. In both studies, the risk for liver angiosarcoma increased strongly with 
duration of exposure to vinyl chloride. In the European study, there was also a clear trend 
of higher risk with increasing cumulative exposure. Multiple cases of liver angiosarcoma 
were also reported in two smaller cohort studies. Overall, these findings constitute com-
pelling evidence that vinyl chloride causes angiosarcoma of the liver. 

Assessment of whether vinyl chloride also causes hepatocellular carcinoma is 
complicated because many studies do not have histological or other definitive clinical 
information to discriminate hepatocellular carcinoma from angiosarcoma of the liver 
and/or secondary neoplasms. However, in an internal analysis of the European multi-
centric cohort, the risk for hepatocellular carcinoma increased significantly and 
substantially with cumulative exposure to vinyl chloride, based on nine confirmed cases. 
Another analysis of a single Italian plant with extended follow-up that was included in the 
European multicentric study included 12 confirmed hepatocellular carcinomas. The 
maximal overlap between these two analyses was four cases, since only four hepato-
cellular carcinomas from Italy were included in the multicentric cohort. In this subcohort, 
the incidence of hepatocellular carcinoma again increased significantly with cumulative 
exposure to vinyl chloride. Together with the observation that vinyl chloride increases the 
risk for liver cirrhosis, which is a known risk factor for hepatocellular carcinoma, these 
findings provide convincing evidence that vinyl chloride causes hepatocellular carcinoma 
as well as angiosarcoma of the liver.  

There was suggestive evidence that the risk for hepatocellular carcinoma from vinyl 
chloride is substantially higher among workers who are infected with hepatitis virus or 
report high levels of alcoholic beverage consumption. 

Among vinyl chloride workers overall, there was no evidence of an increased risk for 
lung cancer. However, in polyvinyl chloride packers and baggers, the risk for lung cancer 
increased significantly with cumulative exposure to vinyl chloride. These workers are 
known to have had concomitant exposure to polyvinyl chloride dust, and the study did not 
allow attribution of the association to a specific agent or combination of agents.  

Among the other cancer sites, suggestive evidence was found for malignant neo-
plasms of connective and soft tissue. This derived from the multicentric study in North 
America, in which a nearly threefold statistically significant overall increase in incidence 
was observed that persisted after the exclusion of four angiosarcomas for which the site 
was unknown. The risk was higher for workers with longer duration of employment 
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(i.e. 10–19 and ≥ 20 years). These findings were not supported by the European multi-
centric study, in which too few cases of connective tissue neoplasms were observed for an 
evaluation of exposure–response. 

The Working Group did not find strong epidemiological evidence for associations of 
exposure to vinyl chloride with cancers of the brain or lymphatic and haematopoeitic 
tissue or melanoma. Although the associations found for these cancers in specific studies 
may reflect true increases in risk, the findings were inconsistent between studies, no clear 
exposure–response relationships were found in the European multicentric study and, for 
several of the sites, the numbers of observed and expected cases were small. No conclu-
sion could be reached for breast cancer since the studies included too few women.    

5.3 Cancer in experimental animals 

The carcinogenicity of vinyl chloride has been studied intensively and repeatedly in 
experimental animals. The numerous studies are generally mutually reinforced. This 
wealth of data has generally been incompletely reported, however, and the outcomes of 
many experiments in the published studies are available only from summary tables, in 
which technical details are given only as footnotes. 

Vinyl chloride was tested by inhalation exposure in seven studies in mice, in nine 
studies in rats and in two studies in hamsters. Male and female animals were treated in all 
three species, although some experiments were carried out only in one sex. Vinyl chloride 
induced hepatic angiosarcomas in three studies in mice and in eight studies in rats; a 
positive dose–response was observed for hepatic angiosarcomas in mice and rats over a 
wide range of exposures. It induced angiosarcomas (all sites) in four studies in mice, in 
three studies in rats and in one study in hamsters. Extrahepatic angiosarcomas related to 
treatment with vinyl chloride were observed in three studies in mice and two studies in 
rats. Vinyl chloride increased the incidence of mammary tumours in six studies in mice, 
in three studies in rats and in one study in hamsters. Exposure to vinyl chloride increased 
the incidence of skin tumours in one study in rats and in two studies in hamsters, and 
increased the incidence of Zymbal gland carcinomas in four studies in rats, with a dose–
response pattern in one experiment. Vinyl chloride increased the incidence of lung 
tumours in six studies in mice, induced renal tumours and tumours of the nasal cavity in 
one study in rats, increased the incidence of hepatocellular carcinomas in two studies in 
rats and increased the incidence of glandular stomach tumours in one study in hamsters. 

In one study in rats, combined oral administration of ethanol and inhalation exposure 
to vinyl chloride caused more liver tumours (including angiosarcomas and hepatocellular 
carcinomas) than exposure to vinyl chloride alone.  

Vinyl chloride was tested by oral administration in four studies in male and female 
rats. It induced hepatic angiosarcomas in all studies, extrahepatic angiosarcomas in one 
study and hepatocellular carcinomas in two studies. When vinyl chloride was tested by 
subcutaneous injection and by intraperitoneal injection in single studies in rats, no hepatic 
angiosarcomas were induced.  
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The transplacental carcinogenicity of vinyl chloride was evaluated in one study in the 
offspring of rats exposed by inhalation during pregnancy. A low but significant incidence 
of tumours was observed in exposed offspring at sites that included the kidney, Zymbal 
gland and several others. However, no angiosarcomas or liver-cell tumours developed in 
the offspring.  

Vinyl chloride was tested by perinatal inhalation exposure in two studies in rats. In 
one study, rats were exposed transplacentally, neonatally and during adulthood. Treat-
ment with vinyl chloride induced hepatic angiosarcomas and hepatocellular carcinomas. 
Rats also demonstrated high incidences of tumours that were probably of olfactory neuro-
epithelial origin, but which were formerly reported as cerebral neuroblastomas in some 
studies. In a second study, rats were exposed to vinyl chloride for 5 weeks only beginning 
at birth. Hepatic angiosarcomas and ‘hepatomas’ occurred at a high incidence in the off-
spring, but not in the dams that were co-exposed with the offspring.  

Chloroethylene oxide, a chemically reactive metabolite of vinyl chloride, was tested 
for carcinogenicity in a single study in mice by subcutaneous injection and in an initiation–
promotion protocol on the skin. It caused fibrosarcomas at the site of subcutaneous injec-
tion and increased the incidence of squamous-cell papillomas and carcinomas of the skin 
at the site of application. 

5.4 Mechanistic and other relevant data 

Pulmonary absorption of vinyl chloride in humans appears to be rapid, and the 
percentage that is absorbed (about 40%) is independent of the concentration inhaled. 
Vinyl chloride is oxidized to highly reactive chloroethylene oxide, which rearranges to 
chloroacetaldehyde. The initial oxidation is predominantly mediated by cytochrome P450 
2E1, an enzyme that is induced by ethanol among other agents. In rats, the metabolism of 
vinyl chloride is saturable at an inhalation concentration of 250 ppm [∼650 mg/m3], at 
which the incidence of hepatic angiosarcoma in these animals has been reported to 
plateau. The rate of vinyl chloride metabolism in humans is approximately 50 µmol/h/kg. 
The rate of elimination of vinyl chloride does not appear to be altered during repeated 
compared with single inhalation exposures. 

Following metabolic activation of vinyl chloride in rats, the two metabolites, chloro-
ethylene oxide and chloroacetaldehyde, react with nucleic acid bases to form adducts. 
These include the major adduct N7-(2-oxoethyl)guanine, four etheno adducts and 
5,6,7,9-tetrahydro-7-hydroxy-9-oxoimidazol[1,2-a]purine, as identified in vitro and in rats 
in vivo. In rats exposed to vinyl chloride, increased levels of etheno adducts have been 
found in different organs, such as the liver, lung and kidney, and in lymphocytes but not 
in the brain. Young animals are particularly prone to the formation and persistence of 
vinyl chloride-induced adducts. In rats, adducts have been found equally in non-paren-
chymal liver cells and in hepatocytes. In humans, etheno adducts are formed by lipid per-
oxidation; there is, however, a paucity of data on the occurrence of such adducts in vinyl 
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chloride-exposed humans. The mechanism that leads to base misincorporation following 
adduct formation is still unclear. 

Vinyl chloride is mutagenic, usually in the presence of metabolic activation, in 
various assays with bacteria, yeast or mammalian cells and is clastogenic in in-vivo and 
in-vitro systems. It induces unscheduled DNA synthesis and increases the frequency of 
sister chromatid exchange in rat and human cells. Exposure to vinyl chloride has been 
associated with an increase in the frequency of chromosomal aberrations, micronucleus 
formation and sister chromatid exchange in humans. 

Ki-ras gene mutations are associated with vinyl chloride-induced angiosarcoma in 
humans but not in rats. In half of the cases, Ki-ras mutations lead to the incorporation of 
aspartate instead of glycine. Ki-ras mutations were also found to a lesser extend in vinyl-
chloride induced hepatocellular carcinomas. A specific Ha-ras gene mutation (CAA61CTA) 
was found vinyl chloride-induced hepatocarcinomas in rats. A mutated p53 gene was 
found in approximately half of the angiosarcomas in humans and rats that resulted from 
exposure to vinyl chloride. The p53 mutations in both species are often due to A→T 
transversions. 

The presence of mutated p21ras and p53 proteins in the blood of a high proportion of 
workers exposed to vinyl chloride and the positive correlation between the occurrence of 
the mutated proteins and cumulative exposure to vinyl chloride suggest that the mutation 
is an early event. 

In humans, genetic polymorphisms in genes that encode the enzymes involved in the 
metabolism of vinyl chloride (CYP2E1, GSTT1, GSTM1, ALDH2) and in DNA repair 
(XRCC1) modulate the DNA damage induced by vinyl chloride. 

6. Evaluation and Rationale 

6.1 Carcinogenicity in humans 

There is sufficient evidence in humans for the carcinogenicity of vinyl chloride. Vinyl 
chloride causes angiosarcomas of the liver and hepatocellular carcinomas.  

6.2 Carcinogenicity in experimental animals 

There is sufficient evidence in experimental animals for the carcinogenicity of vinyl 
chloride. 

There is sufficient evidence in experimental animals for the carcinogenicity of 
chloroethylene oxide. 

6.3 Overall evaluation 

Vinyl chloride is carcinogenic to humans (Group 1). 
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VINYL BROMIDE 

This substance was considered by previous Working Groups in February 1978 
(IARC, 1979), June 1985 (IARC, 1986), March 1987 (IARC, 1987) and February 1998 
(IARC, 1999). Since that time, new data have become available, and these have been 
incorporated into the monograph and taken into consideration in the present evaluation. 

1. Exposure Data 

1.1 Chemical and physical data 

1.1.1 Nomenclature 

From IARC (1999) and IPCS-CEC (2002) 
Chem. Abstr. Services Reg. No.: 593-60-2 
Chem. Abstr. Name: Bromoethene 
IUPAC Systematic Name: Bromoethylene 
RTECS No.: KU8400000 
UN TDG No.: 1085  
EC Index No.: 602-024-00-2 
EINECS No.: 209-800-6 

1.1.2 Structural and molecular formulae and relative molecular mass 

H2C CHBr 

C2H3Br Relative molecular mass: 106.96 

1.1.3 Chemical and physical properties of the pure substance  

From IPCS-CEC (2002) and Lide (2005), unless otherwise specified 
(a) Description: Colourless gas with a characteristic pungent odour; colourless 

liquid under pressure  
(b) Boiling-point: 15.8 oC  
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(c) Melting-point: –139.5 oC 
(d) Density: 1.522 at 20 °C  
(e) Solubility: Insoluble in water; soluble in ethanol, ether, acetone, benzene and 

chloroform 
(f) Vapour pressure: 119 kPa at 20 oC  
(g) Explosive limits: Upper, 15%; lower, 9% by volume (National Library of 

Medicine, 1998) 
(h) Relative vapor density (air = 1): 3.7  
(i) Relative density (water = 1): 1.49  
(j) Flash-point: Flammable gas  
(k) Auto-ignition temperature: 530 °C  
(l) Octanol/water partition coefficient: log Pow, 1.57 
(m) Conversion factor: mg/m3 = 4.37 × ppm1 

1.1.4 Technical impurities 

According to Ethyl Corporation (1980), hydroquinone methyl ether is used as an 
inhibitor (175–225 mg/kg) in vinyl bromide. Water (max. 100 mg/kg) and non-volatile 
matter (max. 500 mg/kg including the inhibitor) represent the major impurities. 

1.1.5 Analysis 

The Occupational Safety and Health Administration (1979) in the USA has 
developed a method (OSHA Method 8) to measure vinyl bromide with a detection limit 
of 0.2 ppm. 

1.2 Production and use 

1.2.1 Production 

Vinyl bromide can be produced by the catalytic addition of hydrogen bromide to 
acetylene in the presence of mercury and copper halide catalysts or by partial dehydro-
bromination of ethylene dibromide with alcoholic potassium hydroxide (Ramey & Lini, 
1971). 

The Hazardous Substance Database indicated only one manufacturer of vinyl 
bromide in the USA in 2002 (National Toxicology Program, 2005). One plant in China 
reported a production capacity of 500 million tonnes per year in 2006 (Loyal Gain, 2006). 

                                                      
1 Calculated from mg/m3 = (molecular weight/24.45) × ppm, assuming normal temperature (25 °C) and 
pressure (101.3 kPa) 
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1.2.2 Use 

According to a notice in the Federal Register (Anon., 2002), vinyl bromide has been 
used predominantly in polymers in the production of fabrics and fabric blends that are 
used in nightwear (mostly for children) and home furnishings, in leather and fabricated 
metal products and in the production of pharmaceuticals and fumigants. Current 
applications of vinyl bromide include its use as an intermediate in the synthesis of 
pharmaceutical products, as a component of fire extinguishers in blends with compounds 
that contain fluorine, as a monomer in the formation of copolymers that possess flame-
retardant properties and as a starting material for the preparation of vinylmagnesium 
bromide, which is a component of variety of other polymers (Far Research, 2000). 
According to the Chinese manufacturer Loyal Gain (2006), vinyl bromide is also used in 
the pharmaceutical industry in the production of the coenzyme Q10 and in the synthesis of 
organic bromo compounds. 

1.3 Occurrence  

1.3.1 Natural occurrence 

Vinyl bromide is not known to occur naturally in the environment. 

1.3.2 Occupational exposure 

Vinyl bromide has been available commercially since 1968. Occupational exposure 
may occur during the production of vinyl bromide and its polymers. According to the 
1981–83 National Occupational Exposure Survey (NOES, 2002), approximately 1822 
workers in the USA were potentially exposed to vinyl bromide (see General Remarks). 
Exposure to vinyl bromide was considered by CAREX but did not yield many exposed 
individuals (Kauppinen et al., 2000). Other estimates of the number of workers exposed 
to vinyl bromide in Europe are available only from the Finnish Register of Occupational 
Exposure to Carcinogens which reported one individual who was notified as having been 
exposed to vinyl bromide in 2004 (Saalo et al., 2006).  

Median 8-h time-weighted average exposures at a vinyl bromide manufacturing plant 
ranged from 0.4 to 27.5 mg/m3, depending on the job and area surveyed. Personal air 
samples showed that a plant operator was exposed to 0.4–1.7 mg/m3, a laboratory tech-
nician to 1.3–2.2 mg/m3 and two loading crewmen to 5.2 and 27.5 (1-h samples) mg/m3 
(Bales, 1978; Oser, 1980). 

1.3.3 Environmental occurrence 

Vinyl bromide may form in the air as a degradation product of 1,2-dibromoethane 
(IARC, 1999). It may also be released into the environment from facilities that manu-
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facture or use vinyl bromide as a flame retardant for acrylic fibres. Vinyl bromide has 
been qualitatively identified in ambient air samples (National Library of Medicine, 1998). 

1.4 Regulations and guidelines 

No international guidelines for vinyl bromide in drinking-water have been established 
(WHO, 2006). Many countries, regions or organizations have established guideline values 
for vinyl bromide in the workplace (Table 1). 

Table 1. Guidelines for levels of vinyl bromide in the workplace 

Country/region or 
Organization 

TWA STEL Carcinogenicitya Notes 

Australia 5  2  
Belgium 5    
Canada     
 Alberta 0.5   Schedule 2 
 British Columbia 5  2a ALARA 

substance 
 Ontario 0.5    
 Quebec 5  A2  
Finland 1    
Ireland 0.5  Ca2  
Malaysia 0.5    
Netherlands 5    
New Zealand 5  A2  
Norway 1  Ca  
South Africa (DOL-RL) 5    
Spain 0.5  Ca2  
USA     
 NIOSH (REL)   Ca LFC 
 ACGIH 0.5  A2  

From ACGIH Worldwide (2005) 
ACGIH, American Conference of Governmental Industrial Hygienists; ALARA, as low 
as reasonably achievable; DOL-RL, Department of Labour - recommended limit; LFC, 
lowest feasible concentration; NIOSH, National Institute of Occupational Safety and 
Health; REL, recommended exposure limit; STEL, short-term exposure limit; TWA, 
time-weighted average 
a 2, probable human carcinogen; 2a, considered to be carcinogenic to humans; A2, 
suspected human carcinogen; Ca2, suspected human carcinogen; Ca, potential cancer-
causing agent 

The United Nations Committee on Transport of Dangerous Goods had classified 
vinyl bromide as Hazard class 2.1. (IPCS-CEC, 2002; UNTDG, 2005). 

The classification expert group of the European Union (REACH) classified vinyl 
bromide as F+ (extremely flammable), T (toxic), with R (risk) phrases of 45 (causes 
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cancer) and 12 (extremely flammable) and S (safety) phrases of 53 (avoid exposure) and 
45 (show label where possible; if you feel unwell, seek medical advice) (IPCS-CEC, 
2002; ECB, 2004). 

2. Studies of Cancer in Humans 

No data were available to the Working Group. 

3. Studies of Cancer in Experimental Animals 

3.1 Inhalation exposure 

Rat 

Groups of 120 male and 120 female Sprague-Dawley rats, approximately 9–10 weeks 
of age, were exposed by inhalation to approximately 44, 220, 1100 or 5500 mg/m3 ± 5% 
[10, 50, 250 or 1250 ppm ± 5%] vinyl bromide (purity ≥ 99.9%) for 6 h per day on 5 days 
per week for 104 weeks. A group of 144 males and 144 females served as untreated 
controls. The animals in the highest-dose group were killed at 72 weeks because of 50–
60% mortality. Statistical significance was assessed by the χ2 test. Tumour incidences in 
rats exposed to vinyl bromide are summarized in Table 2. Treatment-related increases in 
the incidence of liver angiosarcomas were observed in all exposed groups: males — 
0/144 controls, 7/120 at 10 ppm (p < 0.025), 36/120 at 50 ppm (p < 0.001), 61/120 at 250 
ppm (p < 0.001) and 43/120 at 1250 ppm (p < 0.001); females — 1/144, 10/120, 50/120, 
61/120 and 41/120, respectively (p < 0.01 for all exposed groups). An increased incidence 
of Zymbal gland squamous-cell carcinomas also occurred in both sexes of exposed rats: 
males — 2/142 controls, 1/99 at 10 ppm, 1/112 at 50 ppm, 13/114 at 250 ppm (p < 0.005) 
and 35/116 at 1250 ppm (p < 0.005); females — 0/139, 0/99, 3/113, 2/119 and 11/114 (p 
< 0.001), respectively. Hepatic neoplastic nodules [hepatocellular adenomas] and 
hepatocellular carcinomas were also observed, the incidence of which was significantly 
increased in some but not all treatment groups. The incidence of benign and malignant 
hepatocellular liver tumours combined as 4/143 control, and 5/103, 10/119, 13/120 (p < 
0.025) and 5/119 males treated with successively higher exposure levels; and 7/142 
control, and 18/101 (p < 0.005), 12/113, 21/118 (p < 0.005) and 9/112 females, 
respectively. Failure of the highest dose to increase the incidence of hepatocellular 
tumours was most probably a consequence of the reduced survival and early termination 
of these animals. No exposure-related increased incidence of brain tumours was observed 
(Benya et al., 1982). 
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Table 2. Tumour incidence in rats exposed to vinyl bromide by inhalation for 
up to 104 weeks 

Rats with tumour/no. examined 

Concentration (ppm) [mg/m3] 

Tumour type 

0 10 [44] 50 [220] 250 [1100] 1250 [5500] 

Males 
Liver 

Angiosarcoma  0/144 7/120a 36/120b 61/120b 43/120b 
Neoplastic nodules and hepatocellular 
carcinoma  

4/143 5/103 10/119 13/120a 5/119 

Hepatocellular carcinoma 3/143 1/103 7/119 9/120 3/119 
Zymbal gland 

Squamous-cell carcinoma 2/142 1/99 1/112 13/114 35/116c 
Females 
Liver 

Angiosarcoma  1/144 10/120d 50/120b 61/120b 41/120b 
Neoplastic nodules and hepatocellular 
carcinoma 

7/142 18/101c 12/113 21/118c 9/112 

Hepatocellular carcinoma 4/142 6/101 3/113 11/118e 4/112 
Zymbal gland 

Squamous-cell carcinoma 0/139 0/99 3/113 2/119 11/114b 

Adapted from Benya et al. (1982) 
Statistical evaluation by χ2 test 
a p < 0.025 
b p < 0.001 
c p < 0.005 
d p < 0.01 
e p < 0.05 

3.2 Dermal exposure 

Mouse 

A group of 30 female ICR/Ha Swiss mice [age unspecified] received dermal 
applications of 15 mg vinyl bromide [purity unspecified] in 0.1 mL acetone three times a 
week for 60 weeks. No skin tumours were observed. In a two-stage skin carcinogenesis 
study, groups of 30 female ICR/Ha Swiss mice received a single dermal application of 15 
mg vinyl bromide in 0.1 mL acetone, followed by thrice-weekly applications of 2.5 µg of 
12-O- tetradecanoylphorbol-13-acetate (TPA) in 0.1 mL acetone for 60 weeks. Additional 
groups of mice received TPA alone or no treatment. One of 30 mice treated with vinyl 
bromide followed by TPA had a skin papilloma at 412 days, and one of 30 mice treated 
with TPA alone had a skin carcinoma at 44 days. No tumours were found in 160 



 VINYL BROMIDE 451 
 

 

untreated mice. Systemic carcinogenesis was not assessed (Van Duuren, 1977). [The 
Working Group noted that the volatility of vinyl bromide would have led to very low 
doses in these studies of dermal application.] 

