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NOTE TO THE READER

The term ‘carcinogenic risk’ in the LARC Monographs series is taken to mean the proba-
bility that exposure to an agent will lead to cancer in humans.

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 in-
dependent scientists and are qualitative in nature. No recommendation is given for regu-
lation or legislation.

Anyone who is aware of published data that may alter the evaluation of the carcinogenic
risk of an agent to humans is encouraged to make this information available to the Unit of
Carcinogen Identification and Evaluation, 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 Unit of
Carcinogen Identification and Evaluation, so that corrections can be reported in future
volumes.
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JARC MONOGRAPHS PROGRAMME ON THE EVALUATION
OF CARCINOGENIC RISKS TO HUMANS!

PREAMBLE

1. BACKGROUND

In 1969, the International Agency for Research on Cancer (IARC) initiated a pro-
gramme to evaluate the carcinogenic risk of chemicals to humans and to produce
monographs on individual chemicals. The Monographs programme has since been expanded
to include consideration of exposures to complex mixtures of chemicals (which occur, for
example, in some occupations and as a result of human habits) and of exposures to other
agents, such as radiation and viruses. With Supplement 6 (IARC, 1987a), the title of the series
was modified from IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals
to Humans to IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, in order
to reflect the widened scope of the programme.

The criteria established in 1971 to evaluate carcinogenic risk to humans were adopted by
the working groups whose deliberations resulted in the first 16 volumes of the IARC
Monographs series. Those criteria were subsequently updated by further ad-hoc working
groups (IARC, 1977, 1978, 1979, 1982, 1983, 1987b, 1988, 1991a; Vainio et al., 1992).

2. OBJECTIVE AND SCOPE

The objective of the programme is to prepare, with the help of international working
groups of experts, and to publish in the form of monographs, critical reviews and evaluations
of evidence on the carcinogenicity of a wide range of human exposures. The Monographs may
also indicate where additional research efforts are needed.

The Monographs represent the first step in carcinogenic risk assessment, which involves
examination of all relevant information in order to assess the strength of the available
evidence that certain exposures could alter the incidence of cancer in humans. The second
step Is quantitative risk estimation. Detailed, quantitative evaluations of epidemiological
data may be made in the Monographs, but without extrapolation beyond the range of the data

IThis project is supported by PHS Grant No. 5-UO1 CA33193-11 awarded by the US National Cancer Insti-
tute, Department of Health and Human Services. Since 1986, the programme has also been supported by the
Commission of the European Communities.
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available. Quantitative extrapolation from experimental data to the human situation is not
undertaken.

The term ‘carcinogen’ is used in these monographs to denote an exposure that is capable
of increasing the incidence of malignant neoplasms; the induction of benign neoplasms may
in some circumstances (see p. 22) contribute to the judgement that the exposure is carcino-
genic. The terms ‘neoplasm’ and ‘tumour’ are used interchangeably.

Some epidemiological and experimental studies indicate that different agents may act at
different stages in the carcinogenic process, and several different mechanisms may be
involved. The aim of the Monographs has been, from their inception, to evaluate evidence of
carcinogenicity at any stage in the carcinogenesis process, independently of the underlying
mechanisms. Information on mechanisms may, however, be used in making the overall
evaluation (IARC, 1991a; Vainio ef al., 1992; see also pp. 28-30).

The Monographs may assist national and international authorities in making risk
assessments and in formulating decisions concerning any necessary preventive measures.
The evaluations of IARC working groups are scientific, qualitative judgements about the
evidence for or against carcinogenicity provided by the available data. These evaluations
represent only one part of the body of information on which regulatory measures may be
based. Other components of regulatory decisions may vary from one situation to another and
from country to country, responding to different socioeconomic and national priorities.
Therefore, no recommendation is given with regard to regulation or legislation, which are the
responsibility of individual governments and/or other international organizations.

The IARC Monographs are recognized as an authoritative source of information on the
carcinogenicity of a wide range of human exposures. A users’ survey, made in 1988, indicated
that the Monographs are consulted by various agencies in 57 countries. Each volume is
generally printed in 4000 copies for distribution to governments, regulatory bodies and
interested scientists. The Monographs are also available via the Distribution and Sales
Service of the World Health Organization.