3.3 Subcutaneous administration 

Mouse 

Groups of 30 female ICR/Ha Swiss mice [age unspecified] received weekly 
subcutaneous injections of 0 or 25 mg vinyl bromide [purity unspecified] in 0.05 mL 
trioctanoin for 48 weeks and were observed for up to 420 days. No tumours were reported 
in vinyl bromide-treated mice or in vehicle or in 60 untreated controls. Systemic 
carcinogenesis was not assessed (Van Duuren, 1977). 

4. Mechanistic and Other Relevant Data  

4.1 Absorption, distribution, metabolism and excretion 

4.1.1 Humans 

No data were available to the Working Group. 

4.1.2 Experimental systems 

The limited available data on absorption, distribution, metabolism and excretion of 
vinyl bromide in experimental systems have been reviewed previously (IARC, 1986, 
1999). The following section summarizes the salient features of the studies that were 
reviewed at that time, as well as significant new information on the metabolism and 
pharmacokinetics of vinyl bromide in experimental animals. 

Vinyl bromide is readily absorbed upon inhalation by rats (IARC, 1986). The 
blood:air partition coefficient of vinyl bromide in rats is 4.05, which is about 2.5-fold and 
fivefold greater than the values for vinyl chloride and vinyl fluoride, respectively 
(Cantoreggi & Keller, 1997). Similarly, the tissue solubility (particularly the affinity for 
adipose tissues) and the volume of distribution of vinyl bromide are greater than those for 
vinyl chloride and vinyl fluoride (Cantoreggi & Keller, 1997). 

Vinyl bromide is metabolized in a similar manner to vinyl chloride and vinyl fluoride, 
and it is a substrate for human cytochrome P450 (CYP) 2E1. Guengerich et al. (1991) 
reported that the rate of metabolism of vinyl bromide was identical to that of vinyl 
chloride (0.027 nmol/min.nmol CYP), using purified human liver CYP2E1. In this study, 
the in-vitro formation of 1,N6-ethenoadenosine that resulted from bromoethylene oxide 
was also demonstrated (Guengerich et al., 1991). Bromoethylene oxide can be 
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deactivated by epoxide hydrolase and glutathione-S-transferases, or can re-arrange to 
bromoacetaldehyde (National Toxicology Program, 1999). 

The metabolism of vinyl bromide in rats is saturable at exposure concentrations 
greater than 235 mg/m3 [55 ppm] (Filser & Bolt, 1979). Following inhalation of vinyl 
bromide by rats, rabbits and monkeys, plasma levels of non-volatile bromide increased 
with duration of exposure, and were formed more rapidly in hepatic CYP-induced rats 
(IARC, 1986). 

In rats, the conversion of vinyl bromide to reactive metabolites occurs primarily in 
hepatocytes. Irreversible binding of such metabolites to proteins and RNA has been 
established with rat liver microsomes in vitro as well as in rats in vivo (Bolt et al., 1980). 
These metabolites can also alkylate the CYP prosthetic group of phenobarbital-treated rat 
liver microsomes. Further, the exposure of rats to high concentrations of vinyl bromide 
has been shown to cause a decrease in hepatic CYP (IARC, 1986).  

4.2 Genetic and related effects 

4.2.1 Humans 

No data were available to the Working Group. 

4.2.2 Experimental systems 

(a) DNA adducts 

Vinyl bromide metabolites bind covalently to DNA and proteins; 2-bromoethylene 
oxide is the major DNA-binding moiety and 2-bromoacetaldehyde is the major protein-
binding metabolite (Guengerich et al., 1981). The major adduct that results from exposure 
to vinyl bromide is N-7-(2-oxoethyl)guanosine (Bolt et al., 1981). Bromoacetaldehyde 
and bromoethylene oxide can react with adenine or cytosine bases to produce the cyclic 
etheno adducts 1,N6-ethenoadenosine and 3,N4-ethenocytosine, which can cause mis-
coding by modifying base-pairing sites (Bolt, 1988). Cyclic etheno adducts have a longer 
half-life than N-7-(2-oxoethyl)guanine and, therefore, may have a greater potential to 
accumulate with long-term exposure (Swenberg et al., 1992). 

(b) Mutations and other related effects 

Vinyl bromide has been shown to be mutagenic in Salmonella typhimurium (Lijinsky 
& Andrews, 1980) and in a recessive lethal mutation test with post-meiotic male germ 
cells of Drosophila melanogaster (Ballering et al. 1996). Two GC→AT transitions, five 
GC→TA and four AT→TA transversions were observed (Ballering et al., 1997; Nivard 
& Vogel, 1999). 

The comet assay was used to assess the genotoxicity of vinyl bromide in the stomach, 
liver, kidney, bladder, lung, brain and bone marrow of male CD-1 mice. The compound 
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(at 2000 mg/kg bw) induced statistically significant DNA damage in all organs except the 
bone marrow (Sasaki et al., 1998).  

4.3 Mechanisms of carcinogenesis 

The metabolism of vinyl bromide is similar to that of vinyl chloride and vinyl 
fluoride. Vinyl bromide is metabolized to bromoethylene oxide and bromoacetaldehyde 
by human CYP2E1. In-vitro studies have shown that these intermediates, in the presence 
of adenosine, form 1,N6-ethenoadenosine. The same promutagenic adduct is formed with 
chloroethylene oxide, the primary intermediate of vinyl chloride metabolism. It is one of 
the adducts that are implicated in the mutagenicity and carcinogenicity of vinyl chloride. 

5. Summary of Data Reported 

5.1 Exposure data 

Vinyl bromide is a flammable gas that is produced in a limited number of countries. It 
is used predominantly for the manufacture of polyvinyl bromide and to a smaller extent as 
a flame retardant in a large variety of industrial and consumer products. Workers may be 
exposed during the manufacture of vinyl bromide monomer and during production of the 
polymer. 

5.2 Cancer in humans 

No data were available to the Working Group.  

5.3 Cancer in experimental animals 

In a study of inhalation exposure in both sexes of rats, vinyl bromide caused a 
significant increase in the incidence of angiosarcomas of the liver, hepatocellular 
adenomas and carcinomas, and squamous-cell carcinomas of the Zymbal gland.  

In limited studies in female mice, vinyl bromide neither induced nor initiated skin 
tumours after dermal application and did not cause injection-site tumours after repeated 
subcutaneous injection.  

5.4  Mechanistic and other relevant data 

Vinyl bromide is readily absorbed upon inhalation. It is a substrate for human 
cytochrome P450 2E1 and is metabolized by this enzyme in a manner similar to that of 
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vinyl chloride and vinyl fluoride. A study in rats has shown that the metabolism of vinyl 
bromide is saturable at exposure concentrations greater than 55 ppm (∼240 mg/m3). 

Bromoethylene oxide and bromoacetaldehyde are known metabolites of vinyl 
bromide that can form DNA adducts that are similar to those formed by metabolites of 
vinyl chloride. These include N7-(2-oxoethyl)guanosine (the major adduct) and the cyclic 
adducts, ethenodeoxyadenosine and ethenodeoxycytidine, which can cause miscoding by 
modifying base-pairing sites. Vinyl bromide caused DNA damage in mice treated in vivo, 
and has been shown to be mutagenic in bacteria and in Drosophila. 

6. Evaluation and Rationale 

6.1 Carcinogenicity in humans 

There is inadequate evidence in humans for the carcinogenicity of vinyl bromide. 

6.2 Carcinogenicity in experimental animals 

There is sufficient evidence in experimental animals for the carcinogenicity of vinyl 
bromide. 

6.3 Overall evaluation 

Vinyl bromide is probably carcinogenic to humans (Group 2A). 

6.4 Rationale 

In making the overall evaluation, the Working Group took into consideration the fact 
that all available studies showed a consistently parallel response between vinyl bromide 
and vinyl chloride. In addition, both vinyl chloride and vinyl bromide are activated via a 
human cytochrome P450 2E1-dependent pathway to their corresponding epoxides. For 
both vinyl chloride and vinyl bromide, the covalent binding of these compounds to 
nucleosides/DNA yields pro-mutagenic etheno adducts. The weight of positive evidence 
for both compounds was also noted among the studies for genotoxicity, although the 
number and variety of tests for vinyl bromide were fewer. For practical purposes, vinyl 
bromide should be considered to act similarly to the human carcinogen, vinyl chloride. 
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VINYL FLUORIDE 

This substance was considered by a previous Working Group in February 1995 
(IARC, 1995). Since that time, new data have become available, and these have been 
incorporated into the monograph and taken into consideration in the present evaluation. 

1. Exposure Data 

1.1 Chemical and physical data 

1.1.1 Nomenclature  

From IARC (1995) and IPCS-CEC (1997) 
Chem. Abstr. Serv. Reg. No.: 75-02-5  
Chem. Abstr. Name: Fluoroethene 
IUPAC Systematic Name: Fluoroethylene 
Synonyms: 1-Fluoroethene; 1-fluoroethylene; monofluoroethene; monofluoroethylene 
RTECS No.: YZ7351000 
UN TDG No.: 1860 (stabilized) 
EINECS No.: 200-832-6 

1.1.2 Structural and molecular formulae and relative molecular mass 

H

C

H

F

C

H

 

C2H3F Relative molecular mass: 46.04 

1.1.3 Chemical and physical properties of the pure substance  

From IARC (1995), IPCS-CEC (1997), Ebnesajjad (2001) and Lide (2005), unless 
otherwise specified 
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(a) Description: Compressed liquefied gas with characteristic odour; may travel 
along the ground; distant ignition possible 

(b) Boiling-point: –72.2 oC 
(c) Melting-point: –160.5 oC 
(d) Spectroscopy data: Infrared (prism [30864]; grating [48458P]) and mass [15] 

spectral data have been reported.  
(e) Solubility: Slightly soluble in water (15.4 g/L at 6.9 MPa) 
(f) Vapour pressure: 370 psi [2.553 MPa] at 21 oC 
(g) Relative vapour density (air = 1): 1.6 
(h) Reactivity: Reacts with alkali and alkaline earth metals, powdered aluminium, 

zinc and beryllium. 
(i) Density: 0.636 at 21 °C  
(j) Stability in water: The HYDROWIN Program (v1.67) cannot estimate a 

hydrolysis rate constant for this chemical structure; volatilization is a major fate 
process for vinyl fluoride in water; volatilization half-lives of 2 and 23.5 h have 
been estimated for a model river (1 m deep) and a model pond (2 m deep), 
respectively (Lyman et al., 1990). 

(k) Octanol/water partition coefficient: log Pow, 1.19 (Meylan & Howard, 1995) 
(l) Flash-point: Flammable gas 
(m) Auto-ignition temperature: 385 °C 
(n) Explosive limits (vol. %) in air: 2.6–21.7 
(o) Chemical danger: The substance may polymerize freely; it decomposes on 

heating to produce hydrogen fluoride. 
(p) Conversion factor: mg/m3 = 1.88 × ppm1  

1.1.4 Technical products and impurities 

Vinyl fluoride is available commercially at a purity of 99.9%; 0.1% d-limonene (see 
IARC, 1993) is added as a stabilizer (IARC, 1995). 

1.1.5 Analysis 

Vinyl fluoride has been determined in workplace air collected in poly(tetra-
fluoroethylene) bags and analysed by gas chromatography (Oser, 1980). Non-specific 
methods that involve fluorescence spectrophotometry and chemiluminescence have been 
reported (Quickert et al., 1975; Sutton et al., 1979). 

                                                      
1 Calculated from: mg/m3 = (relative molecular mass/24.45) × ppm, assuming normal temperature (25 
°C) and pressure (101.3 kPa) 
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1.2 Production and use 

1.2.1 Production 

Vinyl fluoride was first prepared by the reaction of 1,1-difluoro-2-bromoethane with 
zinc. Most approaches to vinyl fluoride synthesis have employed reactions of acetylene 
with hydrogen fluoride either directly or utilizing catalysts. Other routes have involved 
ethylene and hydrogen fluoride, pyrolysis of 1,1-difluoroethane and fluorochloroethanes, 
reaction of 1,1-difluoroethane with acetylene and halogen exchange of vinyl chloride with 
hydrogen fluoride (Siegmund et al., 1988; Ebnesajjad, 2001). 

Use of vinyl fluoride in the Member States of the European Union in 1991 was 
estimated to be about 3600 tonnes (Environmental Chemicals Data and Information 
Network, 1993). In 1994, vinyl fluoride was produced by one company each in Japan and 
the USA (Chemical Information Services, 1994). Annual production in the USA was 
above one million pounds [454 000 kg] in 1990 and approximately 3.3 millions pounds 
[1.5 million kg] in 2001 (National Toxicology Program, 2005).  

1.2.2 Use 

Since the 1960s, vinyl fluoride has mainly been used in the production of polyvinyl 
fluoride (PVF) and other fluoropolymers. PVF homopolymers and copolymers have 
excellent resistance to degradation by sunlight, chemical attack, water absorption and 
solvents, and have a high solar energy transmittance rate. These properties have resulted 
in the utilization of PVF film and coating in outdoor and indoor functional and decorative 
applications. These films have found use where thermal stability, outdoor durability, stain 
resistance, adherence and release properties are required (Ebnesajjad, 2001). 

PVF is converted to a thin film by plasticized melt extrusion and is sold under the 
trade marks Tedlar PVF film and Dalvor. The growing market for solar panels has 
increased the demand for photovoltaic materials such as Tedlar and has forced the manu-
facturer to boost its production of vinyl fluoride (Dupont, 2007).  

1.3 Occurrence 

1.3.1  Natural occurrence 

Vinyl fluoride is not known to occur as a natural product.  

1.3.2 Occupational exposure 

No estimates of the number of workers exposed to vinyl fluoride are available. 
The concentration of vinyl fluoride in air was determined at a manufacturing and at a 

polymerization plant in the USA. The concentrations in eight samples taken at the 
manufacturing plant were generally < 2 ppm [3.76 mg/m3], but a level of 21 ppm 
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[39.5 mg/m3] was reported in one personal sample. The concentrations in seven personal 
samples taken in the polymerization plant were 1–4 ppm [1.88–7.52 mg/m3] and those in 
four general area samples were 1–5 ppm [1.88–9.4 mg/m3] (Oser, 1980). 

1.3.3 Environmental exposure 

No data were available to the Working Group on environmental exposure to vinyl 
fluoride. 

1.4 Regulations and guidelines 

Table 1 presents the few guidelines that are available for the workplace in various 
countries, regions or organizations. 

Table 1. Guidelines for levels of vinyl fluoride in the workplace 

Country/region or 
Organizations 

TWA (ppm) STEL (ppm) Carcinogenicity Notes 

Canada     
 Alberta 1    
 Ontario 1    
Ireland 1    
Japan-JSOH   2A  
New Zealand   A2  
USA 
 NIOSH REL 

 
1 

 
5 (ceiling) 

  

 ACGIH TLV 1  A2  

From ACGIH Worldwide (2005) 
2A/A2, suspected human carcinogen; ACGIH, American Conference of Governmental Industrial 
Hygienists; JSOH, Japanese Society of Occupational Health; NIOSH, National Institute of 
Occupational Safety and Health; REL, recommended exposure limit; STEL, short-term exposure 
limit; TLV, threshold limit value; TWA, time-weighted average 

2. Studies of Cancer in Humans 

No data were available to the Working Group. 
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3. Studies of Cancer in Experimental Animals 

3.1 Inhalation exposure 

3.1.1 Mouse 

Groups of 80 or 81 male and 80 or 81 female Crl:CD-1(ICR)BR mice, approximately 
47 days of age, were exposed by inhalation to 0, 25, 250 or 2500 ppm [0, 47, 470 or 
4700 mg/m3] vinyl fluoride (purity > 99.94%) for 6 h per day on 5 days per week for up 
to 18 months. Animals in the 250- and 2500-ppm groups were killed when survival of the 
groups reached approximately 25% (after 375 and 450 days for high-dose males and 
females and 412 and 459 days for mid-dose males and females, respectively). Surviving 
control and low-dose mice of each sex were killed at the scheduled termination of the 
study at 18 months. The survival rates for the control and low-dose groups were 58% and 
22%, respectively, for both sexes. All organs of control and high-dose animals were 
examined microscopically; only nose, lungs, liver, kidneys, gross lesions and target 
organs of animals in all other groups underwent microscopic evaluation. The mice were 
evaluated after necropsy at intervals of 0–6 and 7–18 months. Statistical analyses of the 
overall tumour incidence were not conducted because of the varying durations of ex-
posure to vinyl fluoride. An early, significant increase in the incidence of lung tumours 
(bronchioalveolar adenomas) was observed in males in the 250- and 2500-ppm groups 
and in females in the 2500-ppm group that were killed at 6 months (p < 0.05). The overall 
incidence of primary lung tumours (alveolar-bronchiolar adenomas and adeno-
carcinomas) in males was 11/81 controls, 45/80 at 25 ppm, 52/80 at 250 ppm and 56/81 at 
2500 ppm and that in females was 9/81 (controls), 24/80 at 25 ppm, 47/80 at 250 ppm and 
53/81 at 2500 ppm. Hepatic angiosarcomas occurred in 1/81 control, 16/80 low-dose, 
42/80 mid-dose and 42/81 high-dose males and in 0/81 control, 13/81 low-dose, 25/80 
mid-dose and 32/81 high-dose females. Mammary gland adenocarcinomas were seen 
only in female mice that were necropsied between 7 and 18 months of observation and 
occurred in 0/62 controls and 22/60, 20/65 and 19/64 animals exposed to 25, 250 and 
250 ppm, respectively. Two fibroadenomas and one mammary adenoma also occurred in 
the high-dose group. The incidence of Harderian gland adenomas was increased in both 
sexes of exposed animals that survived beyond 6 months. The incidence in males was 
3/66 controls and 13/68, 12/66 and 31/62 mice exposed to 25, 250 and 2500 ppm, 
respectively; in females, the incidence was 1/64 controls and 7/61, 6/66 and 12/66 mice 
exposed to increasing concentrations of vinyl fluoride, respectively. No carcinomas of the 
Harderian gland were seen. The overall (aggregate) incidence of tumours in the lungs, 
liver (haemangiosarcomas and hepatocellular tumours), Harderian gland and mammary 
gland is summarized in Table 2. Although the incidence of hepatocellular adenomas was 
not dose-dependent, the decreased tumour latency, increased multiplicity and associated 
increase in putatively preneoplastic basophilic foci led to the conclusion that the tumours 
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observed in males in the 25 ppm-treated group were related to exposure to vinyl fluoride 
(Bogdanffy et al., 1995). 

Table 2. Incidence of primary tumours of the liver, lung, mammary gland and 
Harderian gland in mice exposed to vinyl fluoride by inhalation for up to 18 months 

Tumour-bearing mice/no. examined 

Concentration (ppm) [mg/m3] 

Tumour type 

0 25 [47] 250 [470] 2500 [4700] 

Males 
Liver 

Haemangiosarcoma  1/81 16/80 42/80 42/81 
Hepatocellular adenoma  7/81 15/80 5/80 3/81 
Hepatocellular carcinoma  2/81 2/80 1/80 0/81 

Lung 
Primary lung tumour 11/81 45/80 52/80 56/81 
Bronchioalveolar adenoma  11/81 45/80 52/80 56/81 
Bronchioalveolar adenocarcinoma  1/81 1/80 4/80 4/81 

Harderian gland adenoma  3/81 13/80 12/80 31/81 

Females 
Liver 

Haemangiosarcoma  0/81  13/80  25/80  32/81 
Hepatocellular adenoma  0/81  0/81  1/80  0/81 

Lung 
Primary lung tumour  9/81  24/80  47/80  53/81 
Bronchioalveolar adenoma  9/81  24/80  47/80  53/81 
Bronchioalveolar adenocarcinoma  0/81  1/80  1/80  3/81 

Mammary gland 

Adenocarcinoma  0/81  22/81  20/80  19/81 
Harderian gland adenoma  1/81  7/81  6/80  12/81 

From Bogdanffy et al. (1995) 

3.1.2 Rat 

Groups of 95 male and 95 female Sprague-Dawley (Crl:CD®BR) rats, approximately 
40 days of age, were exposed by inhalation to 0, 25, 250 or 2500 ppm [0, 47, 470 or 
4700 mg/m3] vinyl fluoride (purity > 99.94%) for 6 h per day on 5 days per week for up 
to 2 years. Ten rats per group were killed on test days 275 and 276 for interim 
examination. Because of high mortality, rats in the 250- and 2500-ppm groups were killed 
when the percentage of surviving animals in each group reached approximately 25% 
(657 days and 586 days for all surviving animals in the 250-and 2500-ppm groups, 
respectively). All surviving control and low-dose animals were killed at the scheduled 
termination of the study (2 years). The survival rates for control and low-dose groups at 
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the end of the study were 25% and 20% (males) and 25% and 15% (females), respec-
tively. The rats were evaluated after necropsy at intervals of 0–12, 13–18 and 19–24 
months. Statistical analyses of the overall tumour incidence were not conducted because 
of the varying durations of exposure to vinyl fluoride. An early appearance of liver and 
Zymbal gland tumours was observed at the 12-month evaluation. Exposure of the rats to 
vinyl fluoride for up to 2 years caused an increase in the incidence of haemangiosarcomas 
of the liver and Zymbal gland carcinomas in males and females and hepatocellular 
adenomas and carcinomas in females. The overall incidence of tumours in rats exposed to 
vinyl fluoride for up to 2 years is summarized in Table 3 (Bogdanffy et al., 1995).  

Table 3. Incidence of primary tumours of the liver and Zymbal gland in rats 
exposed to vinyl fluoride by inhalation for up to 2 years 

Tumour-bearing rats/no. examined 

Concentration (ppm) [mg/m3] 

Tumour type 

0 25 [47] 250 [470] 2500 [4700] 

Males 
Liver 

Haemangiosarcoma  0/80 5/80 30/80 20/80 
Hepatocellular adenoma  1/80 4/80 4/80 4/80 
Hepatocellular carcinoma  4/80 6/80 6/80 3/80 

Zymbal gland 
Carcinoma, sebaceous/squamous-cell 0/80  2/80 3/80 11/80 

Females 
Liver 

Haemangiosarcoma  0/80 8/80 19/80 15/80 
Hepatocellular adenoma  0/80 4/80 9/80 5/80 
Hepatocellular carcinoma 0/80 0/80 0/80 3/80 

Zymbal gland 
Carcinoma, sebaceous/squamous-cell 0/80 0/80 1/80 12/80 

From Bogdanffy et al. (1995)     

4. Mechanistic and Other Relevant Data 

4.1 Absorption, distribution, metabolism and excretion 

4.1.1 Humans 

No data were available to the Working Group. 
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4.1.2 Experimental systems 

The limited available data on the absorption, distribution, metabolism and excretion 
of vinyl fluoride in experimental systems have been reviewed previously (IARC, 1995). 
The following section summarizes the salient features of the studies reviewed at that time, 
as well as significant new information on the metabolism and pharmacokinetics of vinyl 
fluoride in experimental animals. 

Vinyl fluoride is readily absorbed after inhalation (Filser & Bolt, 1979, 1981). The 
very low solubility of vinyl fluoride in tissues and blood suggests that it rapidly 
equilibrates within the body during inhalation exposures. The low blood:air and tissue:air 
partition coefficients (0.54–1.82 in rats) indicate a low volume of distribution for vinyl 
fluoride. Moreover, a fat:blood partition coefficient of 2.4 for this chemical indicates that 
it is unlikely to be stored to a significant extent in the adipose tissues (Cantoreggi & 
Keller, 1997).  

The metabolic pathways of vinyl fluoride are thought to be similar to those of vinyl 
chloride and vinyl bromide (National Toxicology Program, 1999). The initial oxidation of 
vinyl fluoride results in the formation of fluoroethylene oxide and is probably mediated 
by cytochrome P450 (CYP) 2E1, as indicated by the inhibition of the metabolism of vinyl 
fluoride by 4-methylpyrazole (Cantoreggi & Keller, 1997). Vinyl fluoride, similarly to 
vinyl chloride, is shown to mediate in-vitro nicotinamide adenine dinucleotide phosphate-
dependent inactivation of CYP (Ortiz de Montellano et al., 1982). 

In-vitro studies with human liver microsomes indicated that the apparent affinity for 
the metabolism of vinyl fluoride (Michaelis-Menten constant, 0.5 µM) and the maximum 
velocity (0.57–3.3 nmol/h/mg protein) were in the same range as those found in rodents 
(Cantoreggi & Keller 1997). However, considerable interindividual variation in maxi-
mum velocity (sixfold) was observed in 10 human samples (Cantoreggi & Keller,1997). 

The saturation of vinyl fluoride metabolism occurs at about 75 ppm [143 mg/m3] in 
rats (Filser & Bolt, 1979). Both in-vitro and in-vivo metabolism studies indicated that the 
rate of metabolism of vinyl fluoride is about three times greater in mice than in rats (3.5 
versus 1.1 nmol/h/mg protein) (Cantoreggi & Keller, 1997). Pharmacokinetic data also 
indicate that the rate of biotransformation of vinyl fluoride in rats is about one-fifth that of 
vinyl chloride (Filser & Bolt, 1979). Administration of vinyl fluoride to rats results in 
increased exhalation of acetone, which implies an inhibition of Krebs cycle by the 
fluoroacetate that results from vinyl fluoride metabolism (Filser et al., 1982).  

Fluoride appears to be a metabolite of vinyl fluoride since it is found in the urine of 
rats 6 days after exposure. The concentrations of fluoride in the urine of rats were found 
to be increased 45 and 90 days after exposure by inhalation to 200 or 2000 ppm [382 or 
3820 mg/m3] vinyl fluoride for 6 h per day on 5 days per week for about 90 days. A 
plateau was observed at about 2000 ppm [3820 mg/m3], which suggests saturation of 
vinyl fluoride metabolism (Bogdanffy et al., 1990). When rats and mice were exposed to 
0, 25, 250 or 2500 ppm [0, 47, 470 or 4700 mg/m3] vinyl fluoride for 18 months, a 
plateau of urinary excretion of fluoride was seen at ≥ 250 ppm (Bogdanffy et al., 1995). 
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4.2 Genetic and related effects 

4.2.1 Humans 

No data were available to the Working Group. 

4.2.1 Experimental systems 

(a) DNA adducts 

Vinyl fluoride metabolites form covalent DNA adducts that are similar to those 
formed by metabolites of vinyl chloride. These include N7-(2′-oxoethyl)guanine 
(7-OEG), N2,3-ethenoguanine (N2,3-εG), 1,N 6-ethenoadenine and 3,N 4-ethenocytosine. 
Target cell populations for angiosarcomas in vinyl fluoride-exposed rats are non-
parenchymal cells, which contain more N2,3-εG than hepatocytes and have lower 
expression of the associated DNA-repair enzyme N-methylpurine–DNA glycosylase 
(Swenberg et al., 1999; Holt et al., 2000). Other vinyl fluoride-induced DNA adducts 
were not measured in these animals. 

During a 2-year study, rats and mice were exposed by whole-body inhalation to 0, 25, 
250 or 2500 ppm [0, 47, 470 or 4700 mg/m3] vinyl fluoride for 6 h per day on 5 days per 
week. Tissues were collected after 12 months for detection of 7-OEG and εG adducts in 
liver DNA. Similarly to vinyl chloride, a supralinear response was observed for εG as 
well as 7-OEG due to saturation of metabolic activation. The number of 7-OEG adducts 
in preweanling rats was two to three times greater than that in adults. Exposure for 
12 months to 25 ppm vinyl fluoride caused a 2.5-fold increase in εG in mice and a 
3.5-fold increase in rats compared with controls. In mice, a linear relationship between the 
incidence of angiosarcomas and the number of εG adducts was observed, while rats 
showed a sublinear relationship between 250 and 2500 ppm due to an increase in cell 
proliferation. Hepatocytes and non-parenchymal cells were isolated: non-parenchymal 
cells contain little or no CYP2E1; however, after 4 weeks of exposure, non-parenchymal 
cells contained 1.2 ± 0.9 pmol εG/µmol guanine while hepatocytes contained 0.4 pmol 
εG/µmol guanine which was due to a lower expression of N-methylpurine–DNA 
glycosylase (a DNA-repair enzyme) in non-parenchymal cells (Swenberg et al., 1999). 

(b) Mutations and other related effects 

Vinyl fluoride is mutagenic in Salmonella typhimurium, Chinese hamster ovary cells 
and Drosophila melanogaster and induces micronucleus formation in the bone-marrow 
cells of female mice in vivo (IARC, 1995). 

Ten rat and 10 mouse liver angiosarcomas from the 2-year study of Bogdanffy et al. 
(1995) were analysed for the presence of point mutations in Ki-ras exon 1 and Ha-ras 
exon 2 by polymerase chain reaction, single-strand conformational polymorphism and 
sequencing. No specific hot-spot mutation could be identified, although some samples 
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displayed a shifted band of low intensity in the single-strand conformational poly-
morphism analysis (Boivin-Angèle et al., 2000). 

4.3 Mechanisms of carcinogenesis 

The metabolism of vinyl fluoride is thought to be similar to that of vinyl chloride and 
vinyl bromide, and occurs at similar rates in human, rat and mouse livers (Cantoreggi & 
Keller, 1997). Vinyl fluoride is probably activated by CYP2E1 to 2-fluoroethylene oxide, 
which rearranges to 2-fluoroacetadehyde (Holt et al., 2000). Exposure of mice and rats to 
vinyl fluoride results in the formation of N2,3-εG, one of the promutagenic adducts that 
may be implicated in the mutagenicity and carcinogenicity of vinyl chloride. 

5. Summary of Data Reported 

5.1 Exposure data 

Vinyl fluoride is a flammable gas that is produced in a limited number of countries. It 
is used predominantly for the production of polyvinyl fluoride and other fluoride poly-
mers. The use of vinyl fluoride is increasing. Workers may be exposed during the manu-
facture of vinyl fluoride monomer and during production of the polymers. 

5.2 Cancer in humans 

No data were available to the Working Group. 

5.3 Cancer in experimental animals 

Vinyl fluoride was tested by inhalation in one study in rats and one study in mice. It 
increased the incidence of haemangiosarcomas in both sexes of mice and rats. Vinyl 
fluoride also increased the incidence of tumours of the lung and Harderian gland ade-
nomas in male and female mice and mammary gland tumours in female mice, and that of 
Zymbal gland carcinomas in male and female rats and of hepatocellular neoplasms in 
female rats.  

5.4 Mechanistic and other relevant data 

Vinyl fluoride is readily absorbed after inhalation. The metabolic pathways of vinyl 
fluoride are thought to be similar to those of vinyl chloride and vinyl bromide. The initial 
oxidation results in formation of fluoroethylene oxide, a reaction that is probably medi-
ated by cytochrome P450 2E1. In-vitro studies indicate that the rate of vinyl fluoride 
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metabolism in human liver microsomes is comparable with that in rodent cells. Pharma-
cokinetic data indicate that the metabolism of vinyl fluoride is saturated at about 75 ppm 
(∼140 mg/m3) in rats. 

Fluoroethylene oxide and fluoroacetaldehyde are metabolites of vinyl fluoride that 
can form DNA adducts that are similar to those formed by metabolites of vinyl chloride. 
These include N7-(2-oxoethyl)guanosine and the cyclic adducts ethenodeoxyguanosine, 
ethenodeoxyadenosine and ethenodeoxycytidine, which can cause miscoding by 
modifying base-pairing sites. N7-(2-Oxoethyl)guanosine and ethenodeoxyguanosine 
adducts were found in the liver of rats and mice after 1 year of exposure to vinyl fluoride. 
In addition, a correlation between the amount of the ethenodeoxyguanosine adducts and 
the incidence of vinyl fluoride-induced angiosarcomas was observed in both species. 

Vinyl fluoride was shown to be mutagenic in bacteria, Chinese hamster ovary cells 
and Drosophila. 

6. Evaluation and Rationale 

6.1 Carcinogenicity in humans 

There is inadequate evidence in humans for the carcinogenicity of vinyl fluoride. 

6.2 Carcinogenicity in experimental animals 

There is sufficient evidence in experimental animals for the carcinogenicity of vinyl 
fluoride. 

6.3 Overall evaluation 

Vinyl fluoride is probably carcinogenic to humans (Group 2A). 

6.4 Rationale 

In making the overall evaluation, the Working Group took into consideration the fact 
that all available studies showed a consistently parallel response between vinyl fluoride 
and vinyl chloride. In addition, both vinyl chloride and vinyl fluoride are activated via a 
cytochrome P450 2E1-dependent pathway to their corresponding epoxides. For both vinyl 
chloride and vinyl fluoride, the covalent binding of these compounds to DNA yields 
promutagenic etheno adducts. The weight of positive evidence for both compounds was 
also noted among the studies for genotoxicity, although the number and variety of tests 
for vinyl fluoride were fewer. For practical purposes, vinyl fluoride should be considered 
to act similarly to the human carcinogen, vinyl chloride. 
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LIST OF ABBREVIATIONS 

εA 1,N6-ethenoadenine adduct 
A1 N3-(2-hydroxy-3-buten-1-yl)adenine adduct 
A2 N3-(1-hydroxy-3-buten-2-yl)adenine adduct 
ACGIH American Conference of Government Industrial 
 Hygienists 
ADH alcohol dehydrogenase 
AGT O6-alkylguanine–DNA alkyltransferase 
ALARA as low as reasonably achieved 
ALDH aldehyde dehydrogenase 
AML acute myelogenous leukaemia 
ASL angiosarcoma of the liver 
ASTM American Society for Testing and Materials 
ATSDR Agency for Toxic Substances and Disease Registry 
BD butadiene 
BDT N6-(2,3,4-trihydroxybutyl)-2′-deoxyadenosyl 
bw body weight 
εC 3,N4-ethenocytosine adduct 
CA chromosomal abberations 
CD circular dichroism 
CDC Centers for Disease Control and Prevention 
CERM cumulative exposure rank months 
CI confidence interval 
CLL chronic lymphocytic leukaemia 
CMAI Chemical Marketing Associates International 
CML chronic myelogenous leukaemia 
CNS central nervous system 
CONCAWE Conservation of Clean Air and Water in Europe 
CT computed tomography 
CYP cytochrome P450 
DEB diepoxybutane 
dG deoxyguanine 
dGMP desoxyguanosine monophosphate 
DHB 4-(N-acetyl-L-cystein-S-yl)-1,2-dihydroxybutane 
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DHBMA 1,2-dihydroxybutyl mercapturic acid 
DMDTC dimethyldithiocarbamate 
DMF dimethylformamide 
dsDNA double-stranded DNA 
DOL CL Department of Labour – ceiling limits 
dTTP deoxythymidine triphosphate 
EB epoxybutene 
EBD epoxybutane diol 
ECD electron capture detection 
ECETOC European Centre of Ecotoxicology and Toxicology of 
 Chemicals 
EH epoxide hydrolase 
Ephx epoxide hydrolase gene 
exp. expected 
F female 
FAB positive ion fast atom bombardment  
FID flame ionization detection 
FISH fluorescence in-situ hybridization 
1,N2-εG 1,N2-ethenoguanine adduct 
N2,3-εG N2,3-ethenoguanine adduct  
G guanosine 
G1 N7-(2-hydroxy-3-buten-1-yl)guanine adduct 
G2 N7-(1-hydroxy-3-buten-2-yl)guanine adduct 
G3 N7-(1,3,4-trihydroxybut-2-yl)guanine adduct 
G4 N7-(2,3,4-trihydroxybut-1-yl)guanine adduct 
GC gas chromatography 
GSH glutathione 
GST glutathione-S-transferase 
HB 4-(N-acetyl-L-cystein-S-yl)-1-hydroxy-2-butanone 
HBsAg hepatitis B virus surface antigen 
HBV hepatitis B virus 
HCC hepatocellular carcinoma 
3-HEA N3-(2-hydroxyethyl)adenine adduct 
3-HEdU N3-(2-hydroxyethyl)-2′-deoxyuridine adduct 
7-HEG N7-(2-hydroxyethyl)guanine adduct 
O6-HEG O6-(2-hydroxyethyl)guanine 
HEMA N-acetyl-S-(2-hydroxyethyl)cysteine; S-(2-hydroxy- 
 ethyl)mercapturic acid 
HEP liver hepatocytes 
HMVK hydroxymethylvinyl ketone 
HO-ethanoG 5,6,7,9-tetrahydro-7-hydroxy-9-oxoimidazo[1,2-a]purine 
HPLC high-performance liquid chromatography 
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HPRT human hypoxanthine-guanine phosphoribosyl transferase 
 gene 
Hprt rodent hypoxanthine-guanine phosphoribosyl transferase 
 gene 
ICD International Classification of Diseases 
IDLH immediate danger to life or health 
IL interleukin 
JEM job–exposure matrix 
JSOH Japanese Society of Occupational Health 
Km Michaelis-Menten constant 
Koc organic carbon partition coefficient 
LC liquid chromatography 
LC/MS liquid chromatography in combination with tandem mass 
 spectrometry 
LFC lowest feasible concentration 
LH lymphohaemopoietic 
LOD limit of detection 
M male 
MAC maximum acceptable concentration; maximum allowed 
 concentration 
MAK maximum allowed concentration 
mEH microsomal epoxide hydrolase 
MHBMA monohydroxy-3-butenyl mercapturic acid 
MHbVal N-(2-hydroxy-3-butenyl)valine 
MI (or M-I or M1) 1,2-dihydroxybutyl mercapturic acid 
MII (or M-II or M2) monohydroxy-3-butenyl mercapturic acid 
MN micronuclei 
MS mass spectrometry 
NADPH nicotinamide adenine dinucleotide phosphate 
ND not detected 
NHL non-Hodgkin lymphoma 
NI no information  
NIOSH National Institute of Occupational Safety and Health 
NMR nuclear magnetic resonance 
NOES National Occupational Exposure Survey 
NPC non-parenchymal cells 
NR not reported 
NS not significant 
7-OEG N7-(2-oxoethyl)guanine adduct 
PCR polymerase chain reaction 
PEL permissible exposure limit 
Pow octanol/water partition coefficient 
PVC polyvinyl chloride 



476 IARC MONOGRAPHS VOLUME 97  

 

PVF polyvinyl fluoride 
PyrVal N,N-(2,3-dihydroxy-1,4-butadiyl)valine 
REL recommended exposure limit 
SBR styrene–butadiene rubber 
SCE sister chromatid exchange 
SD standard deviation 
SE standard error 
SEER Surveillance, Epidemiology and End Result 
SIDS Screening Information Dataset 
SIM single-ion monitoring 
SIR standardized incidence ratio 
SMR standardized mortality ratio 
SPME solid-phase microextraction 
STEL short-term exposure limit 
ssDNA single-stranded DNA 
THBG trihydroxybutylguanine 
THbVal N-(2,3,4-trihydroxybutyl) valine 
TK human thymidine kinase gene 
Tk rodent thymidine kinase gene 
TLV threshold limit value 
TPA 12-O-tetradecanoylphorbol-13-acetate 
TRK technical guidance concentration 
TWA time-weighted average 
UV ultraviolet 
VC vinyl chloride 
VCM vinyl chloride monomer 
Vmax maximum velocity 
XPD xeroderma pigmentosum group D 
XRCC1 X-ray cross-complementing group 
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CUMULATIVE CROSS INDEX TO IARC MONOGRAPHS ON 
THE EVALUATION OF CARCINOGENIC RISKS TO HUMANS 

The volume, page and year of publication are given. References to corrigenda are given in 
parentheses. 
 