3. SELECTION OF TOPICS FOR MONOGRAPHS

Topics are selected on the basis of two main criteria: (a) there is evidence of human
exposure, and (b) there is some evidence or suspicion of carcinogenicity. The term ‘agent’ is
used to include individual chemical compounds, groups of related chemical compounds,
physical agents (such as radiation) and biological factors (such as viruses). Exposures to
mixtures of agents may occur in occupational exposures and as a result of personal and
cultural habits (like 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. The IARC surveys of chemicals being tested for carcinogenicity (IARC,
1973-1992) and directories of on-going research in cancer epidemiology (IARC, 1976~
1992) often indicate those exposures that may be scheduled for future meetings. Ad-hoc
working groups convened by IARC in 1984, 1989 and 1991 gave recommendations as to
which agents should be evaluated in the LARC Monographs series (IARC, 1984, 1989,1991b).
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As significant new data on subjects on which monographs have already been prepared
become available, re-evaluations are made at subsequent meetings, and revised monographs
are published.

4. DATA FOR MONOGRAPHS

The Monographs do not necessarily cite all the literature concerning the subject of an
evaluation. Only those data considered by the Working Group to be relevant to making the
evaluation are included.

With regard to biological and epidemiological data, only reports that have been
published or accepted for publication in the openly available scientific literature are
reviewed by the working groups. In certain instances, government agency reports that have
undergone peer review and are widely available are considered. Exceptions may be made on
an ad-hoc basis to include unpublished reports that are in their final form and publiciy
available, if their inclusion is considered pertinent to making a final evaluation (see pp. 26
et seq.). In the sections on chemical and physical properties, on analysis, on production and
use and on occurrence, unpublished sources of information may be used.

5. THE WORKING GROUP

Reviews and evaluations are formulated by a working group of experts. The tasks of the
group 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 sumimaries
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 mechanism of action; and (vi) to make an overall
evaluation of the carcinogenicity of the exposure to humans.

Working Group participants who contributed to the considerations and evaluations
within a particular volume are listed, with their addresses, at the beginning of each
publication. 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. In addition,
nominees of national and international agencies and industrial associations may be invited as
observers.

6. WORKING PROCEDURES

Approximately one year in advance of a meeting of a working group, the topics of the
monographs are announced and participants are selected by IARC staff in consultation with
other experts. Subsequently, relevant biological and epidemiological data are collected by
IARC from recognized sources of information on carcinogenesis, including data storage and
retrieval systems such as BIOSIS, Chemical Abstracts, CANCERLIT, MEDLINE and
TOXLINE—including EMIC and ETIC for data on genetic and related effects and
reproductive and developmental effects, respectively.

For chemicals and some complex mixtures, the major collection of data and the
preparation of first drafts of the sections on chemical and physical properties, on analysis, on
production and use and on occurrence are carried out under a separate contract funded by



16 TARC MONOGRAPHS VOLUME 58

the US National Cancer Institute. Representatives from industrial associations may assist in
the preparation of sections on production and use. Information on production and trade is
obtained from governmental and trade publications and, in some cases, by direct contact
with industries. Separate production data on some agents may not be available because their
publication could disclose confidential information. 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, or
is used by IARC staff, to prepare sections for the first drafts of monographs. The first drafts
are compiled by IARC staff and sent, prior to the meeting, to all participants of the Working
Group for review.

The Working Group meets in Lyon for seven to eight days to discuss and finalize the texts
of the monographs and to formulate the evaluations. After the meeting, the master copy of
each monograph is verified by consulting the original literature, edited and prepared for
publication. The aim is to publish monographs within nine months of the Working Group
meeting.

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

7. EXPOSURE DATA

Sections 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 included at the beginning of each monograph.

Most monographs on individual chemicals, groups of chemicals or complex mixtures
include sections on chemical and physical data, on analysis, on production and use and on
occurrence. In monographs on, for example, physical agents, biological factors, occupational
exposures and cultural habits, other sections may be included, such as: historical
perspectives, description of an industry or habit, chemistry of the complex mixture or
taxonomy.