 
 A 
 
A-α-C 40, 245 (1986); Suppl. 7, 56 (1987) 
Acetaldehyde 36, 101 (1985) (corr. 42, 263);  
  Suppl. 7, 77 (1987); 71, 319 (1999) 
Acetaldehyde formylmethylhydrazone (see Gyromitrin) 
Acetamide 7, 197 (1974); Suppl. 7, 56, 389 
  (1987); 71, 1211 (1999) 
Acetaminophen (see Paracetamol) 
Aciclovir 76, 47 (2000) 
Acid mists (see Sulfuric acid and other strong inorganic acids, 
 occupational exposures to mists and vapours from) 
Acridine orange 16, 145 (1978); Suppl. 7, 56 (1987) 
Acriflavinium chloride 13, 31 (1977); Suppl. 7, 56 (1987) 
Acrolein 19, 479 (1979); 36, 133 (1985);  
  Suppl. 7, 78 (1987); 63, 337 (1995) 
  (corr. 65, 549) 
Acrylamide 39, 41 (1986); Suppl. 7, 56 (1987); 
  60, 389 (1994) 
Acrylic acid 19, 47 (1979); Suppl. 7, 56 (1987); 
  71, 1223 (1999) 
Acrylic fibres 19, 86 (1979); Suppl. 7, 56 (1987) 
Acrylonitrile 19, 73 (1979); Suppl. 7, 79 (1987); 
  71, 43 (1999) 
Acrylonitrile-butadiene-styrene copolymers 19, 91 (1979); Suppl. 7, 56 (1987) 
Actinolite (see Asbestos) 
Actinomycin D (see also Actinomycins) Suppl. 7, 80 (1987) 
Actinomycins 10, 29 (1976) (corr. 42, 255) 
Adriamycin 10, 43 (1976); Suppl. 7, 82 (1987) 
AF-2 31, 47 (1983); Suppl. 7, 56 (1987) 
Aflatoxins 1, 145 (1972) (corr. 42, 251); 
  10, 51 (1976); Suppl. 7, 83 (1987); 
  56, 245 (1993); 82, 171 (2002) 
Aflatoxin B1 (see Aflatoxins) 
Aflatoxin B2 (see Aflatoxins) 
Aflatoxin G1 (see Aflatoxins) 
Aflatoxin G2 (see Aflatoxins) 
Aflatoxin M1 (see Aflatoxins) 
Agaritine 31, 63 (1983); Suppl. 7, 56 (1987) 
Alcohol drinking 44 (1988) 
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Aldicarb 53, 93 (1991) 
Aldrin 5, 25 (1974); Suppl. 7, 88 (1987) 
Allyl chloride 36, 39 (1985); Suppl. 7, 56 (1987); 
  71, 1231 (1999) 
Allyl isothiocyanate 36, 55 (1985); Suppl. 7, 56 (1987); 
  73, 37 (1999) 
Allyl isovalerate 36, 69 (1985); Suppl. 7, 56 (1987); 
  71, 1241 (1999) 
Aluminium production 34, 37 (1984); Suppl. 7, 89 (1987) 
Amaranth 8, 41 (1975); Suppl. 7, 56 (1987) 
5-Aminoacenaphthene 16, 243 (1978); Suppl. 7, 56 (1987) 
2-Aminoanthraquinone 27, 191 (1982); Suppl. 7, 56 (1987) 
para-Aminoazobenzene 8, 53 (1975); Suppl. 7, 56, 390 
  (1987) 
ortho-Aminoazotoluene 8, 61 (1975) (corr. 42, 254); 
  Suppl. 7, 56 (1987) 
para-Aminobenzoic acid 16, 249 (1978); Suppl. 7, 56 (1987) 
4-Aminobiphenyl 1, 74 (1972) (corr. 42, 251); 
  Suppl. 7, 91 (1987) 
2-Amino-3,4-dimethylimidazo[4,5-f]quinoline (see MeIQ) 
2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (see MeIQx) 
3-Amino-1,4-dimethyl-5H-pyrido[4,3-b]indole (see Trp-P-1) 
2-Aminodipyrido[1,2-a:3′,2′-d]imidazole (see Glu-P-2) 
1-Amino-2-methylanthraquinone 27, 199 (1982); Suppl. 7, 57 (1987) 
2-Amino-3-methylimidazo[4,5-f]quinoline (see IQ) 
2-Amino-6-methyldipyrido[1,2-a:3′,2′-d]imidazole (see Glu-P-1) 
2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (see PhIP) 
2-Amino-3-methyl-9H-pyrido[2,3-b]indole (see MeA-α-C) 
3-Amino-1-methyl-5H-pyrido[4,3-b]indole (see Trp-P-2) 
2-Amino-5-(5-nitro-2-furyl)-1,3,4-thiadiazole 7, 143 (1974); Suppl. 7, 57 (1987) 
2-Amino-4-nitrophenol 57, 167 (1993) 
2-Amino-5-nitrophenol 57, 177 (1993)  
4-Amino-2-nitrophenol 16, 43 (1978); Suppl. 7, 57 (1987) 
2-Amino-5-nitrothiazole 31, 71 (1983); Suppl. 7, 57 (1987) 
2-Amino-9H-pyrido[2,3-b]indole (see A-α-C) 
11-Aminoundecanoic acid 39, 239 (1986); Suppl. 7, 57 (1987) 
Amitrole 7, 31 (1974); 41, 293 (1986) 
  (corr. 52, 513; Suppl. 7, 92 (1987); 
  79, 381 (2001) 
Ammonium potassium selenide (see Selenium and selenium compounds) 
Amorphous silica (see also Silica) 42, 39 (1987); Suppl. 7, 341 (1987); 
  68, 41 (1997) (corr. 81, 383) 
Amosite (see Asbestos) 
Ampicillin 50, 153 (1990) 
Amsacrine 76, 317 (2000) 
Anabolic steroids (see Androgenic (anabolic) steroids) 
Anaesthetics, volatile 11, 285 (1976); Suppl. 7, 93 (1987) 
Analgesic mixtures containing phenacetin (see also Phenacetin) Suppl. 7, 310 (1987) 
Androgenic (anabolic) steroids Suppl. 7, 96 (1987) 
Angelicin and some synthetic derivatives (see also Angelicins) 40, 291 (1986) 
Angelicin plus ultraviolet radiation (see also Angelicin and some Suppl. 7, 57 (1987) 
 synthetic derivatives) 
Angelicins Suppl. 7, 57 (1987) 
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Aniline 4, 27 (1974) (corr. 42, 252); 
  27, 39 (1982); Suppl. 7, 99 (1987) 
ortho-Anisidine 27, 63 (1982); Suppl. 7, 57 (1987); 
  73, 49 (1999) 
para-Anisidine 27, 65 (1982); Suppl. 7, 57 (1987) 
Anthanthrene 32, 95 (1983); Suppl. 7, 57 (1987) 
Anthophyllite (see Asbestos) 
Anthracene 32, 105 (1983); Suppl. 7, 57 (1987) 
Anthranilic acid 16, 265 (1978); Suppl. 7, 57 (1987) 
Anthraquinones 82, 129 (2002) 
Antimony trioxide 47, 291 (1989) 
Antimony trisulfide 47, 291 (1989) 
ANTU (see 1-Naphthylthiourea) 
Apholate 9, 31 (1975); Suppl. 7, 57 (1987) 
para-Aramid fibrils 68, 409 (1997) 
Aramite 5, 39 (1974); Suppl. 7, 57 (1987) 
Areca nut (see also Betel quid) 85, 39 (2004)  
Aristolochia species (see also Traditional herbal medicines) 82, 69 (2002) 
Aristolochic acids 82, 69 (2002) 
Arsanilic acid (see Arsenic and arsenic compounds) 
Arsenic and arsenic compounds 1, 41 (1972); 2, 48 (1973); 
  23, 39 (1980); Suppl. 7, 100 (1987) 
Arsenic in drinking-water 84, 39 (2004) 
Arsenic pentoxide (see Arsenic and arsenic compounds) 
Arsenic trioxide (see Arsenic in drinking-water) 
Arsenic trisulfide (see Arsenic in drinking-water) 
Arsine (see Arsenic and arsenic compounds) 
Asbestos 2, 17 (1973) (corr. 42, 252); 
  14 (1977) (corr. 42, 256); Suppl. 7, 
  106 (1987) (corr. 45, 283) 
Atrazine 53, 441 (1991); 73, 59 (1999) 
Attapulgite (see Palygorskite)  
Auramine (technical-grade) 1, 69 (1972) (corr. 42, 251); 
  Suppl. 7, 118 (1987) 
Auramine, manufacture of (see also Auramine, technical-grade) Suppl. 7, 118 (1987) 
Aurothioglucose 13, 39 (1977); Suppl. 7, 57 (1987) 
Azacitidine 26, 37 (1981); Suppl. 7, 57 (1987); 
  50, 47 (1990) 
5-Azacytidine (see Azacitidine)  
Azaserine 10, 73 (1976) (corr. 42, 255); 
  Suppl. 7, 57 (1987) 
Azathioprine 26, 47 (1981); Suppl. 7, 119 (1987) 
Aziridine 9, 37 (1975); Suppl. 7, 58 (1987); 
  71, 337 (1999) 
2-(1-Aziridinyl)ethanol 9, 47 (1975); Suppl. 7, 58 (1987) 
Aziridyl benzoquinone 9, 51 (1975); Suppl. 7, 58 (1987) 
Azobenzene 8, 75 (1975); Suppl. 7, 58 (1987) 
AZT (see Zidovudine) 
 
 
 B 
 
Barium chromate (see Chromium and chromium compounds) 
Basic chromic sulfate (see Chromium and chromium compounds) 



480 IARC MONOGRAPHS VOLUME 97  

 

BCNU (see Bischloroethyl nitrosourea) 
Benz[a]acridine 32, 123 (1983); Suppl. 7, 58 (1987) 
Benz[c]acridine 3, 241 (1973); 32, 129 (1983); 
  Suppl. 7, 58 (1987) 
Benzal chloride (see also α-Chlorinated toluenes and benzoyl chloride) 29, 65 (1982); Suppl. 7, 148 (1987); 
  71, 453 (1999) 
Benz[a]anthracene 3, 45 (1973); 32, 135 (1983); 
  Suppl. 7, 58 (1987) 
Benzene 7, 203 (1974) (corr. 42, 254); 29,  
  93, 391 (1982); Suppl. 7, 120  
  (1987)  
Benzidine 1, 80 (1972); 29, 149, 391 (1982); 
  Suppl. 7, 123 (1987) 
Benzidine-based dyes Suppl. 7, 125 (1987) 
Benzo[b]fluoranthene 3, 69 (1973); 32, 147 (1983); 
  Suppl. 7, 58 (1987) 
Benzo[j]fluoranthene 3, 82 (1973); 32, 155 (1983); 
  Suppl. 7, 58 (1987) 
Benzo[k]fluoranthene 32, 163 (1983); Suppl. 7, 58 (1987) 
Benzo[ghi]fluoranthene 32, 171 (1983); Suppl. 7, 58 (1987) 
Benzo[a]fluorene 32, 177 (1983); Suppl. 7, 58 (1987) 
Benzo[b]fluorene 32, 183 (1983); Suppl. 7, 58 (1987) 
Benzo[c]fluorene 32, 189 (1983); Suppl. 7, 58 (1987) 
Benzofuran 63, 431 (1995) 
Benzo[ghi]perylene 32, 195 (1983); Suppl. 7, 58 (1987) 
Benzo[c]phenanthrene 32, 205 (1983); Suppl. 7, 58 (1987) 
Benzo[a]pyrene 3, 91 (1973); 32, 211 (1983) 
  (corr. 68, 477); Suppl. 7, 58 (1987) 
Benzo[e]pyrene 3, 137 (1973); 32, 225 (1983); 
  Suppl. 7, 58 (1987) 
1,4-Benzoquinone (see para-Quinone)  
1,4-Benzoquinone dioxime 29, 185 (1982); Suppl. 7, 58 (1987); 
  71, 1251 (1999) 
Benzotrichloride (see also α-Chlorinated toluenes and benzoyl chloride) 29, 73 (1982); Suppl. 7, 148 (1987); 
  71, 453 (1999) 
Benzoyl chloride (see also α-Chlorinated toluenes and benzoyl chloride) 29, 83 (1982) (corr. 42, 261);  
  Suppl. 7, 126 (1987); 71, 453 
  (1999) 
Benzoyl peroxide 36, 267 (1985); Suppl. 7, 58 (1987); 
  71, 345 (1999) 
Benzyl acetate 40, 109 (1986); Suppl. 7, 58 (1987); 
  71, 1255 (1999) 
Benzyl chloride (see also α-Chlorinated toluenes and benzoyl chloride) 11, 217 (1976) (corr. 42, 256); 29,  
  49 (1982); Suppl. 7, 148 (1987); 
  71, 453 (1999) 
Benzyl violet 4B 16, 153 (1978); Suppl. 7, 58 (1987) 
Bertrandite (see Beryllium and beryllium compounds) 
Beryllium and beryllium compounds 1, 17 (1972); 23, 143 (1980) 
  (corr. 42, 260); Suppl. 7, 127 
  (1987); 58, 41 (1993) 
Beryllium acetate (see Beryllium and beryllium compounds) 
Beryllium acetate, basic (see Beryllium and beryllium compounds) 
Beryllium-aluminium alloy (see Beryllium and beryllium compounds) 
Beryllium carbonate (see Beryllium and beryllium compounds) 
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Beryllium chloride (see Beryllium and beryllium compounds) 
Beryllium-copper alloy (see Beryllium and beryllium compounds) 
Beryllium-copper-cobalt alloy (see Beryllium and beryllium compounds) 
Beryllium fluoride (see Beryllium and beryllium compounds) 
Beryllium hydroxide (see Beryllium and beryllium compounds) 
Beryllium-nickel alloy (see Beryllium and beryllium compounds) 
Beryllium oxide (see Beryllium and beryllium compounds) 
Beryllium phosphate (see Beryllium and beryllium compounds) 
Beryllium silicate (see Beryllium and beryllium compounds) 
Beryllium sulfate (see Beryllium and beryllium compounds) 
Beryl ore (see Beryllium and beryllium compounds) 
Betel quid with tobacco 37, 141 (1985); Suppl. 7, 128 
  (1987); 85, 39 (2004) 
Betel quid without tobacco 37, 141 (1985); Suppl. 7, 128 
  (1987); 85, 39 (2004) 
BHA (see Butylated hydroxyanisole) 
BHT (see Butylated hydroxytoluene) 
Bis(1-aziridinyl)morpholinophosphine sulfide 9, 55 (1975); Suppl. 7, 58 (1987) 
2,2-Bis(bromomethyl)propane-1,3-diol 77, 455 (2000) 
Bis(2-chloroethyl)ether 9, 117 (1975); Suppl. 7, 58 (1987); 
  71, 1265 (1999) 
N,N-Bis(2-chloroethyl)-2-naphthylamine 4, 119 (1974) (corr. 42, 253); 
  Suppl. 7, 130 (1987) 
Bischloroethyl nitrosourea (see also Chloroethyl nitrosoureas) 26, 79 (1981); Suppl. 7, 150 (1987) 
1,2-Bis(chloromethoxy)ethane 15, 31 (1977); Suppl. 7, 58 (1987); 
  71, 1271 (1999) 
1,4-Bis(chloromethoxymethyl)benzene 15, 37 (1977); Suppl. 7, 58 (1987); 
  71, 1273 (1999) 
Bis(chloromethyl)ether 4, 231 (1974) (corr. 42, 253); 
  Suppl. 7, 131 (1987) 
Bis(2-chloro-1-methylethyl)ether 41, 149 (1986); Suppl. 7, 59 (1987); 
  71, 1275 (1999) 
Bis(2,3-epoxycyclopentyl)ether 47, 231 (1989); 71, 1281 (1999) 
Bisphenol A diglycidyl ether (see also Glycidyl ethers) 71, 1285 (1999) 
Bisulfites (see Sulfur dioxide and some sulfites, bisulfites and 
 metabisulfites) 
Bitumens 35, 39 (1985); Suppl. 7, 133 (1987) 
Bleomycins (see also Etoposide) 26, 97 (1981); Suppl. 7, 134 (1987) 
Blue VRS 16, 163 (1978); Suppl. 7, 59 (1987) 
Boot and shoe manufacture and repair 25, 249 (1981); Suppl. 7, 232 
  (1987) 
Bracken fern 40, 47 (1986); Suppl. 7, 135 (1987) 
Brilliant Blue FCF, disodium salt 16, 171 (1978) (corr. 42, 257); 
  Suppl. 7, 59 (1987) 
Bromochloroacetonitrile (see also Halogenated acetonitriles) 71, 1291 (1999) 
Bromodichloromethane 52, 179 (1991); 71, 1295 (1999) 
Bromoethane 52, 299 (1991); 71, 1305 (1999) 
Bromoform 52, 213 (1991); 71, 1309 (1999) 
1,3-Butadiene 39, 155 (1986) (corr. 42, 264); 
  Suppl. 7, 136 (1987); 54, 237 
  (1992); 71, 109 (1999); 97, 45  
  (2008) 
1,4-Butanediol dimethanesulfonate 4, 247 (1974); Suppl. 7, 137 (1987) 
2-Butoxyethanol 88, 329 (2006) 
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1-tert-Butoxypropan-2-ol 88, 415 (2006) 
n-Butyl acrylate 39, 67 (1986); Suppl. 7, 59 (1987); 
  71, 359 (1999) 
Butylated hydroxyanisole 40, 123 (1986); Suppl. 7, 59 (1987) 
Butylated hydroxytoluene 40, 161 (1986); Suppl. 7, 59 (1987) 
Butyl benzyl phthalate 29, 193 (1982) (corr. 42, 261); 
  Suppl. 7, 59 (1987); 73, 115 (1999) 
β-Butyrolactone 11, 225 (1976); Suppl. 7, 59 (1987); 
  71, 1317 (1999) 
γ-Butyrolactone 11, 231 (1976); Suppl. 7, 59 
  (1987); 71, 367 (1999) 
 
 
 C 
 
Cabinet-making (see Furniture and cabinet-making) 
Cadmium acetate (see Cadmium and cadmium compounds) 
Cadmium and cadmium compounds 2, 74 (1973); 11, 39 (1976) 
  (corr. 42, 255); Suppl. 7, 139 
  (1987); 58, 119 (1993) 
Cadmium chloride (see Cadmium and cadmium compounds) 
Cadmium oxide (see Cadmium and cadmium compounds) 
Cadmium sulfate (see Cadmium and cadmium compounds) 
Cadmium sulfide (see Cadmium and cadmium compounds) 
Caffeic acid 56, 115 (1993) 
Caffeine 51, 291 (1991) 
Calcium arsenate (see Arsenic in drinking-water) 
Calcium chromate (see Chromium and chromium compounds) 
Calcium cyclamate (see Cyclamates) 
Calcium saccharin (see Saccharin) 
Cantharidin 10, 79 (1976); Suppl. 7, 59 (1987) 
Caprolactam 19, 115 (1979) (corr. 42, 258); 
  39, 247 (1986) (corr. 42, 264); 
  Suppl. 7, 59, 390 (1987); 71, 383 
  (1999) 
Captafol 53, 353 (1991) 
Captan 30, 295 (1983); Suppl. 7, 59 (1987) 
Carbaryl 12, 37 (1976); Suppl. 7, 59 (1987) 
Carbazole 32, 239 (1983); Suppl. 7, 59 (1987); 
  71, 1319 (1999) 
3-Carbethoxypsoralen 40, 317 (1986); Suppl. 7, 59 (1987) 
Carbon black 3, 22 (1973); 33, 35 (1984); 
  Suppl.7, 142 (1987); 65, 149 
  (1996) 
Carbon tetrachloride 1, 53 (1972); 20, 371 (1979); 
  Suppl. 7, 143 (1987); 71, 401 
  (1999) 
Carmoisine 8, 83 (1975); Suppl. 7, 59 (1987) 
Carpentry and joinery 25, 139 (1981); Suppl. 7, 378 
  (1987) 
Carrageenan 10, 181 (1976) (corr. 42, 255); 31, 
  79 (1983); Suppl. 7, 59 (1987) 
Cassia occidentalis (see Traditional herbal medicines) 
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Catechol 15, 155 (1977); Suppl. 7, 59 
  (1987); 71, 433 (1999) 
CCNU (see 1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea) 
Ceramic fibres (see Man-made vitreous fibres) 
Chemotherapy, combined, including alkylating agents (see MOPP and 
 other combined chemotherapy including alkylating agents) 
Chloral (see also Chloral hydrate) 63, 245 (1995); 84, 317 (2004) 
Chloral hydrate 63, 245 (1995); 84, 317 (2004) 
Chlorambucil 9, 125 (1975); 26, 115 (1981); 
  Suppl. 7, 144 (1987) 
Chloramine 84, 295 (2004) 
Chloramphenicol 10, 85 (1976); Suppl. 7, 145 
  (1987); 50, 169 (1990) 
Chlordane (see also Chlordane/Heptachlor) 20, 45 (1979) (corr. 42, 258) 
Chlordane and Heptachlor Suppl. 7, 146 (1987); 53, 115 
  (1991); 79, 411 (2001) 
Chlordecone 20, 67 (1979); Suppl. 7, 59 (1987) 
Chlordimeform 30, 61 (1983); Suppl. 7, 59 (1987) 
Chlorendic acid 48, 45 (1990) 
Chlorinated dibenzodioxins (other than TCDD) (see also 15, 41 (1977); Suppl. 7, 59 (1987) 
 Polychlorinated dibenzo-para-dioxins) 
Chlorinated drinking-water 52, 45 (1991) 
Chlorinated paraffins 48, 55 (1990) 
α-Chlorinated toluenes and benzoyl chloride Suppl. 7, 148 (1987); 71, 453 
  (1999) 
Chlormadinone acetate  6, 149 (1974); 21, 365 (1979); 
  Suppl. 7, 291, 301 (1987); 
  72, 49 (1999) 
Chlornaphazine (see N,N-Bis(2-chloroethyl)-2-naphthylamine) 
Chloroacetonitrile (see also Halogenated acetonitriles) 71, 1325 (1999) 
para-Chloroaniline 57, 305 (1993) 
Chlorobenzilate 5, 75 (1974); 30, 73 (1983); 
  Suppl. 7, 60 (1987) 
Chlorodibromomethane 52, 243 (1991); 71, 1331 (1999) 
3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone 84, 441 (2004) 
Chlorodifluoromethane 41, 237 (1986) (corr. 51, 483); 
  Suppl. 7, 149 (1987); 71, 1339 
  (1999) 
Chloroethane 52, 315 (1991); 71, 1345 (1999) 
1-(2-Chloroethyl)-3-cyclohexyl-1-nitrosourea (see also Chloroethyl 26, 137 (1981) (corr. 42, 260); 
 nitrosoureas) Suppl. 7, 150 (1987) 
1-(2-Chloroethyl)-3-(4-methylcyclohexyl)-1-nitrosourea (see also Suppl. 7, 150 (1987) 
 Chloroethyl nitrosoureas) 
Chloroethyl nitrosoureas Suppl. 7, 150 (1987) 
Chlorofluoromethane 41, 229 (1986); Suppl. 7, 60 
  (1987); 71, 1351 (1999) 
Chloroform 1, 61 (1972); 20, 401 (1979); 
  Suppl. 7, 152 (1987); 73, 131 
  (1999) 
Chloromethyl methyl ether (technical-grade) (see also 4, 239 (1974); Suppl. 7, 131 (1987) 
 Bis(chloromethyl)ether)  
(4-Chloro-2-methylphenoxy)acetic acid (see MCPA) 
1-Chloro-2-methylpropene 63, 315 (1995) 
3-Chloro-2-methylpropene 63, 325 (1995) 
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2-Chloronitrobenzene 65, 263 (1996) 
3-Chloronitrobenzene 65, 263 (1996) 
4-Chloronitrobenzene 65, 263 (1996) 
Chlorophenols (see also Polychlorophenols and their sodium salts) Suppl. 7, 154 (1987) 
Chlorophenols (occupational exposures to) 41, 319 (1986) 
Chlorophenoxy herbicides Suppl. 7, 156 (1987) 
Chlorophenoxy herbicides (occupational exposures to) 41, 357 (1986) 
4-Chloro-ortho-phenylenediamine 27, 81 (1982); Suppl. 7, 60 (1987) 
4-Chloro-meta-phenylenediamine 27, 82 (1982); Suppl. 7, 60 (1987) 
Chloroprene 19, 131 (1979); Suppl. 7, 160 
  (1987); 71, 227 (1999) 
Chloropropham 12, 55 (1976); Suppl. 7, 60 (1987) 
Chloroquine 13, 47 (1977); Suppl. 7, 60 (1987) 
Chlorothalonil 30, 319 (1983); Suppl. 7, 60 (1987); 
  73, 183 (1999) 
para-Chloro-ortho-toluidine and its strong acid salts  16, 277 (1978); 30, 65 (1983); 
 (see also Chlordimeform) Suppl. 7, 60 (1987); 48, 123 
  (1990); 77, 323 (2000) 
4-Chloro-ortho-toluidine (see para-chloro-ortho-toluidine) 
5-Chloro-ortho-toluidine 77, 341 (2000) 
Chlorotrianisene (see also Nonsteroidal oestrogens) 21, 139 (1979); Suppl. 7, 280 
  (1987) 
2-Chloro-1,1,1-trifluoroethane 41, 253 (1986); Suppl. 7, 60 
  (1987); 71, 1355 (1999) 
Chlorozotocin 50, 65 (1990) 
Cholesterol 10, 99 (1976); 31, 95 (1983); 
  Suppl. 7, 161 (1987) 
Chromic acetate (see Chromium and chromium compounds) 
Chromic chloride (see Chromium and chromium compounds) 
Chromic oxide (see Chromium and chromium compounds) 
Chromic phosphate (see Chromium and chromium compounds) 
Chromite ore (see Chromium and chromium compounds) 
Chromium and chromium compounds (see also Implants, surgical) 2, 100 (1973); 23, 205 (1980); 
  Suppl. 7, 165 (1987); 49, 49 (1990) 
  (corr. 51, 483) 
Chromium carbonyl (see Chromium and chromium compounds) 
Chromium potassium sulfate (see Chromium and chromium compounds) 
Chromium sulfate (see Chromium and chromium compounds) 
Chromium trioxide (see Chromium and chromium compounds) 
Chrysazin (see Dantron) 
Chrysene 3, 159 (1973); 32, 247 (1983); 
  Suppl. 7, 60 (1987) 
Chrysoidine 8, 91 (1975); Suppl. 7, 169 (1987) 
Chrysotile (see Asbestos) 
CI Acid Orange 3 57, 121 (1993)  
CI Acid Red 114 57, 247 (1993)  
CI Basic Red 9 (see also Magenta) 57, 215 (1993) 
Ciclosporin 50, 77 (1990) 
CI Direct Blue 15 57, 235 (1993) 
CI Disperse Yellow 3 (see Disperse Yellow 3) 
Cimetidine 50, 235 (1990) 
Cinnamyl anthranilate 16, 287 (1978); 31, 133 (1983); 
  Suppl. 7, 60 (1987); 77, 177 (2000) 
CI Pigment Red 3 57, 259 (1993) 
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CI Pigment Red 53:1 (see D&C Red No. 9) 
Cisplatin (see also Etoposide) 26, 151 (1981); Suppl. 7, 170 
  (1987) 
Citrinin 40, 67 (1986); Suppl. 7, 60 (1987) 
Citrus Red No. 2 8, 101 (1975) (corr. 42, 254); 
  Suppl. 7, 60 (1987) 
Clinoptilolite (see Zeolites)  
Clofibrate 24, 39 (1980); Suppl. 7, 171 
  (1987); 66, 391 (1996) 
Clomiphene citrate 21, 551 (1979); Suppl. 7, 172 
  (1987) 
Clonorchis sinensis (infection with) 61, 121 (1994) 
Coal dust 68, 337 (1997) 
Coal gasification 34, 65 (1984); Suppl. 7, 173 (1987) 
Coal-tar pitches (see also Coal-tars) 35, 83 (1985); Suppl. 7, 174 (1987) 
Coal-tars 35, 83 (1985); Suppl. 7, 175 (1987) 
Cobalt[III] acetate (see Cobalt and cobalt compounds) 
Cobalt-aluminium-chromium spinel (see Cobalt and cobalt compounds) 
Cobalt and cobalt compounds (see also Implants, surgical) 52, 363 (1991) 
Cobalt[II] chloride (see Cobalt and cobalt compounds) 
Cobalt-chromium alloy (see Chromium and chromium compounds) 
Cobalt-chromium-molybdenum alloys (see Cobalt and cobalt compounds) 
Cobalt metal powder (see Cobalt and cobalt compounds) 
Cobalt metal with tungsten carbide 86, 37 (2006) 
Cobalt metal without tungsten carbide 86, 37 (2006) 
Cobalt naphthenate (see Cobalt and cobalt compounds) 
Cobalt[II] oxide (see Cobalt and cobalt compounds) 
Cobalt[II,III] oxide (see Cobalt and cobalt compounds) 
Cobalt sulfate and other soluble cobalt(II) salts 86, 37 (2006) 
Cobalt[II] sulfide (see Cobalt and cobalt compounds) 
Coffee 51, 41 (1991) (corr. 52, 513) 
Coke production 34, 101 (1984); Suppl. 7, 176 
  (1987) 
Combined estrogen–progestogen contraceptives Suppl. 7, 297 (1987); 72, 49 
  (1999); 91, 39 (2007) 
Combined estrogen–progestogen menopausal therapy Suppl. 7, 308 (1987); 72, 531 
  (1999); 91, 203 (2007) 
Conjugated equine oestrogens 72, 399 (1999) 
Conjugated oestrogens (see also Steroidal oestrogens) 21, 147 (1979); Suppl. 7, 283 
  (1987) 
Continuous glass filament (see Man-made vitreous fibres) 
Copper 8-hydroxyquinoline 15, 103 (1977); Suppl. 7, 61 (1987) 
Coronene 32, 263 (1983); Suppl. 7, 61 (1987) 
Coumarin 10, 113 (1976); Suppl. 7, 61 
  (1987); 77, 193 (2000) 
Creosotes (see also Coal-tars) 35, 83 (1985); Suppl. 7, 177 (1987) 
meta-Cresidine 27, 91 (1982); Suppl. 7, 61 (1987) 
para-Cresidine 27, 92 (1982); Suppl. 7, 61 (1987) 
Cristobalite (see Crystalline silica) 
Crocidolite (see Asbestos) 
Crotonaldehyde 63, 373 (1995) (corr. 65, 549) 
Crude oil 45, 119 (1989) 
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Crystalline silica (see also Silica) 42, 39 (1987); Suppl. 7, 341 
  (1987); 68, 41 (1997) (corr. 81,  
  383) 
Cycasin (see also Methylazoxymethanol) 1, 157 (1972) (corr. 42, 251); 10, 
  121 (1976); Suppl. 7, 61 (1987) 
Cyclamates 22, 55 (1980); Suppl. 7, 178 (1987); 
  73, 195 (1999) 
Cyclamic acid (see Cyclamates) 
Cyclochlorotine 10, 139 (1976); Suppl. 7, 61 (1987) 
Cyclohexanone 47, 157 (1989); 71, 1359 (1999) 
Cyclohexylamine (see Cyclamates) 
Cyclopenta[cd]pyrene 32, 269 (1983); Suppl. 7, 61 (1987) 
Cyclopropane (see Anaesthetics, volatile) 
Cyclophosphamide 9, 135 (1975); 26, 165 (1981); 
  Suppl. 7, 182 (1987) 
Cyproterone acetate 72, 49 (1999) 
 