For chemical exposures, the Chemical Abstracts Services Registry Number, the latest
Chemical Abstracts Primary Name and the IUPAC Systematic Name are recorded; other
synonyms are given, but the list is not necessarily comprehensive. For biological agents,
taxonomy and structure are described, and the degree of variability is given, when applicable.

Information on chemical and physical properties and, in particular, data relevant to
identification, occurrence and biological activity are included. For biological agents, mode of
replication, life cycle, target cells, persistence and latency, host response and description of
nonmalignant disease caused by them are given. A description of technical products of
chemicals includes trades names, relevant specifications and available information on
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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.

The purpose of the section on analysis is to give the reader an overview of current
methods, with emphasis on those widely used for regulatory purposes. Methods for
monitoring human exposure are also given, when available. No critical evaluation or
recommendation of any of the methods is meant or implied. The IARC publishes a series of
volumes, Environmental Carcinogens: Methods of Analysis and FExposure Measurement
(IARC, 1978-92), that describe validated methods for analysing a wide variety of chemicals
and mixtures. For biological agents, methods of detection and exposure assessment are
described, including their sensitivity, specificity and reproducibility.

The dates of first synthesis and of first commercial production of a chemical or mixture
are provided; for agents which 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.
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.

Data on production, international trade and uses are obtained for representative
regions, which usually include Europe, Japan and the USA. 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.

Information on the occurrence of an agent or mixture in the environment is obtained
from data derived from the monitoring and surveillance of levels in occupational
environments, air, water, soil, foods and animal and human tissues. When available, data on
the generation, persistence and bioaccumulation of the agentare also included. In the case of
mixtures, industries, occupations or processes, information is given about all agents 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 time and place. For biological agents, the epidemiology of infection is described.

Statements concerning regulations and guidelines (e. g., pesticide registrations, maximal
levels permitted in foods, occupational exposure limits) are included for some countries as
indications of potential exposures, 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 vaccines and therapy, are described.

8. STUDIES OF CANCER IN HUMANS

(@) Types of studies considered

Three types of epidemiological studies of cancer contribute to the assessment of
carcinogenicity in humans—cohort studies, case—control studies and correlation (or
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ecological) studies. Rarely, results from randomized trials may be available. Case reports 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 relative risk (ratio of incidence
in those exposed to incidence in those not exposed) as the main measure of association.

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, mixture or exposure
circumstance under study. Because individual exposure is not documented, however, a causal
relationship is less easy to infer from correlation studies than from cohort and case—control
studies. Case reports generally arise from a suspicion, based on clinical experience, that the
concurrence of two events—that is, a particular exposure and occurrence of a cancer— has
happened rather more frequently than would be expected by chance. Case reports 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 surrounding interpretation of case reports 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, relevant
case reports or correlation studies may add materially to the judgement that a causal
relationship is present.

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

(b) Quality of studies considered

The Monographs are not intended to summarize all published studies. Those that are
judged to be inadequate or irrelevant to the evaluation are generally omitted. They may be
mentioned briefly, particularly when the information is considered to be a useful supplement
to that in other reports or when they provide the only data available. Their inclusion 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 the study
description.

It is necessary to take into account the possible roles of bias, confounding and chance in
the interpretation of epidemiological studies. By ‘bias’ is meant the operation of factors in
study design or execution that lead erroneously to a stronger or weaker association than in
fact exists between disease and an agent, mixture or exposure circumstance. By ‘confounding’
is meant a situation in which the relationship with disease is made to appear stronger or to
appear 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. In evaluating the extent to which these factors have been minimized in an
individual study, working groups consider a number of aspects of design and analysis as
described in the report of the study. Most of these considerations apply equally to
case-control, cohort and correlation studies. Lack of clarity of any of these aspects in the
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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 account in the study design and analysis of 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 be more appropriate than those with
national rates. Internal comparisons of disease frequency among individuals at different
levels of exposure should also have been made in the study.

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. The methods used should preferably have been the
generally accepted techniques that have been refined since the mid-1970s. These methods
have been reviewed for case—control studies (Breslow & Day, 1980) and for cohort studies
(Breslow & Day, 1987).

(c) Inferences about mechanism of action

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 and time since exposure ceased, are reviewed and summarized when available. The
analysis of temporal relationships can be useful in formulating models of carcinogenesis. In
particular, 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 the mechanism of
action. Special attention is given to measurements of biological markers of carcinogen
exposure or action, such as DNA or protein adducts, as well as markers of early steps in the
carcinogenic process, such as proto-oncogene mutation, when these are incorporated into
epidemiological studies focused on cancer incidence or mortality. Such measurements may
allow inferences to be made about putative mechanisms of action (IARC, 1991a; Vainioet al.,
1992).

(d) 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,
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mixture or exposure circumstance in question is carcinogenic for humans. In making their
judgement, the Working Group considers several criteria for causality. A strong association
(i.e., a large relative risk) is more likely to indicate causality than a weak association,
although it is recognized that relative risks of small magnitude do not imply lack of causality
and may be important if the disease is common. Associations that are replicated in several
studies of the same design or using different epidemiological approaches or under different
circumstances of exposure are more likely to represent a causal relationship than isolated
observations from single studies. If there are inconsistent results among investigations,
possible reasons are sought (such as differences in amount of exposure), and results of studies
judged to be of high quality are given more weight than those from studies judged to be
methodologically less sound. When suspicion of carcinogenicity arises largely from a single
study, these data are not combined with those from later studies in any subsequent
reassessment of the strength of the evidence.

If the risk of the disease in question increases with the amount of exposure, this is
considered to be a strong indication of causality, although absence of a graded response is
not necessarily evidence against a causal relationship. 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.

Although a carcinogen may act upon more than one target, the specificity of an asso-
ciation (i.e., an increased occurrence of cancer at one anatomical site or of one morpho-
logical type) adds plausibility to a causal relationship, particularly when excess cancer
occurrence is limited to one morphological type within the same organ.

Although rarely available, results from randomized trials showing different rates 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, the judgement may be made that, in the aggregate, they
show evidence of lack of carcinogenicity. Such a judgement requires first of all that the
studies giving rise to it meet, to a sufficient degree, the standards of design and analysis
described above. Specifically, the possibility that bias, confounding or misclassification of
exposure or outcome could explain the observed results should be considered and excluded
with reasonable certainty. In addition, all studies that are judged to be methodologically
sound should be consistent with a relative risk of unity for any observed level of exposure and,
when considered together, should provide a pooled estimate of relative risk which is at or
near unity and has 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 for relative risk of cancer to increase with increasing level of exposure. It is
important to note that evidence of lack of carcinogenicity obtained in this way from several
epidemiological studies can apply only to the type(s) of cancer studied and to dose levels and
intervals between first exposure and observation of disease that are the same as or less than
those observed in all the studies. Experience with human cancer indicates that, in some cases,
the period from first exposure to the development of clinical cancer is seldom less than 20
years; latent periods substantially shorter than 30 years cannot provide evidence for lack of
carcinogenicity.
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9. STUDIES OF CANCER IN EXPERIMENTAL ANIMALS

All known human carcinogens that have been studied adequately in experimental
animals have produced positive results in one or more animal species (Wilbourn et al., 1986;
‘Tomatis ef al., 1989). For several agents (aflatoxins, 4-aminobiphenyl, azathioprine, betel
quid with tobacco, BCME and CMME (technical grade), chlorambucil, chlornaphazine,
ciclosporin, coal-tar pitches, coal-tars, combined oral contraceptives, cyclophosphamide,
diethylstilboestrol, melphalan, 8-methoxypsoralen plus UVA, mustard gas, myleran,
2-naphthylamine, nonsteroidal oestrogens, oestrogen replacement therapy/steroidal
oestrogens, solar radiation, thiotepa and vinyl chloride), carcinogenicity in experimental
animals was established or highly suspected before epidemiological studies confirmed the
carcinogenicity in humans (Vainio et al., 1993). Although this association cannot establish
that all agents and mixtures that cause cancer in experimental animals also cause cancer in
humans, nevertheless, in the absence of adequate data on humans, it is biologically plausible
and prudent to regard agents and mixtures for which there is sufficient evidence (see p. 27) of
carcinogenicity in experimental animals as if they presented a carcinogenic risk to humans.
The possibility that a given agent may cause cancer through a species-specific mechanism
which does not operate in humans, see p- 28, should also be taken into consideration.