 
 D 
 
2,4-D (see also Chlorophenoxy herbicides; Chlorophenoxy 15, 111 (1977) 
 herbicides, occupational exposures to)  
Dacarbazine 26, 203 (1981); Suppl. 7, 184 
  (1987) 
Dantron 50, 265 (1990) (corr. 59, 257) 
D&C Red No. 9 8, 107 (1975); Suppl. 7, 61 (1987); 
  57, 203 (1993) 
Dapsone 24, 59 (1980); Suppl. 7, 185 (1987) 
Daunomycin 10, 145 (1976); Suppl. 7, 61 (1987) 
DDD (see DDT) 
DDE (see DDT) 
DDT 5, 83 (1974) (corr. 42, 253); 
  Suppl. 7, 186 (1987); 53, 179 
  (1991) 
Decabromodiphenyl oxide 48, 73 (1990); 71, 1365 (1999) 
Deltamethrin 53, 251 (1991) 
Deoxynivalenol (see Toxins derived from Fusarium graminearum, 
 F. culmorum and F. crookwellense) 
Diacetylaminoazotoluene 8, 113 (1975); Suppl. 7, 61 (1987) 
N,N′-Diacetylbenzidine 16, 293 (1978); Suppl. 7, 61 (1987) 
Diallate 12, 69 (1976); 30, 235 (1983); 
  Suppl. 7, 61 (1987) 
2,4-Diaminoanisole and its salts 16, 51 (1978); 27, 103 (1982); 
  Suppl. 7, 61 (1987); 79, 619 (2001) 
4,4′-Diaminodiphenyl ether 16, 301 (1978); 29, 203 (1982); 
  Suppl. 7, 61 (1987) 
1,2-Diamino-4-nitrobenzene 16, 63 (1978); Suppl. 7, 61 (1987)  
1,4-Diamino-2-nitrobenzene 16, 73 (1978); Suppl. 7, 61 (1987); 
  57, 185 (1993) 
2,6-Diamino-3-(phenylazo)pyridine (see Phenazopyridine hydrochloride) 
2,4-Diaminotoluene (see also Toluene diisocyanates) 16, 83 (1978); Suppl. 7, 61 (1987) 
2,5-Diaminotoluene (see also Toluene diisocyanates) 16, 97 (1978); Suppl. 7, 61 (1987) 
ortho-Dianisidine (see 3,3′-Dimethoxybenzidine) 
Diatomaceous earth, uncalcined (see Amorphous silica) 
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Diazepam 13, 57 (1977); Suppl. 7, 189 
  (1987); 66, 37 (1996) 
Diazomethane 7, 223 (1974); Suppl. 7, 61 (1987) 
Dibenz[a,h]acridine 3, 247 (1973); 32, 277 (1983); 
  Suppl. 7, 61 (1987) 
Dibenz[a,j]acridine 3, 254 (1973); 32, 283 (1983); 
  Suppl. 7, 61 (1987) 
Dibenz[a,c]anthracene 32, 289 (1983) (corr. 42, 262); 
  Suppl. 7, 61 (1987) 
Dibenz[a,h]anthracene 3, 178 (1973) (corr. 43, 261); 
  32, 299 (1983); Suppl. 7, 61 (1987) 
Dibenz[a,j]anthracene 32, 309 (1983); Suppl. 7, 61 (1987) 
7H-Dibenzo[c,g]carbazole 3, 260 (1973); 32, 315 (1983); 
  Suppl. 7, 61 (1987) 
Dibenzodioxins, chlorinated (other than TCDD) 
 (see Chlorinated dibenzodioxins (other than TCDD)) 
Dibenzo[a,e]fluoranthene 32, 321 (1983); Suppl. 7, 61 (1987) 
Dibenzo[h,rst]pentaphene 3, 197 (1973); Suppl. 7, 62 (1987) 
Dibenzo[a,e]pyrene 3, 201 (1973); 32, 327 (1983); 
  Suppl. 7, 62 (1987) 
Dibenzo[a,h]pyrene 3, 207 (1973); 32, 331 (1983); 
  Suppl. 7, 62 (1987) 
Dibenzo[a,i]pyrene 3, 215 (1973); 32, 337 (1983); 
  Suppl. 7, 62 (1987) 
Dibenzo[a,l]pyrene 3, 224 (1973); 32, 343 (1983); 
  Suppl. 7, 62 (1987) 
Dibenzo-para-dioxin 69, 33 (1997) 
Dibromoacetonitrile (see also Halogenated acetonitriles) 71, 1369 (1999) 
1,2-Dibromo-3-chloropropane 15, 139 (1977); 20, 83 (1979);  
  Suppl. 7, 191 (1987); 71, 479 
  (1999) 
1,2-Dibromoethane (see Ethylene dibromide) 
2,3-Dibromopropan-1-ol 77, 439 (2000) 
Dichloroacetic acid 63, 271 (1995); 84, 359 (2004) 
Dichloroacetonitrile (see also Halogenated acetonitriles) 71, 1375 (1999) 
Dichloroacetylene 39, 369 (1986); Suppl. 7, 62 
  (1987); 71, 1381 (1999) 
ortho-Dichlorobenzene 7, 231 (1974); 29, 213 (1982);  
  Suppl. 7, 192 (1987); 73, 223 
  (1999) 
meta-Dichlorobenzene 73, 223 (1999) 
para-Dichlorobenzene 7, 231 (1974); 29, 215 (1982); 
  Suppl. 7, 192 (1987); 73, 223 
  (1999) 
3,3′-Dichlorobenzidine 4, 49 (1974); 29, 239 (1982); 
  Suppl. 7, 193 (1987) 
trans-1,4-Dichlorobutene 15, 149 (1977); Suppl. 7, 62 
  (1987); 71, 1389 (1999) 
3,3′-Dichloro-4,4′-diaminodiphenyl ether 16, 309 (1978); Suppl. 7, 62 (1987) 
1,2-Dichloroethane 20, 429 (1979); Suppl. 7, 62 
  (1987); 71, 501 (1999) 
Dichloromethane 20, 449 (1979); 41, 43 (1986);  
  Suppl. 7, 194 (1987); 71, 251 
  (1999) 
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2,4-Dichlorophenol (see Chlorophenols; Chlorophenols,  
    occupational exposures to; Polychlorophenols and their sodium salts) 
(2,4-Dichlorophenoxy)acetic acid (see 2,4-D) 
2,6-Dichloro-para-phenylenediamine 39, 325 (1986); Suppl. 7, 62 (1987) 
1,2-Dichloropropane 41, 131 (1986); Suppl. 7, 62 
  (1987); 71, 1393 (1999) 
1,3-Dichloropropene (technical-grade) 41, 113 (1986); Suppl. 7, 195 
  (1987); 71, 933 (1999) 
Dichlorvos 20, 97 (1979); Suppl. 7, 62 (1987); 
  53, 267 (1991) 
Dicofol 30, 87 (1983); Suppl. 7, 62 (1987) 
Dicyclohexylamine (see Cyclamates) 
Didanosine 76, 153 (2000) 
Dieldrin 5, 125 (1974); Suppl. 7, 196 (1987) 
Dienoestrol (see also Nonsteroidal oestrogens) 21, 161 (1979); Suppl. 7, 278 
  (1987) 
Diepoxybutane (see also 1,3-Butadiene) 11, 115 (1976) (corr. 42, 255); 
  Suppl. 7, 62 (1987); 71, 109 (1999) 
Diesel and gasoline engine exhausts 46, 41 (1989) 
Diesel fuels 45, 219 (1989) (corr. 47, 505) 
Diethanolamine 77, 349 (2000) 
Diethyl ether (see Anaesthetics, volatile) 
Di(2-ethylhexyl) adipate 29, 257 (1982); Suppl. 7, 62 
  (1987); 77, 149 (2000) 
Di(2-ethylhexyl) phthalate 29, 269 (1982) (corr. 42, 261); 
  Suppl. 7, 62 (1987); 77, 41 (2000) 
1,2-Diethylhydrazine 4, 153 (1974); Suppl. 7, 62 (1987); 
  71, 1401 (1999) 
Diethylstilboestrol 6, 55 (1974); 21, 173 (1979)  
  (corr. 42, 259); Suppl. 7, 273 
  (1987) 
Diethylstilboestrol dipropionate (see Diethylstilboestrol) 
Diethyl sulfate 4, 277 (1974); Suppl. 7, 198 
  (1987); 54, 213 (1992); 71, 1405 
  (1999) 
N,N′-Diethylthiourea 79, 649 (2001) 
Diglycidyl resorcinol ether 11, 125 (1976); 36, 181 (1985); 
  Suppl. 7, 62 (1987); 71, 1417 
  (1999) 
Dihydrosafrole 1, 170 (1972); 10, 233 (1976) 
  Suppl. 7, 62 (1987) 
1,8-Dihydroxyanthraquinone (see Dantron) 
Dihydroxybenzenes (see Catechol; Hydroquinone; Resorcinol) 
1,3-Dihydroxy-2-hydroxymethylanthraquinone 82, 129 (2002) 
Dihydroxymethylfuratrizine 24, 77 (1980); Suppl. 7, 62 (1987) 
Diisopropyl sulfate 54, 229 (1992); 71, 1421 (1999) 
Dimethisterone (see also Progestins; Sequential oral contraceptives) 6, 167 (1974); 21, 377 (1979)) 
Dimethoxane 15, 177 (1977); Suppl. 7, 62 (1987) 
3,3′-Dimethoxybenzidine 4, 41 (1974); Suppl. 7, 198 (1987) 
3,3′-Dimethoxybenzidine-4,4′-diisocyanate 39, 279 (1986); Suppl. 7, 62 (1987) 
para-Dimethylaminoazobenzene 8, 125 (1975); Suppl. 7, 62 (1987) 
para-Dimethylaminoazobenzenediazo sodium sulfonate 8, 147 (1975); Suppl. 7, 62 (1987) 
trans-2-[(Dimethylamino)methylimino]-5-[2-(5-nitro-2-furyl)- 7, 147 (1974) (corr. 42, 253); 
 vinyl]-1,3,4-oxadiazole Suppl. 7, 62 (1987) 



 CUMULATIVE INDEX 489 
 

 

4,4′-Dimethylangelicin plus ultraviolet radiation (see also Suppl. 7, 57 (1987) 
 Angelicin and some synthetic derivatives)  
4,5′-Dimethylangelicin plus ultraviolet radiation (see also Suppl. 7, 57 (1987) 
 Angelicin and some synthetic derivatives)  
2,6-Dimethylaniline 57, 323 (1993) 
N,N-Dimethylaniline 57, 337 (1993) 
Dimethylarsinic acid (see Arsenic and arsenic compounds) 
3,3′-Dimethylbenzidine 1, 87 (1972); Suppl. 7, 62 (1987) 
Dimethylcarbamoyl chloride 12, 77 (1976); Suppl. 7, 199 
  (1987); 71, 531 (1999) 
Dimethylformamide 47, 171 (1989); 71, 545 (1999) 
1,1-Dimethylhydrazine 4, 137 (1974); Suppl. 7, 62 (1987); 
  71, 1425 (1999) 
1,2-Dimethylhydrazine 4, 145 (1974) (corr. 42, 253); 
  Suppl. 7, 62 (1987); 71, 947 (1999) 
Dimethyl hydrogen phosphite 48, 85 (1990); 71, 1437 (1999) 
1,4-Dimethylphenanthrene 32, 349 (1983); Suppl. 7, 62 (1987) 
Dimethyl sulfate 4, 271 (1974); Suppl. 7, 200 
  (1987); 71, 575 (1999) 
3,7-Dinitrofluoranthene 46, 189 (1989); 65, 297 (1996) 
3,9-Dinitrofluoranthene 46, 195 (1989); 65, 297 (1996) 
1,3-Dinitropyrene 46, 201 (1989) 
1,6-Dinitropyrene 46, 215 (1989) 
1,8-Dinitropyrene 33, 171 (1984); Suppl. 7, 63 
  (1987); 46, 231 (1989) 
Dinitrosopentamethylenetetramine 11, 241 (1976); Suppl. 7, 63 (1987) 
2,4-Dinitrotoluene 65, 309 (1996) (corr. 66, 485) 
2,6-Dinitrotoluene 65, 309 (1996) (corr. 66, 485) 
3,5-Dinitrotoluene 65, 309 (1996) 
1,4-Dioxane 11, 247 (1976); Suppl. 7, 201 
  (1987); 71, 589 (1999) 
2,4′-Diphenyldiamine 16, 313 (1978); Suppl. 7, 63 (1987) 
Direct Black 38 (see also Benzidine-based dyes) 29, 295 (1982) (corr. 42, 261) 
Direct Blue 6 (see also Benzidine-based dyes) 29, 311 (1982) 
Direct Brown 95 (see also Benzidine-based dyes) 29, 321 (1982) 
Disperse Blue 1 48, 139 (1990) 
Disperse Yellow 3 8, 97 (1975); Suppl. 7, 60 (1987); 
  48, 149 (1990) 
Disulfiram 12, 85 (1976); Suppl. 7, 63 (1987) 
Dithranol 13, 75 (1977); Suppl. 7, 63 (1987) 
Divinyl ether (see Anaesthetics, volatile) 
Doxefazepam 66, 97 (1996) 
Doxylamine succinate 79, 145 (2001) 
Droloxifene 66, 241 (1996) 
Dry cleaning 63, 33 (1995) 
Dulcin 12, 97 (1976); Suppl. 7, 63 (1987) 
 
 
 E 
 
Endrin 5, 157 (1974); Suppl. 7, 63 (1987) 
Enflurane (see Anaesthetics, volatile) 
Eosin 15, 183 (1977); Suppl. 7, 63 (1987) 
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Epichlorohydrin 11, 131 (1976) (corr. 42, 256); 
  Suppl. 7, 202 (1987); 71, 603 
  (1999) 
1,2-Epoxybutane 47, 217 (1989); 71, 629 (1999) 
1-Epoxyethyl-3,4-epoxycyclohexane (see 4-Vinylcyclohexene diepoxide) 
3,4-Epoxy-6-methylcyclohexylmethyl 3,4-epoxy-6-methyl- 11, 147 (1976); Suppl. 7, 63 
 cyclohexane carboxylate (1987); 71, 1441 (1999) 
cis-9,10-Epoxystearic acid 11, 153 (1976); Suppl. 7, 63 
  (1987); 71, 1443 (1999)  
Epstein-Barr virus 70, 47 (1997) 
d-Equilenin 72, 399 (1999) 
Equilin 72, 399 (1999) 
Erionite 42, 225 (1987); Suppl. 7, 203 
  (1987) 
Estazolam 66, 105 (1996) 
Ethinyloestradiol 6, 77 (1974); 21, 233 (1979); 
  Suppl. 7, 286 (1987); 72, 49 (1999) 
Ethionamide 13, 83 (1977); Suppl. 7, 63 (1987) 
Ethyl acrylate 19, 57 (1979); 39, 81 (1986); 
  Suppl. 7, 63 (1987); 71, 1447  
  (1999) 
Ethylbenzene 77, 227 (2000) 
Ethylene 19, 157 (1979); Suppl. 7, 63 
  (1987); 60, 45 (1994); 71, 1447 
  (1999) 
Ethylene dibromide 15, 195 (1977); Suppl. 7, 204 
  (1987); 71, 641 (1999) 
Ethylene oxide 11, 157 (1976); 36, 189 (1985) 
  (corr. 42, 263); Suppl. 7, 205 
  (1987); 60, 73 (1994); 97, 185 
  (2008) 
Ethylene sulfide 11, 257 (1976); Suppl. 7, 63 (1987) 
Ethylenethiourea 7, 45 (1974); Suppl. 7, 207 (1987); 
  79, 659 (2001) 
2-Ethylhexyl acrylate 60, 475 (1994) 
Ethyl methanesulfonate 7, 245 (1974); Suppl. 7, 63 (1987) 
N-Ethyl-N-nitrosourea 1, 135 (1972); 17, 191 (1978); 
  Suppl. 7, 63 (1987) 
Ethyl selenac (see also Selenium and selenium compounds) 12, 107 (1976); Suppl. 7, 63 (1987) 
Ethyl tellurac 12, 115 (1976); Suppl. 7, 63 (1987) 
Ethynodiol diacetate 6, 173 (1974); 21, 387 (1979); 
  Suppl. 7, 292 (1987); 72, 49 
  (1999) 
Etoposide 76, 177 (2000) 
Eugenol 36, 75 (1985); Suppl. 7, 63 (1987) 
Evans blue 8, 151 (1975); Suppl. 7, 63 (1987) 
Extremely low-frequency electric fields 80 (2002) 
Extremely low-frequency magnetic fields 80 (2002) 
 
 
 F 
 
Fast Green FCF 16, 187 (1978); Suppl. 7, 63 (1987) 
Fenvalerate 53, 309 (1991) 



 CUMULATIVE INDEX 491 
 

 

Ferbam 12, 121 (1976) (corr. 42, 256); 
  Suppl. 7, 63 (1987) 
Ferric oxide 1, 29 (1972); Suppl. 7, 216 (1987) 
Ferrochromium (see Chromium and chromium compounds) 
Fluometuron 30, 245 (1983); Suppl. 7, 63 (1987) 
Fluoranthene 32, 355 (1983); Suppl. 7, 63 (1987) 
Fluorene 32, 365 (1983); Suppl. 7, 63 (1987) 
Fluorescent lighting (exposure to) (see Ultraviolet radiation) 
Fluorides (inorganic, used in drinking-water) 27, 237 (1982); Suppl. 7, 208 
  (1987) 
5-Fluorouracil 26, 217 (1981); Suppl. 7, 210 
  (1987) 
Fluorspar (see Fluorides) 
Fluosilicic acid (see Fluorides) 
Fluroxene (see Anaesthetics, volatile) 
Foreign bodies 74 (1999) 
Formaldehyde 29, 345 (1982); Suppl. 7, 211 
  (1987); 62, 217 (1995) (corr. 65, 
  549; corr. 66, 485); 88, 39 (2006) 
2-(2-Formylhydrazino)-4-(5-nitro-2-furyl)thiazole 7, 151 (1974) (corr. 42, 253); 
  Suppl. 7, 63 (1987) 
Frusemide (see Furosemide) 
Fuel oils (heating oils) 45, 239 (1989) (corr. 47, 505) 
Fumonisin B1 (see also Toxins derived from Fusarium moniliforme) 82, 301 (2002) 
Fumonisin B2 (see Toxins derived from Fusarium moniliforme) 
Furan 63, 393 (1995) 
Furazolidone 31, 141 (1983); Suppl. 7, 63 (1987) 
Furfural 63, 409 (1995) 
Furniture and cabinet-making 25, 99 (1981) 
Furosemide 50, 277 (1990) 
2-(2-Furyl)-3-(5-nitro-2-furyl)acrylamide (see AF-2) 
Fusarenon-X (see Toxins derived from Fusarium graminearum, 
 F. culmorum and F. crookwellense) 
Fusarenone-X (see Toxins derived from Fusarium graminearum, 
 F. culmorum and F. crookwellense) 
Fusarin C (see Toxins derived from Fusarium moniliforme) 
 
 
 G 
 
Gallium arsenide 86, 163 (2006) 
Gamma (γ)-radiation 75, 121 (2000) 
Gasoline 45, 159 (1989) (corr. 47, 505) 
Gasoline engine exhaust (see Diesel and gasoline engine exhausts) 
Gemfibrozil 66, 427 (1996) 
Glass fibres (see Man-made mineral fibres) 
Glass manufacturing industry, occupational exposures in 58, 347 (1993) 
Glass wool (see Man-made vitreous fibres) 
Glass filaments (see Man-made mineral fibres) 
Glu-P-1 40, 223 (1986); Suppl. 7, 64 (1987) 
Glu-P-2 40, 235 (1986); Suppl. 7, 64 (1987) 
L-Glutamic acid, 5-[2-(4-hydroxymethyl)phenylhydrazide] 
 (see Agaritine) 
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Glycidaldehyde 11, 175 (1976); Suppl. 7, 64 
  (1987); 71, 1459 (1999) 
Glycidol 77, 469 (2000) 
Glycidyl ethers 47, 237 (1989); 71, 1285, 1417, 
  1525, 1539 (1999) 
Glycidyl oleate 11, 183 (1976); Suppl. 7, 64 (1987) 
Glycidyl stearate 11, 187 (1976); Suppl. 7, 64 (1987) 
Griseofulvin 10, 153 (1976); Suppl. 7, 64, 391 
  (1987); 79, 289 (2001) 
Guinea Green B 16, 199 (1978); Suppl. 7, 64 (1987) 
Gyromitrin 31, 163 (1983); Suppl. 7, 64, 391 
  (1987) 
 
 
 H 
 
Haematite 1, 29 (1972); Suppl. 7, 216 (1987) 
Haematite and ferric oxide Suppl. 7, 216 (1987) 
Haematite mining, underground, with exposure to radon 1, 29 (1972); Suppl. 7, 216 (1987) 
Hairdressers and barbers (occupational exposure as) 57, 43 (1993) 
Hair dyes, epidemiology of 16, 29 (1978); 27, 307 (1982)  
Halogenated acetonitriles 52, 269 (1991); 71, 1325, 1369, 
  1375, 1533 (1999) 
Halothane (see Anaesthetics, volatile) 
HC Blue No. 1 57, 129 (1993) 
HC Blue No. 2 57, 143 (1993) 
α-HCH (see Hexachlorocyclohexanes) 
β-HCH (see Hexachlorocyclohexanes) 
γ-HCH (see Hexachlorocyclohexanes) 
HC Red No. 3 57, 153 (1993) 
HC Yellow No. 4 57, 159 (1993) 
Heating oils (see Fuel oils) 
Helicobacter pylori (infection with) 61, 177 (1994) 
Hepatitis B virus 59, 45 (1994) 
Hepatitis C virus 59, 165 (1994) 
Hepatitis D virus 59, 223 (1994) 
Heptachlor (see also Chlordane/Heptachlor) 5, 173 (1974); 20, 129 (1979) 
Hexachlorobenzene 20, 155 (1979); Suppl. 7, 219 
  (1987); 79, 493 (2001) 
Hexachlorobutadiene 20, 179 (1979); Suppl. 7, 64 (1987); 
  73, 277 (1999) 
Hexachlorocyclohexanes 5, 47 (1974); 20, 195 (1979) 
  (corr. 42, 258); Suppl. 7, 220 
  (1987) 
Hexachlorocyclohexane, technical-grade (see Hexachlorocyclohexanes) 
Hexachloroethane 20, 467 (1979); Suppl. 7, 64 (1987); 
  73, 295 (1999) 
Hexachlorophene 20, 241 (1979); Suppl. 7, 64 (1987) 
Hexamethylphosphoramide 15, 211 (1977); Suppl. 7, 64 
  (1987); 71, 1465 (1999) 
Hexoestrol (see also Nonsteroidal oestrogens) Suppl. 7, 279 (1987) 
Hormonal contraceptives, progestogens only 72, 339 (1999) 
Human herpesvirus 8 70, 375 (1997) 
Human immunodeficiency viruses 67, 31 (1996) 
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Human papillomaviruses 64 (1995) (corr. 66, 485); 
  90 (2007) 
Human T-cell lymphotropic viruses 67, 261 (1996) 
Hycanthone mesylate 13, 91 (1977); Suppl. 7, 64 (1987) 
Hydralazine 24, 85 (1980); Suppl. 7, 222 (1987) 
Hydrazine 4, 127 (1974); Suppl. 7, 223 
  (1987); 71, 991 (1999) 
Hydrochloric acid 54, 189 (1992) 
Hydrochlorothiazide 50, 293 (1990) 
 
Hydrogen peroxide 36, 285 (1985); Suppl. 7, 64 
  (1987); 71, 671 (1999) 
Hydroquinone 15, 155 (1977); Suppl. 7, 64 
  (1987); 71, 691 (1999) 
1-Hydroxyanthraquinone 82, 129 (2002) 
4-Hydroxyazobenzene 8, 157 (1975); Suppl. 7, 64 (1987) 
17α-Hydroxyprogesterone caproate (see also Progestins) 21, 399 (1979) (corr. 42, 259) 
8-Hydroxyquinoline 13, 101 (1977); Suppl. 7, 64 (1987) 
8-Hydroxysenkirkine 10, 265 (1976); Suppl. 7, 64 (1987) 
Hydroxyurea 76, 347 (2000) 
Hypochlorite salts 52, 159 (1991) 
 
 
 I 
 
Implants, surgical 74, 1999 
Indeno[1,2,3-cd]pyrene 3, 229 (1973); 32, 373 (1983); 
  Suppl. 7, 64 (1987) 
Indium phosphide 86, 197 (2006) 
Inorganic acids (see Sulfuric acid and other strong inorganic acids, 
 occupational exposures to mists and vapours from) 
Inorganic lead compounds Suppl. 7, 230 (1987); 87 (2006) 
Insecticides, occupational exposures in spraying and application of 53, 45 (1991) 
Insulation glass wool (see Man-made vitreous fibres) 
Involuntary smoking 83, 1189 (2004) 
Ionizing radiation (see Neutrons, γ- and X-radiation) 
IQ  40, 261 (1986); Suppl. 7, 64 
  (1987); 56, 165 (1993) 
Iron and steel founding 34, 133 (1984); Suppl. 7, 224 
  (1987) 
Iron-dextran complex 2, 161 (1973); Suppl. 7, 226 (1987) 
Iron-dextrin complex 2, 161 (1973) (corr. 42, 252); 
  Suppl. 7, 64 (1987) 
Iron oxide (see Ferric oxide) 
Iron oxide, saccharated (see Saccharated iron oxide) 
Iron sorbitol-citric acid complex 2, 161 (1973); Suppl. 7, 64 (1987) 
Isatidine 10, 269 (1976); Suppl. 7, 65 (1987) 
Isoflurane (see Anaesthetics, volatile) 
Isoniazid (see Isonicotinic acid hydrazide) 
Isonicotinic acid hydrazide 4, 159 (1974); Suppl. 7, 227 (1987) 
Isophosphamide 26, 237 (1981); Suppl. 7, 65 (1987) 
Isoprene 60, 215 (1994); 71, 1015 (1999) 
Isopropanol 15, 223 (1977); Suppl. 7, 229 
  (1987); 71, 1027 (1999) 
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Isopropanol manufacture (strong-acid process) Suppl. 7, 229 (1987) 
 (see also Isopropanol; Sulfuric acid and other strong inorganic 
 acids, occupational exposures to mists and vapours from) 
Isopropyl oils 15, 223 (1977); Suppl. 7, 229 
  (1987); 71, 1483 (1999) 
Isosafrole 1, 169 (1972); 10, 232 (1976); 
  Suppl. 7, 65 (1987) 
 
 
 J 
 
Jacobine 10, 275 (1976); Suppl. 7, 65 (1987) 
Jet fuel 45, 203 (1989) 
Joinery (see Carpentry and joinery) 
 
 
 K 
 
Kaempferol 31, 171 (1983); Suppl. 7, 65 (1987) 
Kaposi’s sarcoma herpesvirus 70, 375 (1997) 
Kepone (see Chlordecone) 
Kojic acid 79, 605 (2001) 
 
 
 L 
 
Lasiocarpine 10, 281 (1976); Suppl. 7, 65 (1987) 
Lauroyl peroxide 36, 315 (1985); Suppl. 7, 65 
  (1987); 71, 1485 (1999) 
Lead acetate (see Lead and lead compounds) 
Lead and lead compounds (see also Foreign bodies) 1, 40 (1972) (corr. 42, 251); 2, 52,  
  150 (1973); 12, 131 (1976); 
  23, 40, 208, 209, 325 (1980); 
  Suppl. 7, 230 (1987); 87 (2006) 
Lead arsenate (see Arsenic and arsenic compounds) 
Lead carbonate (see Lead and lead compounds) 
Lead chloride (see Lead and lead compounds) 
Lead chromate (see Chromium and chromium compounds) 
Lead chromate oxide (see Chromium and chromium compounds) 
Lead compounds, inorganic and organic Suppl. 7, 230 (1987); 87 (2006) 
Lead naphthenate (see Lead and lead compounds) 
Lead nitrate (see Lead and lead compounds) 
Lead oxide (see Lead and lead compounds) 
Lead phosphate (see Lead and lead compounds) 
Lead subacetate (see Lead and lead compounds) 
Lead tetroxide (see Lead and lead compounds) 
Leather goods manufacture 25, 279 (1981); Suppl. 7, 235 
  (1987) 
Leather industries 25, 199 (1981); Suppl. 7, 232 
  (1987) 
Leather tanning and processing 25, 201 (1981); Suppl. 7, 236 
  (1987) 
Ledate (see also Lead and lead compounds) 12, 131 (1976)  
Levonorgestrel 72, 49 (1999) 
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Light Green SF 16, 209 (1978); Suppl. 7, 65 (1987) 
d-Limonene 56, 135 (1993); 73, 307 (1999) 
Lindane (see Hexachlorocyclohexanes) 
Liver flukes (see Clonorchis sinensis, Opisthorchis felineus and 
 Opisthorchis viverrini) 
Lucidin (see 1,3-Dihydro-2-hydroxymethylanthraquinone) 
Lumber and sawmill industries (including logging) 25, 49 (1981); Suppl. 7, 383 (1987) 
Luteoskyrin 10, 163 (1976); Suppl. 7, 65 (1987) 
 
Lynoestrenol 21, 407 (1979); Suppl. 7, 293 
  (1987); 72, 49 (1999) 
 
 
 M 
 
Madder root (see also Rubia tinctorum) 82, 129 (2002) 
Magenta 4, 57 (1974) (corr. 42, 252); 
  Suppl. 7, 238 (1987); 57, 215 
  (1993) 
Magenta, manufacture of (see also Magenta) Suppl. 7, 238 (1987); 57, 215 
  (1993) 
Malathion 30, 103 (1983); Suppl. 7, 65 (1987) 
Maleic hydrazide 4, 173 (1974) (corr. 42, 253); 
  Suppl. 7, 65 (1987) 
Malonaldehyde 36, 163 (1985); Suppl. 7, 65 
  (1987); 71, 1037 (1999) 
Malondialdehyde (see Malonaldehyde) 
Maneb 12, 137 (1976); Suppl. 7, 65 (1987) 
Man-made mineral fibres (see Man-made vitreous fibres)  
Man-made vitreous fibres 43, 39 (1988); 81 (2002) 
Mannomustine 9, 157 (1975); Suppl. 7, 65 (1987) 
Mate 51, 273 (1991) 
MCPA (see also Chlorophenoxy herbicides; Chlorophenoxy 30, 255 (1983) 
 herbicides, occupational exposures to) 
MeA-α-C 40, 253 (1986); Suppl. 7, 65 (1987) 
Medphalan 9, 168 (1975); Suppl. 7, 65 (1987) 
Medroxyprogesterone acetate 6, 157 (1974); 21, 417 (1979) 
  (corr. 42, 259); Suppl. 7, 289 
  (1987); 72, 339 (1999) 
Megestrol acetate Suppl. 7, 293 (1987); 72, 49 (1999) 
MeIQ 40, 275 (1986); Suppl. 7, 65 
  (1987); 56, 197 (1993) 
MeIQx 40, 283 (1986); Suppl. 7, 65 (1987) 
  56, 211 (1993) 
Melamine 39, 333 (1986); Suppl. 7, 65 (1987); 
  73, 329 (1999) 
Melphalan 9, 167 (1975); Suppl. 7, 239 (1987) 
6-Mercaptopurine 26, 249 (1981); Suppl. 7, 240 
  (1987) 
Mercuric chloride (see Mercury and mercury compounds) 
Mercury and mercury compounds 58, 239 (1993) 
Merphalan 9, 169 (1975); Suppl. 7, 65 (1987) 
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Mestranol 6, 87 (1974); 21, 257 (1979) 
  (corr. 42, 259); Suppl. 7, 288 
  (1987); 72, 49 (1999) 
Metabisulfites (see Sulfur dioxide and some sulfites, bisulfites 
 and metabisulfites) 
Metallic mercury (see Mercury and mercury compounds) 
Methanearsonic acid, disodium salt (see Arsenic and arsenic compounds) 
Methanearsonic acid, monosodium salt (see Arsenic and arsenic 
 compounds) 
Methimazole 79, 53 (2001) 
Methotrexate 26, 267 (1981); Suppl. 7, 241 
  (1987) 
Methoxsalen (see 8-Methoxypsoralen) 
Methoxychlor 5, 193 (1974); 20, 259 (1979); 
  Suppl. 7, 66 (1987) 
Methoxyflurane (see Anaesthetics, volatile) 
5-Methoxypsoralen 40, 327 (1986); Suppl. 7, 242 
  (1987) 
8-Methoxypsoralen (see also 8-Methoxypsoralen plus ultraviolet 24, 101 (1980) 
 radiation)  
8-Methoxypsoralen plus ultraviolet radiation Suppl. 7, 243 (1987) 
Methyl acrylate 19, 52 (1979); 39, 99 (1986); 
  Suppl. 7, 66 (1987); 71, 1489 
  (1999) 
5-Methylangelicin plus ultraviolet radiation (see also Angelicin Suppl. 7, 57 (1987) 
 and some synthetic derivatives) 
2-Methylaziridine 9, 61 (1975); Suppl. 7, 66 (1987); 
  71, 1497 (1999) 
Methylazoxymethanol acetate (see also Cycasin) 1, 164 (1972); 10, 131 (1976); 
  Suppl. 7, 66 (1987) 
Methyl bromide 41, 187 (1986) (corr. 45, 283); 
  Suppl. 7, 245 (1987); 71, 721 
  (1999) 
Methyl tert-butyl ether 73, 339 (1999) 
Methyl carbamate 12, 151 (1976); Suppl. 7, 66 (1987) 
Methyl-CCNU (see 1-(2-Chloroethyl)-3-(4-methylcyclohexyl)- 
 1-nitrosourea) 
Methyl chloride 41, 161 (1986); Suppl. 7, 246 
  (1987); 71, 737 (1999) 
1-, 2-, 3-, 4-, 5- and 6-Methylchrysenes 32, 379 (1983); Suppl. 7, 66 (1987) 
N-Methyl-N,4-dinitrosoaniline 1, 141 (1972); Suppl. 7, 66 (1987) 
4,4′-Methylene bis(2-chloroaniline) 4, 65 (1974) (corr. 42, 252); 
  Suppl. 7, 246 (1987); 57, 271 
  (1993)  
4,4′-Methylene bis(N,N-dimethyl)benzenamine 27, 119 (1982); Suppl. 7, 66 (1987) 
4,4′-Methylene bis(2-methylaniline) 4, 73 (1974); Suppl. 7, 248 (1987) 
4,4′-Methylenedianiline 4, 79 (1974) (corr. 42, 252); 
  39, 347 (1986); Suppl. 7, 66 (1987) 
4,4′-Methylenediphenyl diisocyanate 19, 314 (1979); Suppl. 7, 66 
  (1987); 71, 1049 (1999) 
2-Methylfluoranthene 32, 399 (1983); Suppl. 7, 66 (1987) 
3-Methylfluoranthene 32, 399 (1983); Suppl. 7, 66 (1987) 
Methylglyoxal 51, 443 (1991)  
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Methyl iodide 15, 245 (1977); 41, 213 (1986); 
  Suppl. 7, 66 (1987); 71, 1503 (1999) 
Methylmercury chloride (see Mercury and mercury compounds) 
Methylmercury compounds (see Mercury and mercury compounds) 
Methyl methacrylate 19, 187 (1979); Suppl. 7, 66 
  (1987); 60, 445 (1994) 
Methyl methanesulfonate 7, 253 (1974); Suppl. 7, 66 (1987); 
  71, 1059 (1999) 
2-Methyl-1-nitroanthraquinone 27, 205 (1982); Suppl. 7, 66 (1987) 
N-Methyl-N′-nitro-N-nitrosoguanidine 4, 183 (1974); Suppl. 7, 248 (1987) 
3-Methylnitrosaminopropionaldehyde [see 3-(N-Nitrosomethylamino)- 
 propionaldehyde] 
3-Methylnitrosaminopropionitrile [see 3-(N-Nitrosomethylamino)- 
 propionitrile] 
4-(Methylnitrosamino)-4-(3-pyridyl)-1-butanal [see 4-(N-Nitrosomethyl- 
 amino)-4-(3-pyridyl)-1-butanal] 
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone [see 4-(N-Nitrosomethyl- 
 amino)-1-(3-pyridyl)-1-butanone] 
N-Methyl-N-nitrosourea 1, 125 (1972); 17, 227 (1978); 
  Suppl. 7, 66 (1987) 
N-Methyl-N-nitrosourethane 4, 211 (1974); Suppl. 7, 66 (1987) 
N-Methylolacrylamide 60, 435 (1994) 
Methyl parathion 30, 131 (1983); Suppl. 7, 66, 392 
  (1987) 
1-Methylphenanthrene 32, 405 (1983); Suppl. 7, 66 (1987) 
7-Methylpyrido[3,4-c]psoralen 40, 349 (1986); Suppl. 7, 71 (1987) 
Methyl red 8, 161 (1975); Suppl. 7, 66 (1987) 
Methyl selenac (see also Selenium and selenium compounds) 12, 161 (1976); Suppl. 7, 66 (1987) 
Methylthiouracil 7, 53 (1974); Suppl. 7, 66 (1987); 
  79, 75 (2001) 
Metronidazole 13, 113 (1977); Suppl. 7, 250 (1987) 
Mineral oils 3, 30 (1973); 33, 87 (1984) (corr. 42, 
  262); Suppl. 7, 252 (1987) 
Mirex 5, 203 (1974); 20, 283 (1979) 
  (corr. 42, 258); Suppl. 7, 66 (1987) 
Mists and vapours from sulfuric acid and other strong inorganic acids 54, 41 (1992)  
Mitomycin C 10, 171 (1976); Suppl. 7, 67 (1987) 
Mitoxantrone 76, 289 (2000) 
MNNG (see N-Methyl-N′-nitro-N-nitrosoguanidine) 
MOCA (see 4,4′-Methylene bis(2-chloroaniline)) 
Modacrylic fibres 19, 86 (1979); Suppl. 7, 67 (1987) 
Monochloramine (see Chloramine) 
Monocrotaline 10, 291 (1976); Suppl. 7, 67 (1987) 
Monuron 12, 167 (1976); Suppl. 7, 67 
  (1987); 53, 467 (1991) 
MOPP and other combined chemotherapy including Suppl. 7, 254 (1987) 
 alkylating agents 
Mordanite (see Zeolites) 
Morinda officinalis (see also Traditional herbal medicines) 82, 129 (2002)  
Morpholine 47, 199 (1989); 71, 1511 (1999) 
5-(Morpholinomethyl)-3-[(5-nitrofurfurylidene)amino]-2- 7, 161 (1974); Suppl. 7, 67 (1987) 
 oxazolidinone 
Musk ambrette 65, 477 (1996) 
Musk xylene 65, 477 (1996) 
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Mustard gas 9, 181 (1975) (corr. 42, 254); 
  Suppl. 7, 259 (1987) 
Myleran (see 1,4-Butanediol dimethanesulfonate) 
 