The nature and extent of impurities or contaminants present in the chemical or mixture
being evaluated are given when available. Animal strain, sex, numbers per group, age at start
of treatment and survival are reported.

Other types of studies summarized include: experiments in which the agent or mixture
was administered in conjunction with known carcinogens or factors that modify carcinogenic
effects; studies in which the end-point was not cancer but a defined precancerous lesion; and
experiments on the carcinogenicity of known metabolites and derivatives.

For experimental studies of mixtures, consideration is given to the possibility of changes
in the physicochemical properties of the test substance during collection, storage, extraction,
concentration and delivery. Chemical and toxicological interactions of the components of
mixtures may result in nonlinear dose-response relationships.

An assessment is made as to the relevance to human exposure of samples tested in
experimental animals, which may involve consideration of: (1) physical and chemical charac-
teristics, (ii) constituent substances that indicate the presence of a class of substances, (iii) the
results of tests for genetic and related effects, including genetic activity profiles, DN A adduct
profiles, proto-oncogene mutation and expression and suppressor gene inactivation. The
relevance of results obtained with viral strains analogous to that being evaluated in the
monograph must also be considered.

(@) Qualitative aspects

An assessment of carcinogenicity involves several considerations of qualitative
importance, including (i) the experimental conditions under which the test was performed,
including route and schedule of exposure, species, strain, sex, age, duration of follow-up;
(1) 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.
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As mentioned earlier (p. 15), the Monographs are not intended to summarize all
published studies. Those studies in experimental animals that are inadequate (e.g., too short
a duration, too few animals, poor survival; see below) or are judged irrelevant to the
evaluation are generally omitted. Guidelines for conducting adequate long-term carcino-
genicity experiments have been outlined (e.g., Montesano ef al., 1986).

Considerations of importance to the Working Group 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; (i1) whether the dose
was adequately monitored, particularly in inhalation experiments; (iii) whether the doses and
duration of treatment were appropriate and whether the survival of treated animals was
similar to that of controls; (iv) whether there were adequate numbers of animals per group;
(v) whether animals of both sexes were used; (vi) whether animals were allocated randomly to
groups; (vii) whether the duration of observation was adequate; and (viii) whether the data
were adequately reported. If available, recent data on the incidence of specific tumours in
historical controls, as well as in concurrent controls, should be taken into account in the
evaluation of tumour response.

When benign tumours occur together with and originate from the same cell type in an
organ or tissue as malignant tumours in a particular study and appear to represent a stage in
the progression to malignancy, it may be valid to combine them in assessing tumour
incidence (Huff et al., 1989). The occurrence of lesions presumed to be preneoplastic may in
certain instances aid in assessing the biological plausibility of any neoplastic response
observed. If an agent or mixture induces only benign neoplasms that appear to be end-points
that do not readily undergo transition to malignancy, it should nevertheless be suspected of
being a carcinogen and it requires further investigation.

(b) Quantitative aspects

The probability that tumours will occur may depend on the species, sex, strain and age of
the animal, the dose of the carcinogen and the route and length of exposure. Evidence of an
increased incidence of neoplasms with increased level 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. Both DNA damage and increased cell division are
important aspects of carcinogenesis, and cell proliferation is a strong determinant of dose-
response relationships for some carcinogens (Cohen & Ellwein, 1990). Since many chemicals
require metabolic activation before being converted into their reactive intermediates, both
metabolic and pharmacokinetic aspects are important in determining the dose-response
pattern. Saturation of steps such as absorption, activation, inactivation and elimination may
produce nonlinearity in the dose-response relationship, as could saturation of processes such
as DNA repair (Hoel et al., 1983; Gart et al., 1986).