 
 N 
 
Nafenopin 24, 125 (1980); Suppl. 7, 67 (1987) 
Naphthalene 82, 367 (2002) 
1,5-Naphthalenediamine 27, 127 (1982); Suppl. 7, 67 (1987) 
1,5-Naphthalene diisocyanate 19, 311 (1979); Suppl. 7, 67 (1987); 
  71, 1515 (1999) 
1-Naphthylamine 4, 87 (1974) (corr. 42, 253); 
  Suppl. 7, 260 (1987) 
2-Naphthylamine 4, 97 (1974); Suppl. 7, 261 (1987) 
1-Naphthylthiourea 30, 347 (1983); Suppl. 7, 263 (1987) 
Neutrons 75, 361 (2000) 
Nickel acetate (see Nickel and nickel compounds) 
Nickel ammonium sulfate (see Nickel and nickel compounds) 
Nickel and nickel compounds (see also Implants, surgical) 2, 126 (1973) (corr. 42, 252); 11, 
  75 (1976); Suppl. 7, 264 (1987) 
  (corr. 45, 283); 49, 257 (1990) 
  (corr. 67, 395) 
Nickel carbonate (see Nickel and nickel compounds) 
Nickel carbonyl (see Nickel and nickel compounds) 
Nickel chloride (see Nickel and nickel compounds) 
Nickel-gallium alloy (see Nickel and nickel compounds) 
Nickel hydroxide (see Nickel and nickel compounds) 
Nickelocene (see Nickel and nickel compounds) 
Nickel oxide (see Nickel and nickel compounds) 
Nickel subsulfide (see Nickel and nickel compounds) 
Nickel sulfate (see Nickel and nickel compounds) 
Niridazole 13, 123 (1977); Suppl. 7, 67 (1987) 
Nithiazide 31, 179 (1983); Suppl. 7, 67 (1987) 
Nitrilotriacetic acid and its salts 48, 181 (1990); 73, 385 (1999) 
5-Nitroacenaphthene 16, 319 (1978); Suppl. 7, 67 (1987) 
5-Nitro-ortho-anisidine 27, 133 (1982); Suppl. 7, 67 (1987) 
2-Nitroanisole 65, 369 (1996) 
9-Nitroanthracene 33, 179 (1984); Suppl. 7, 67 (1987) 
7-Nitrobenz[a]anthracene 46, 247 (1989) 
Nitrobenzene 65, 381 (1996) 
6-Nitrobenzo[a]pyrene 33, 187 (1984); Suppl. 7, 67 
  (1987); 46, 255 (1989) 
4-Nitrobiphenyl 4, 113 (1974); Suppl. 7, 67 (1987) 
6-Nitrochrysene 33, 195 (1984); Suppl. 7, 67 
  (1987); 46, 267 (1989) 
Nitrofen (technical-grade) 30, 271 (1983); Suppl. 7, 67 (1987) 
3-Nitrofluoranthene 33, 201 (1984); Suppl. 7, 67 (1987) 
2-Nitrofluorene 46, 277 (1989) 
Nitrofural 7, 171 (1974); Suppl. 7, 67 (1987); 
  50, 195 (1990) 
5-Nitro-2-furaldehyde semicarbazone (see Nitrofural) 
Nitrofurantoin 50, 211 (1990) 
Nitrofurazone (see Nitrofural) 
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1-[(5-Nitrofurfurylidene)amino]-2-imidazolidinone 7, 181 (1974); Suppl. 7, 67 (1987) 
N-[4-(5-Nitro-2-furyl)-2-thiazolyl]acetamide 1, 181 (1972); 7, 185 (1974);  
  Suppl. 7, 67 (1987) 
Nitrogen mustard 9, 193 (1975); Suppl. 7, 269 (1987) 
Nitrogen mustard N-oxide 9, 209 (1975); Suppl. 7, 67 (1987) 
Nitromethane 77, 487 (2000) 
1-Nitronaphthalene 46, 291 (1989) 
2-Nitronaphthalene 46, 303 (1989) 
3-Nitroperylene 46, 313 (1989) 
2-Nitro-para-phenylenediamine (see 1,4-Diamino-2-nitrobenzene) 
2-Nitropropane 29, 331 (1982); Suppl. 7, 67 
  (1987); 71, 1079 (1999) 
1-Nitropyrene 33, 209 (1984); Suppl. 7, 67 
  (1987); 46, 321 (1989) 
2-Nitropyrene 46, 359 (1989) 
4-Nitropyrene 46, 367 (1989) 
N-Nitrosatable drugs 24, 297 (1980) (corr. 42, 260) 
N-Nitrosatable pesticides 30, 359 (1983) 
N′-Nitrosoanabasine (NAB) 37, 225 (1985); Suppl. 7, 67 
  (1987); 89, 419 (2007) 
N′-Nitrosoanatabine (NAT) 37, 233 (1985); Suppl. 7, 67 
  (1987); 89, 419 (2007) 
N-Nitrosodi-n-butylamine 4, 197 (1974); 17, 51 (1978); 
  Suppl. 7, 67 (1987) 
N-Nitrosodiethanolamine 17, 77 (1978); Suppl. 7, 67 (1987); 
  77, 403 (2000) 
N-Nitrosodiethylamine 1, 107 (1972) (corr. 42, 251); 
  17, 83 (1978) (corr. 42, 257); 
  Suppl. 7, 67 (1987) 
N-Nitrosodimethylamine 1, 95 (1972); 17, 125 (1978) 
  (corr. 42, 257); Suppl. 7, 67 (1987) 
N-Nitrosodiphenylamine 27, 213 (1982); Suppl. 7, 67 (1987) 
para-Nitrosodiphenylamine 27, 227 (1982) (corr. 42, 261); 
  Suppl. 7, 68 (1987) 
N-Nitrosodi-n-propylamine 17, 177 (1978); Suppl. 7, 68 (1987) 
N-Nitroso-N-ethylurea (see N-Ethyl-N-nitrosourea) 
N-Nitrosofolic acid 17, 217 (1978); Suppl. 7, 68 (1987) 
N-Nitrosoguvacine 37, 263 (1985); Suppl. 7, 68 
  (1987); 85, 281 (2004) 
N-Nitrosoguvacoline 37, 263 (1985); Suppl. 7, 68 
  (1987); 85, 281 (2004) 
N-Nitrosohydroxyproline 17, 304 (1978); Suppl. 7, 68 (1987) 
3-(N-Nitrosomethylamino)propionaldehyde 37, 263 (1985); Suppl. 7, 68 
  (1987); 85, 281 (2004) 
3-(N-Nitrosomethylamino)propionitrile 37, 263 (1985); Suppl. 7, 68 
  (1987); 85, 281 (2004) 
4-(N-Nitrosomethylamino)-4-(3-pyridyl)-1-butanal 37, 205 (1985); Suppl. 7, 68 (1987) 
4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone (NNK) 37, 209 (1985); Suppl. 7, 68 
  (1987); 89, 419 (2007) 
N-Nitrosomethylethylamine 17, 221 (1978); Suppl. 7, 68 (1987) 
N-Nitroso-N-methylurea (see N-Methyl-N-nitrosourea) 
N-Nitroso-N-methylurethane (see N-Methyl-N-nitrosourethane)  
N-Nitrosomethylvinylamine 17, 257 (1978); Suppl. 7, 68 (1987) 
N-Nitrosomorpholine 17, 263 (1978); Suppl. 7, 68 (1987) 
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N′-Nitrosonornicotine (NNN) 17, 281 (1978); 37, 241 (1985); 
  Suppl. 7, 68 (1987); 89, 419 (2007) 
N-Nitrosopiperidine 17, 287 (1978); Suppl. 7, 68 (1987) 
N-Nitrosoproline 17, 303 (1978); Suppl. 7, 68 (1987) 
N-Nitrosopyrrolidine 17, 313 (1978); Suppl. 7, 68 (1987) 
N-Nitrososarcosine 17, 327 (1978); Suppl. 7, 68 (1987) 
Nitrosoureas, chloroethyl (see Chloroethyl nitrosoureas) 
5-Nitro-ortho-toluidine 48, 169 (1990) 
2-Nitrotoluene 65, 409 (1996) 
3-Nitrotoluene 65, 409 (1996) 
4-Nitrotoluene 65, 409 (1996) 
Nitrous oxide (see Anaesthetics, volatile) 
Nitrovin 31, 185 (1983); Suppl. 7, 68 (1987) 
Nivalenol (see Toxins derived from Fusarium graminearum, 
 F. culmorum and F. crookwellense) 
NNK (see 4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone) 
NNN (see N′-Nitrosonornicotine) 
Nonsteroidal oestrogens Suppl. 7, 273 (1987) 
Norethisterone 6, 179 (1974); 21, 461 (1979); 
  Suppl. 7, 294 (1987); 72, 49 
  (1999) 
Norethisterone acetate 72, 49 (1999) 
Norethynodrel 6, 191 (1974); 21, 461 (1979) 
  (corr. 42, 259); Suppl. 7, 295 
  (1987); 72, 49 (1999) 
Norgestrel 6, 201 (1974); 21, 479 (1979); 
  Suppl. 7, 295 (1987); 72, 49 (1999) 
Nylon 6 19, 120 (1979); Suppl. 7, 68 (1987) 
 
 
 O 
 
Ochratoxin A 10, 191 (1976); 31, 191 (1983) 
  (corr. 42, 262); Suppl. 7, 271 
  (1987); 56, 489 (1993) 
Oestradiol 6, 99 (1974); 21, 279 (1979); 
  Suppl. 7, 284 (1987); 72, 399 
  (1999) 
Oestradiol-17β (see Oestradiol) 
Oestradiol 3-benzoate (see Oestradiol) 
Oestradiol dipropionate (see Oestradiol) 
Oestradiol mustard 9, 217 (1975); Suppl. 7, 68 (1987) 
Oestradiol valerate (see Oestradiol) 
Oestriol 6, 117 (1974); 21, 327 (1979); 
  Suppl. 7, 285 (1987); 72, 399 
  (1999) 
Oestrogen replacement therapy (see Post-menopausal oestrogen  
 therapy)  
Oestrogens (see Oestrogens, progestins and combinations) 
Oestrogens, conjugated (see Conjugated oestrogens) 
Oestrogens, nonsteroidal (see Nonsteroidal oestrogens) 
Oestrogens, progestins (progestogens) and combinations 6 (1974); 21 (1979); Suppl. 7, 272
  (1987); 72, 49, 339, 399, 531 
  (1999) 
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Oestrogens, steroidal (see Steroidal oestrogens) 
Oestrone 6, 123 (1974); 21, 343 (1979) 
  (corr. 42, 259); Suppl. 7, 286 
  (1987); 72, 399 (1999) 
Oestrone benzoate (see Oestrone) 
Oil Orange SS 8, 165 (1975); Suppl. 7, 69 (1987) 
Opisthorchis felineus (infection with) 61, 121 (1994) 
Opisthorchis viverrini (infection with) 61, 121 (1994) 
Oral contraceptives, sequential (see Sequential oral contraceptives) 
Orange I 8, 173 (1975); Suppl. 7, 69 (1987) 
Orange G 8, 181 (1975); Suppl. 7, 69 (1987) 
Organic lead compounds Suppl. 7, 230 (1987); 87 (2006) 
Organolead compounds (see Organic lead compounds)  
Oxazepam 13, 58 (1977); Suppl. 7, 69 (1987); 
  66, 115 (1996) 
Oxymetholone (see also Androgenic (anabolic) steroids) 13, 131 (1977)  
Oxyphenbutazone 13, 185 (1977); Suppl. 7, 69 (1987) 
 
 
 P 
 
Paint manufacture and painting (occupational exposures in) 47, 329 (1989) 
Palygorskite 42, 159 (1987); Suppl. 7, 117 
  (1987); 68, 245 (1997) 
Panfuran S (see also Dihydroxymethylfuratrizine) 24, 77 (1980); Suppl. 7, 69 (1987) 
Paper manufacture (see Pulp and paper manufacture) 
Paracetamol 50, 307 (1990); 73, 401 (1999) 
Parasorbic acid 10, 199 (1976) (corr. 42, 255); 
  Suppl. 7, 69 (1987) 
Parathion 30, 153 (1983); Suppl. 7, 69 (1987) 
Patulin 10, 205 (1976); 40, 83 (1986); 
  Suppl. 7, 69 (1987) 
Penicillic acid 10, 211 (1976); Suppl. 7, 69 (1987) 
Pentachloroethane 41, 99 (1986); Suppl. 7, 69 (1987); 
  71, 1519 (1999) 
Pentachloronitrobenzene (see Quintozene) 
Pentachlorophenol (see also Chlorophenols; Chlorophenols, 20, 303 (1979); 53, 371 (1991) 
 occupational exposures to; Polychlorophenols and their sodium salts) 
Permethrin 53, 329 (1991) 
Perylene 32, 411 (1983); Suppl. 7, 69 (1987) 
Petasitenine 31, 207 (1983); Suppl. 7, 69 (1987) 
Petasites japonicus (see also Pyrrolizidine alkaloids) 10, 333 (1976) 
Petroleum refining (occupational exposures in) 45, 39 (1989) 
Petroleum solvents 47, 43 (1989) 
Phenacetin 13, 141 (1977); 24, 135 (1980); 
  Suppl. 7, 310 (1987) 
Phenanthrene 32, 419 (1983); Suppl. 7, 69 (1987) 
Phenazopyridine hydrochloride 8, 117 (1975); 24, 163 (1980) 
  (corr. 42, 260); Suppl. 7, 312 
  (1987) 
Phenelzine sulfate 24, 175 (1980); Suppl. 7, 312 
  (1987) 
Phenicarbazide 12, 177 (1976); Suppl. 7, 70 (1987) 
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Phenobarbital and its sodium salt 13, 157 (1977); Suppl. 7, 313 
  (1987); 79, 161 (2001) 
Phenol 47, 263 (1989) (corr. 50, 385); 71, 
  749 (1999) 
Phenolphthalein 76, 387 (2000) 
Phenoxyacetic acid herbicides (see Chlorophenoxy herbicides) 
Phenoxybenzamine hydrochloride 9, 223 (1975); 24, 185 (1980); 
  Suppl. 7, 70 (1987) 
Phenylbutazone 13, 183 (1977); Suppl. 7, 316 
  (1987) 
meta-Phenylenediamine 16, 111 (1978); Suppl. 7, 70 (1987) 
para-Phenylenediamine 16, 125 (1978); Suppl. 7, 70 (1987) 
Phenyl glycidyl ether (see also Glycidyl ethers) 71, 1525 (1999) 
N-Phenyl-2-naphthylamine 16, 325 (1978) (corr. 42, 257); 
  Suppl. 7, 318 (1987) 
ortho-Phenylphenol 30, 329 (1983); Suppl. 7, 70 
  (1987); 73, 451 (1999) 
Phenytoin 13, 201 (1977); Suppl. 7, 319 
  (1987); 66, 175 (1996) 
Phillipsite (see Zeolites) 
PhIP 56, 229 (1993) 
Pickled vegetables 56, 83 (1993) 
Picloram 53, 481 (1991) 
Piperazine oestrone sulfate (see Conjugated oestrogens) 
Piperonyl butoxide 30, 183 (1983); Suppl. 7, 70 (1987) 
Pitches, coal-tar (see Coal-tar pitches) 
Polyacrylic acid 19, 62 (1979); Suppl. 7, 70 (1987) 
Polybrominated biphenyls 18, 107 (1978); 41, 261 (1986); 
  Suppl. 7, 321 (1987) 
Polychlorinated biphenyls 7, 261 (1974); 18, 43 (1978) 
  (corr. 42, 258); Suppl. 7, 322 
  (1987) 
Polychlorinated camphenes (see Toxaphene) 
Polychlorinated dibenzo-para-dioxins (other than 69, 33 (1997) 
 2,3,7,8-tetrachlorodibenzodioxin)  
Polychlorinated dibenzofurans 69, 345 (1997) 
Polychlorophenols and their sodium salts 71, 769 (1999) 
Polychloroprene 19, 141 (1979); Suppl. 7, 70 (1987) 
Polyethylene (see also Implants, surgical) 19, 164 (1979); Suppl. 7, 70 (1987) 
Poly(glycolic acid) (see Implants, surgical) 
Polymethylene polyphenyl isocyanate (see also 4,4′-Methylenediphenyl 19, 314 (1979); Suppl. 7, 70 (1987) 
 diisocyanate) 
Polymethyl methacrylate (see also Implants, surgical) 19, 195 (1979); Suppl. 7, 70 (1987) 
Polyoestradiol phosphate (see Oestradiol-17β) 
Polypropylene (see also Implants, surgical) 19, 218 (1979); Suppl. 7, 70 (1987) 
Polystyrene (see also Implants, surgical) 19, 245 (1979); Suppl. 7, 70 (1987) 
Polytetrafluoroethylene (see also Implants, surgical) 19, 288 (1979); Suppl. 7, 70 (1987) 
Polyurethane foams (see also Implants, surgical) 19, 320 (1979); Suppl. 7, 70 (1987) 
Polyvinyl acetate (see also Implants, surgical) 19, 346 (1979); Suppl. 7, 70 (1987) 
Polyvinyl alcohol (see also Implants, surgical) 19, 351 (1979); Suppl. 7, 70 (1987) 
Polyvinyl chloride (see also Implants, surgical) 7, 306 (1974); 19, 402 (1979); 
  Suppl. 7, 70 (1987) 
Polyvinyl pyrrolidone 19, 463 (1979); Suppl. 7, 70 
  (1987); 71, 1181 (1999) 
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Ponceau MX 8, 189 (1975); Suppl. 7, 70 (1987) 
Ponceau 3R 8, 199 (1975); Suppl. 7, 70 (1987) 
Ponceau SX 8, 207 (1975); Suppl. 7, 70 (1987) 
Post-menopausal oestrogen therapy Suppl. 7, 280 (1987); 72, 399 (1999) 
Potassium arsenate (see Arsenic and arsenic compounds) 
Potassium arsenite (see Arsenic and arsenic compounds) 
Potassium bis(2-hydroxyethyl)dithiocarbamate 12, 183 (1976); Suppl. 7, 70 (1987) 
Potassium bromate 40, 207 (1986); Suppl. 7, 70 (1987); 
  73, 481 (1999) 
Potassium chromate (see Chromium and chromium compounds) 
Potassium dichromate (see Chromium and chromium compounds) 
Prazepam 66, 143 (1996) 
Prednimustine 50, 115 (1990) 
Prednisone 26, 293 (1981); Suppl. 7, 326 
  (1987) 
Printing processes and printing inks 65, 33 (1996) 
Procarbazine hydrochloride 26, 311 (1981); Suppl. 7, 327 
  (1987) 
Proflavine salts 24, 195 (1980); Suppl. 7, 70 (1987) 
Progesterone (see also Progestins; Combined oral contraceptives) 6, 135 (1974); 21, 491 (1979) 
  (corr. 42, 259) 
Progestins (see Progestogens) 
Progestogens Suppl. 7, 289 (1987); 72, 49, 339, 
  531 (1999) 
Pronetalol hydrochloride 13, 227 (1977) (corr. 42, 256); 
  Suppl. 7, 70 (1987) 
1,3-Propane sultone 4, 253 (1974) (corr. 42, 253); 
  Suppl. 7, 70 (1987); 71, 1095 
  (1999) 
Propham 12, 189 (1976); Suppl. 7, 70 (1987) 
β-Propiolactone 4, 259 (1974) (corr. 42, 253); 
  Suppl. 7, 70 (1987); 71, 1103 
  (1999) 
n-Propyl carbamate 12, 201 (1976); Suppl. 7, 70 (1987) 
Propylene 19, 213 (1979); Suppl. 7, 71 
  (1987); 60, 161 (1994)  
Propyleneimine (see 2-Methylaziridine) 
Propylene oxide 11, 191 (1976); 36, 227 (1985)  
  (corr. 42, 263); Suppl. 7, 328 
  (1987); 60, 181 (1994) 
Propylthiouracil 7, 67 (1974); Suppl. 7, 329 (1987); 
  79, 91 (2001) 
Ptaquiloside (see also Bracken fern) 40, 55 (1986); Suppl. 7, 71 (1987) 
Pulp and paper manufacture 25, 157 (1981); Suppl. 7, 385 
  (1987) 
Pyrene 32, 431 (1983); Suppl. 7, 71 (1987) 
Pyridine 77, 503 (2000) 
Pyrido[3,4-c]psoralen 40, 349 (1986); Suppl. 7, 71 (1987) 
Pyrimethamine 13, 233 (1977); Suppl. 7, 71 (1987) 
Pyrrolizidine alkaloids (see Hydroxysenkirkine; Isatidine; Jacobine; 
 Lasiocarpine; Monocrotaline; Retrorsine; Riddelliine; Seneciphylline; 
 Senkirkine) 
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 Q 
 