(c) Statistical analysis of long-term experiments in animals

Factors considered by the Working Group include the adequacy of the information given
for each treatment group: (i) the number of animals studied and the number examined
histologically, (ii) the 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
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techniques refined for this purpose (Peto ef al., 1980; Gart et al., 1986). When there is no
difference in survival between control and treatment groups, the Working Group usually
compares the proportions of animals developing each tumour type in each of the groups.
Otherwise, consideration is given as to whether or not appropriate adjustments have been
made for differences in survival. These adjustments can include: comparisons of the
proportions of tumour-bearing animals among the effective number of animals (alive at the
time the first tumour is discovered), in the case where most differences in survival occur
before tumours appear; life-table methods, when tumours are visible or when they may be
considered ‘fatal’ because mortality rapidly follows tumour development; and the Mantel-
Haenszel test or logistic regression, when occult tumours do not affect the animals’ risk of
dying but are ‘incidental’ findings at autopsy.

In practice, classifying tumours as fatal or incidental may be difficult. Several survival-
adjusted methods have been developed that do not require this distinction (Gartet al., 1986),
although they have not been fully evaluated.

10. OTHER RELEVANT DATA

(a) Absorption, distribution, metabolism and excretion

Concise information is given on absorption, distribution (including placental transfer)
and excretion in both humans and experimental animals. Kinetic factors that may affect the
dose-response relationship, such as saturation of uptake, protein binding, metabolic
activation, detoxification and DNA repair processes, are mentioned. Studies that indicate
the metabolic fate of the agent in humans and in experimental animals are summarized
briefly, and comparisons of data from humans and animals are made when possible.
Comparative information on the relationship between exposure and the dose that reaches
the target site may be of particular importance for extrapolation between species.

(b) Toxic effects

Data are given on acute and chronic toxic effects (other than cancer), such as organ
toxicity, increased cell proliferation, immunotoxicity and endocrine effects. The presence
and toxicological significance of cellular receptors is described.

(¢) Reproductive and developmental effects

Effects on reproduction, teratogenicity, fetotoxicity and embryotoxicity are also
summarized briefly.

(d) Genetic and related effects

Tests of genetic and related effects are described in view of the relevance of gene
mutation and chromosomal damage to carcinogenesis (Vainio et al., 1992).

The adequacy of the reporting of sample characterization is considered and, where
necessary, commented upon; with regard to complex mixtures, such comments are similar to
those described for animal carcinogenicity tests on p- 21. The available data are interpreted
critically by phylogenetic group according to the end-points detected, which may include
DNA damage, gene mutation, sister chromatid exchange, micronucleus formation, chromo-
somal aberrations, aneuploidy and cell transformation. The concentrations employed are
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given, and mention is made of whether use of an exogenous metabolic system in vitro affected
the test result. These data are given as listings of test systems, data and references; bar graphs
(activity profiles) and corresponding summary tables with detailed information on the
preparation of the profiles (Waters et al., 1987) are given in appendices.

Positive results in tests using prokaryotes, lower eukaryotes, plants, insects and cultured
mammalian cells suggest that genetic and related effects could occur in mammals. Results
from such tests may also give information about the types of genetic effect produced and
about the involvement of metabolic activation. Some end-points described are clearly
genetic in nature (e.g., gene mutations and chromosomal aberrations), while others are to a
greater or lesser degree associated with genetic effects (e.g., unscheduled DNA synthesis).
In-vitro tests for tumour-promoting activity and for cell transformation 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. A critical appraisal of these tests has been
published (Montesano et al., 1986).

Genetic or other activity manifest in experimental mammals and humans is regarded as
being of greater relevance than that in other organisms. The demonstration that an agent or
mixture can induce gene and chromosomal mutations in whole mammals indicates that it
may have carcinogenic activity, although this activity may not be detectably expressed in any
or all species. Relative potency in tests for mutagenicity and related effects is not a reliable
indicator of carcinogenic potency. 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 to rule out
carcinogenicity of agents or mixtures that act through other mechanisms (e.g., receptor-
mediated effects, cellular toxicity with regenerative proliferation, peroxisome proliferation)
(Vainio et al., 1992). Factors that may lead to misleading results in short-term tests have been
discussed in detail elsewhere (Montesano et al., 1986).