Quartz (see Crystalline silica) 
Quercetin (see also Bracken fern) 31, 213 (1983); Suppl. 7, 71  
  (1987); 73, 497 (1999) 
para-Quinone 15, 255 (1977); Suppl. 7, 71 
  (1987); 71, 1245 (1999) 
Quintozene 5, 211 (1974); Suppl. 7, 71 (1987) 
 
 
 R 
 
Radiation (see gamma-radiation, neutrons, ultraviolet radiation, 
 X-radiation) 
Radionuclides, internally deposited 78 (2001) 
Radon 43, 173 (1988) (corr. 45, 283) 
Refractory ceramic fibres (see Man-made vitreous fibres) 
Reserpine 10, 217 (1976); 24, 211 (1980)  
  (corr. 42, 260); Suppl. 7, 330 
  (1987) 
Resorcinol 15, 155 (1977); Suppl. 7, 71 
  (1987); 71, 1119 (1990) 
Retrorsine 10, 303 (1976); Suppl. 7, 71 (1987) 
Rhodamine B 16, 221 (1978); Suppl. 7, 71 (1987) 
Rhodamine 6G 16, 233 (1978); Suppl. 7, 71 (1987) 
Riddelliine 10, 313 (1976); Suppl. 7, 71 
  (1987); 82, 153 (2002) 
Rifampicin 24, 243 (1980); Suppl. 7, 71 (1987) 
Ripazepam 66, 157 (1996) 
Rock (stone) wool (see Man-made vitreous fibres) 
Rubber industry 28 (1982) (corr. 42, 261); Suppl. 7, 
  332 (1987)  
Rubia tinctorum (see also Madder root, Traditional herbal medicines) 82, 129 (2002) 
Rugulosin 40, 99 (1986); Suppl. 7, 71 (1987) 
 
 
 S 
 
Saccharated iron oxide 2, 161 (1973); Suppl. 7, 71 (1987) 
Saccharin and its salts 22, 111 (1980) (corr. 42, 259); 
  Suppl. 7, 334 (1987); 73, 517 (1999) 
Safrole 1, 169 (1972); 10, 231 (1976); 
  Suppl. 7, 71 (1987) 
Salted fish 56, 41 (1993) 
Sawmill industry (including logging) (see Lumber and  
 sawmill industry (including logging)) 
Scarlet Red 8, 217 (1975); Suppl. 7, 71 (1987) 
Schistosoma haematobium (infection with) 61, 45 (1994) 
Schistosoma japonicum (infection with) 61, 45 (1994) 
Schistosoma mansoni (infection with) 61, 45 (1994) 
Selenium and selenium compounds 9, 245 (1975) (corr. 42, 255); 
  Suppl. 7, 71 (1987) 
Selenium dioxide (see Selenium and selenium compounds) 
Selenium oxide (see Selenium and selenium compounds) 
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Semicarbazide hydrochloride 12, 209 (1976) (corr. 42, 256); 
  Suppl. 7, 71 (1987) 
Senecio jacobaea L. (see also Pyrrolizidine alkaloids) 10, 333 (1976) 
Senecio longilobus (see also Pyrrolizidine alkaloids, Traditional) 10, 334 (1976); 82, 153 (2002) 
 herbal medicines) 
Senecio riddellii (see also Traditional herbal medicines) 82, 153 (1982) 
Seneciphylline 10, 319, 335 (1976); Suppl. 7, 71 
  (1987) 
Senkirkine 10, 327 (1976); 31, 231 (1983); 
  Suppl. 7, 71 (1987) 
Sepiolite 42, 175 (1987); Suppl. 7, 71 
  (1987); 68, 267 (1997) 
Sequential oral contraceptives (see also Oestrogens, progestins Suppl. 7, 296 (1987) 
 and combinations)  
Shale-oils 35, 161 (1985); Suppl. 7, 339 
  (1987) 
Shikimic acid (see also Bracken fern) 40, 55 (1986); Suppl. 7, 71 (1987) 
Shoe manufacture and repair (see Boot and shoe manufacture 
 and repair) 
Silica (see also Amorphous silica; Crystalline silica) 42, 39 (1987) 
Silicone (see Implants, surgical) 
Simazine 53, 495 (1991); 73, 625 (1999) 
Slag wool (see Man-made vitreous fibres) 
Sodium arsenate (see Arsenic and arsenic compounds) 
Sodium arsenite (see Arsenic and arsenic compounds) 
Sodium cacodylate (see Arsenic and arsenic compounds) 
Sodium chlorite 52, 145 (1991) 
Sodium chromate (see Chromium and chromium compounds) 
Sodium cyclamate (see Cyclamates) 
Sodium dichromate (see Chromium and chromium compounds) 
Sodium diethyldithiocarbamate 12, 217 (1976); Suppl. 7, 71 (1987) 
Sodium equilin sulfate (see Conjugated oestrogens) 
Sodium fluoride (see Fluorides) 
Sodium monofluorophosphate (see Fluorides) 
Sodium oestrone sulfate (see Conjugated oestrogens) 
Sodium ortho-phenylphenate (see also ortho-Phenylphenol) 30, 329 (1983); Suppl. 7, 71, 392 
  (1987); 73, 451 (1999) 
Sodium saccharin (see Saccharin) 
Sodium selenate (see Selenium and selenium compounds) 
Sodium selenite (see Selenium and selenium compounds) 
Sodium silicofluoride (see Fluorides) 
Solar radiation 55 (1992) 
Soots 3, 22 (1973); 35, 219 (1985); 
  Suppl. 7, 343 (1987) 
Special-purpose glass fibres such as E-glass and ‘475’ glass fibres 
 (see Man-made vitreous fibres) 
Spironolactone 24, 259 (1980); Suppl. 7, 344 
  (1987); 79, 317 (2001) 
Stannous fluoride (see Fluorides) 
Static electric fields 80 (2002) 
Static magnetic fields 80 (2002) 
Steel founding (see Iron and steel founding) 
Steel, stainless (see Implants, surgical) 
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Sterigmatocystin 1, 175 (1972); 10, 245 (1976); 
  Suppl. 7, 72 (1987) 
Steroidal oestrogens  Suppl. 7, 280 (1987)  
Streptozotocin 4, 221 (1974); 17, 337 (1978); 
  Suppl. 7, 72 (1987) 
Strobane (see Terpene polychlorinates) 
Strong-inorganic-acid mists containing sulfuric acid (see Mists and 
 vapours from sulfuric acid and other strong inorganic acids) 
Strontium chromate (see Chromium and chromium compounds) 
Styrene 19, 231 (1979) (corr. 42, 258); 
  Suppl. 7, 345 (1987); 60, 233 
  (1994) (corr. 65, 549); 82, 437 
  (2002) 
Styrene-acrylonitrile copolymers 19, 97 (1979); Suppl. 7, 72 (1987) 
Styrene-butadiene copolymers 19, 252 (1979); Suppl. 7, 72 (1987) 
Styrene-7,8-oxide 11, 201 (1976); 19, 275 (1979); 
  36, 245 (1985); Suppl. 7, 72 
  (1987); 60, 321 (1994) 
Succinic anhydride 15, 265 (1977); Suppl. 7, 72 (1987) 
Sudan I 8, 225 (1975); Suppl. 7, 72 (1987) 
Sudan II 8, 233 (1975); Suppl. 7, 72 (1987) 
Sudan III 8, 241 (1975); Suppl. 7, 72 (1987) 
Sudan Brown RR 8, 249 (1975); Suppl. 7, 72 (1987) 
Sudan Red 7B 8, 253 (1975); Suppl. 7, 72 (1987) 
Sulfadimidine (see Sulfamethazine) 
Sulfafurazole 24, 275 (1980); Suppl. 7, 347 
  (1987) 
Sulfallate 30, 283 (1983); Suppl. 7, 72 (1987) 
Sulfamethazine and its sodium salt 79, 341 (2001) 
Sulfamethoxazole 24, 285 (1980); Suppl. 7, 348 
  (1987); 79, 361 (2001) 
Sulfites (see Sulfur dioxide and some sulfites, bisulfites and metabisulfites) 
Sulfur dioxide and some sulfites, bisulfites and metabisulfites 54, 131 (1992) 
Sulfur mustard (see Mustard gas) 
Sulfuric acid and other strong inorganic acids, occupational exposures 54, 41 (1992) 
 to mists and vapours from 
Sulfur trioxide 54, 121 (1992) 
Sulphisoxazole (see Sulfafurazole) 
Sunset Yellow FCF 8, 257 (1975); Suppl. 7, 72 (1987) 
Symphytine 31, 239 (1983); Suppl. 7, 72 (1987) 
 
 
 T 
 
2,4,5-T (see also Chlorophenoxy herbicides; Chlorophenoxy 15, 273 (1977) 
 herbicides, occupational exposures to)  
Talc 42, 185 (1987); Suppl. 7, 349 (1987) 
Tamoxifen 66, 253 (1996) 
Tannic acid 10, 253 (1976) (corr. 42, 255); 
  Suppl. 7, 72 (1987) 
Tannins (see also Tannic acid) 10, 254 (1976); Suppl. 7, 72 (1987) 
TCDD (see 2,3,7,8-Tetrachlorodibenzo-para-dioxin) 
TDE (see DDT) 
Tea  51, 207 (1991) 
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Temazepam 66, 161 (1996) 
Teniposide 76, 259 (2000) 
Terpene polychlorinates 5, 219 (1974); Suppl. 7, 72 (1987) 
Testosterone (see also Androgenic (anabolic) steroids) 6, 209 (1974); 21, 519 (1979) 
Testosterone oenanthate (see Testosterone) 
Testosterone propionate (see Testosterone) 
2,2′,5,5′-Tetrachlorobenzidine 27, 141 (1982); Suppl. 7, 72 (1987) 
2,3,7,8-Tetrachlorodibenzo-para-dioxin 15, 41 (1977); Suppl. 7, 350 (1987); 
  69, 33 (1997) 
1,1,1,2-Tetrachloroethane 41, 87 (1986); Suppl. 7, 72 (1987); 
  71, 1133 (1999) 
1,1,2,2-Tetrachloroethane 20, 477 (1979); Suppl. 7, 354 (1987); 
  71, 817 (1999) 
Tetrachloroethylene 20, 491 (1979); Suppl. 7, 355 (1987); 
  63, 159 (1995) (corr. 65, 549) 
2,3,4,6-Tetrachlorophenol (see Chlorophenols; Chlorophenols, 
 occupational exposures to; Polychlorophenols and their sodium salts) 
Tetrachlorvinphos 30, 197 (1983); Suppl. 7, 72 (1987) 
Tetraethyllead (see Lead and lead compounds) 
Tetrafluoroethylene 19, 285 (1979); Suppl. 7, 72 
  (1987); 71, 1143 (1999) 
Tetrakis(hydroxymethyl)phosphonium salts 48, 95 (1990); 71, 1529 (1999) 
Tetramethyllead (see Lead and lead compounds) 
Tetranitromethane 65, 437 (1996) 
Textile manufacturing industry, exposures in  48, 215 (1990) (corr. 51, 483) 
Theobromine 51, 421 (1991) 
Theophylline 51, 391 (1991) 
Thioacetamide 7, 77 (1974); Suppl. 7, 72 (1987) 
4,4′-Thiodianiline 16, 343 (1978); 27, 147 (1982); 
  Suppl. 7, 72 (1987) 
Thiotepa 9, 85 (1975); Suppl. 7, 368 (1987); 
  50, 123 (1990) 
Thiouracil 7, 85 (1974); Suppl. 7, 72 (1987); 
  79, 127 (2001) 
Thiourea 7, 95 (1974); Suppl. 7, 72 (1987); 
  79, 703 (2001) 
Thiram 12, 225 (1976); Suppl. 7, 72 
  (1987); 53, 403 (1991) 
Titanium (see Implants, surgical) 
Titanium dioxide 47, 307 (1989) 
Tobacco 
 Involuntary smoking 83, 1189 (2004) 
 Smokeless tobacco 37 (1985) (corr. 42, 263; 52, 513);  
  Suppl. 7, 357 (1987); 89, 39 (2007) 
 Tobacco smoke 38 (1986) (corr. 42, 263); Suppl. 7, 
  359 (1987); 83, 51 (2004) 
ortho-Tolidine (see 3,3′-Dimethylbenzidine) 
2,4-Toluene diisocyanate (see also Toluene diisocyanates) 19, 303 (1979); 39, 287 (1986) 
2,6-Toluene diisocyanate (see also Toluene diisocyanates) 19, 303 (1979); 39, 289 (1986)  
Toluene 47, 79 (1989); 71, 829 (1999) 
Toluene diisocyanates 39, 287 (1986) (corr. 42, 264); 
  Suppl. 7, 72 (1987); 71, 865 (1999) 
Toluenes, α-chlorinated (see α-Chlorinated toluenes and benzoyl chloride) 
ortho-Toluenesulfonamide (see Saccharin) 
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ortho-Toluidine 16, 349 (1978); 27, 155 (1982) 
  (corr. 68, 477); Suppl. 7, 362 
  (1987); 77, 267 (2000) 
Toremifene 66, 367 (1996) 
Toxaphene 20, 327 (1979); Suppl. 7, 72 
  (1987); 79, 569 (2001) 
T-2 Toxin (see Toxins derived from Fusarium sporotrichioides) 
Toxins derived from Fusarium graminearum, F. culmorum and 11, 169 (1976); 31, 153, 279   
 F. crookwellense (1983); Suppl. 7, 64, 74 (1987); 
  56, 397 (1993) 
Toxins derived from Fusarium moniliforme 56, 445 (1993) 
Toxins derived from Fusarium sporotrichioides 31, 265 (1983); Suppl. 7, 73 
  (1987); 56, 467 (1993) 
Traditional herbal medicines 82, 41 (2002) 
Tremolite (see Asbestos) 
Treosulfan 26, 341 (1981); Suppl. 7, 363 
  (1987) 
Triaziquone (see Tris(aziridinyl)-para-benzoquinone) 
Trichlorfon 30, 207 (1983); Suppl. 7, 73 (1987) 
Trichlormethine 9, 229 (1975); Suppl. 7, 73 (1987);  
  50, 143 (1990) 
Trichloroacetic acid 63, 291 (1995) (corr. 65, 549); 
  84 (2004) 
Trichloroacetonitrile (see also Halogenated acetonitriles) 71, 1533 (1999) 
1,1,1-Trichloroethane 20, 515 (1979); Suppl. 7, 73 
  (1987); 71, 881 (1999) 
1,1,2-Trichloroethane 20, 533 (1979); Suppl. 7, 73 
  (1987); 52, 337 (1991); 71, 1153 
  (1999) 
Trichloroethylene 11, 263 (1976); 20, 545 (1979); 
  Suppl. 7, 364 (1987); 63, 75 (1995) 
  (corr. 65, 549) 
2,4,5-Trichlorophenol (see also Chlorophenols; Chlorophenols, 20, 349 (1979) 
 occupational exposures to; Polychlorophenols and their sodium salts)  
2,4,6-Trichlorophenol (see also Chlorophenols; Chlorophenols, 20, 349 (1979) 
 occupational exposures to; Polychlorophenols and their sodium salts) 
(2,4,5-Trichlorophenoxy)acetic acid (see 2,4,5-T) 
1,2,3-Trichloropropane 63, 223 (1995) 
Trichlorotriethylamine-hydrochloride (see Trichlormethine) 
T2-Trichothecene (see Toxins derived from Fusarium sporotrichioides) 
Tridymite (see Crystalline silica) 
Triethanolamine 77, 381 (2000) 
Triethylene glycol diglycidyl ether 11, 209 (1976); Suppl. 7, 73 
  (1987); 71, 1539 (1999) 
Trifluralin 53, 515 (1991) 
4,4′,6-Trimethylangelicin plus ultraviolet radiation (see also Suppl. 7, 57 (1987) 
 Angelicin and some synthetic derivatives) 
2,4,5-Trimethylaniline 27, 177 (1982); Suppl. 7, 73 (1987) 
2,4,6-Trimethylaniline 27, 178 (1982); Suppl. 7, 73 (1987) 
4,5′,8-Trimethylpsoralen 40, 357 (1986); Suppl. 7, 366 (1987) 
Trimustine hydrochloride (see Trichlormethine) 
2,4,6-Trinitrotoluene 65, 449 (1996) 
Triphenylene 32, 447 (1983); Suppl. 7, 73 (1987) 
Tris(aziridinyl)-para-benzoquinone 9, 67 (1975); Suppl. 7, 367 (1987) 
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Tris(1-aziridinyl)phosphine-oxide 9, 75 (1975); Suppl. 7, 73 (1987) 
Tris(1-aziridinyl)phosphine-sulphide (see Thiotepa)  
2,4,6-Tris(1-aziridinyl)-s-triazine 9, 95 (1975); Suppl. 7, 73 (1987) 
Tris(2-chloroethyl) phosphate 48, 109 (1990); 71, 1543 (1999) 
1,2,3-Tris(chloromethoxy)propane 15, 301 (1977); Suppl. 7, 73 
  (1987); 71, 1549 (1999) 
Tris(2,3-dibromopropyl) phosphate 20, 575 (1979); Suppl. 7, 369 
  (1987); 71, 905 (1999) 
Tris(2-methyl-1-aziridinyl)phosphine-oxide 9, 107 (1975); Suppl. 7, 73 (1987) 
Trp-P-1 31, 247 (1983); Suppl. 7, 73 (1987) 
Trp-P-2 31, 255 (1983); Suppl. 7, 73 (1987) 
Trypan blue 8, 267 (1975); Suppl. 7, 73 (1987) 
Tussilago farfara L. (see also Pyrrolizidine alkaloids) 10, 334 (1976) 
 
 
 U 
 
Ultraviolet radiation 40, 379 (1986); 55 (1992) 
Underground haematite mining with exposure to radon 1, 29 (1972); Suppl. 7, 216 (1987) 
Uracil mustard 9, 235 (1975); Suppl. 7, 370 (1987) 
Uranium, depleted (see Implants, surgical) 
Urethane 7, 111 (1974); Suppl. 7, 73 (1987) 
 
 
 V 
 
Vanadium pentoxide 86, 227 (2006) 
Vat Yellow 4 48, 161 (1990) 
Vinblastine sulfate 26, 349 (1981) (corr. 42, 261); 
  Suppl. 7, 371 (1987) 
Vincristine sulfate 26, 365 (1981); Suppl. 7, 372 
  (1987) 
Vinyl acetate 19, 341 (1979); 39, 113 (1986); 
  Suppl. 7, 73 (1987); 63, 443 (1995) 
Vinyl bromide 19, 367 (1979); 39, 133 (1986); 
  Suppl. 7, 73 (1987); 71, 923 (1999); 
  97, 445 (2008) 
Vinyl chloride 7, 291 (1974); 19, 377 (1979) 
   (corr. 42, 258); Suppl. 7, 373 
  (1987); 97, 311 (2008) 
Vinyl chloride-vinyl acetate copolymers 7, 311 (1976); 19, 412 (1979)  
  (corr. 42, 258); Suppl. 7, 73 (1987) 
4-Vinylcyclohexene 11, 277 (1976); 39, 181 (1986) 
  Suppl. 7, 73 (1987); 60, 347 (1994) 
4-Vinylcyclohexene diepoxide 11, 141 (1976); Suppl. 7, 63 (1987); 
  60, 361 (1994) 
Vinyl fluoride 39, 147 (1986); Suppl. 7, 73 
  (1987); 63, 467 (1995); 97, 459 (2008) 
Vinylidene chloride 19, 439 (1979); 39, 195 (1986); 
  Suppl. 7, 376 (1987); 71, 1163 
  (1999) 
Vinylidene chloride-vinyl chloride copolymers 19, 448 (1979) (corr. 42, 258); 
  Suppl. 7, 73 (1987) 
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Vinylidene fluoride 39, 227 (1986); Suppl. 7, 73 
  (1987); 71, 1551 (1999) 
N-Vinyl-2-pyrrolidone 19, 461 (1979); Suppl. 7, 73 
  (1987); 71, 1181 (1999) 
Vinyl toluene 60, 373 (1994) 
Vitamin K substances 76, 417 (2000) 
 
 
 W 
 
Welding 49, 447 (1990) (corr. 52, 513) 
Wollastonite 42, 145 (1987); Suppl. 7, 377 
  (1987); 68, 283 (1997) 
Wood dust 62, 35 (1995) 
Wood industries 25 (1981); Suppl. 7, 378 (1987) 
 
 
 X 
 
X-radiation 75, 121 (2000) 
Xylenes 47, 125 (1989); 71, 1189 (1999) 
2,4-Xylidine 16, 367 (1978); Suppl. 7, 74 (1987) 
2,5-Xylidine 16, 377 (1978); Suppl. 7, 74 (1987) 
2,6-Xylidine (see 2,6-Dimethylaniline) 
 
 
 Y 
 
Yellow AB 8, 279 (1975); Suppl. 7, 74 (1987) 
Yellow OB 8, 287 (1975); Suppl. 7, 74 (1987) 
 
 
 Z 
 
Zalcitabine 76, 129 (2000) 
Zearalenone (see Toxins derived from Fusarium graminearum, 
 F. culmorum and F. crookwellense) 
Zectran 12, 237 (1976); Suppl. 7, 74 (1987) 
Zeolites other than erionite 68, 307 (1997) 
Zidovudine 76, 73 (2000) 
Zinc beryllium silicate (see Beryllium and beryllium compounds) 
Zinc chromate (see Chromium and chromium compounds) 
Zinc chromate hydroxide (see Chromium and chromium compounds) 
Zinc potassium chromate (see Chromium and chromium compounds) 
Zinc yellow (see Chromium and chromium compounds) 
Zineb 12, 245 (1976); Suppl. 7, 74 (1987) 
Ziram 12, 259 (1976); Suppl. 7, 74 (1987); 
  53, 423 (1991) 
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