When available, data relevant to mechanisms of carcinogenesis that do not involve
structural changes at the level of the gene are also described.

The adequacy of epidemiological studies of reproductive outcome and genetic and
related effects in humans is evaluated by the same criteria as are applied to epidemiological
studies of cancer.

(e) Structure—activity considerations

This section describes structure-activity relationships that may be relevant to an
evaluation of the carcinogenicity of an agent.

11. SUMMARY OF DATA REPORTED

In this section, the relevant epidemiological and experimental data are summarized.
Only reports, other than in abstract form, that meet the criteria outlined on p. 15 are
considered for evaluating carcinogenicity. Inadequate studies are generally not summarized:
such studies are usually identified by a square-bracketed comment in the preceding text.
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(a) Exposures
Human exposure is summarized on the basis of elements such as production, use,

occurrence in the environment and determinations in human tissues and body fluids.
Quantitative data are given when available.

(b) Carcinogenicity in humans
Results of epidemiological studies that are considered to be pertinent to an assessment

of human carcinogenicity are summarized. When relevant, case reports and correlation
studies are also summarized.

(c) Carcinogenicity in experimental animals

Data relevant to an evaluation of carcinogenicity in animals are summarized. For each
animal species and route of administration, it is stated whether an increased incidence of
neoplasms or preneoplastic lesions was observed, and the tumour sites are indicated. If the
agent or mixture produced tumours after prenatal exposure or in single-dose experiments,
this is also indicated. Negative findings are also summarized. Dose-response and other
quantitative data may be given when available.

(d) Other data relevant to an evaluation of carcinogenicity and its mechanisms

Data on biological effects in humans that are of particular relevance are summarized.
These may include toxicological, kinetic and metabolic considerations and evidence of DNA
binding, persistence of DNA lesions or genetic damage in exposed humans. Toxicological
information, such as that on Cytotoxicity and regeneration, receptor binding and hormonal
and immunological effects, and data on kinetics and metabolism in experimental animals are
given when considered relevant to the possible mechanism of the carcinogenic action of the
agent. The results of tests for genetic and related effects are summarized for whole mammals,
cultured mammalian cells and nonmammalian systems.

When available, comparisons of such data for humans and for animals, and particularly
animals that have developed cancer, are described.

Structure-activity relationships are mentioned when relevant.

For the agent, mixture or exposure circumstance being evaluated, the available data on
end-points or other phenomena relevant to mechanisms of carcinogenesis from studies in
humans, experimental animals and tissue and cell test Systems are summarized within one or
more of the following descriptive dimensions:

(i) Evidence of genotoxicity (i.e., structural changes at the level of the gene): for
example, structure-activity considerations, adduct formation, mutagenicity (effect on
specific genes), chromosomal mutation/aneuploidy

(i) Evidence of effects on the expression of relevant genes (i.e., functional changes at
the intracellular level): for example, alterations to the structure or quantity of the product of
a proto-oncogene or tumour suppressor gene, alterations to metabolic activation/-
inactivation/DNA repair

(i)  Evidence of relevant effects on cell behaviour (i.e., morphological or behavioural
changes at the cellular or tissue level): for example, induction of mitogenesis, compensatory
cell proliferation, preneoplasia and hyperplasia, survival of premalignant or mali gnant cells
(immortalization, immunosuppression), effects on metastatic potential
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(iv) Evidence from dose and time relationships of carcinogenic effects and interactions
between agents: for example, early/late stage, as inferred from epidemiological studies;
initiation/promotion/progression/malignant conversion, as defined in animal carcino-
genicity experiments; toxicokinetics .

These dimensions are not mutually exclusive, and an agent may fall within more than one
of them. Thus, for example, the action of an agent on the expression of relevant genes could
be summarized under both the first and second dimension, even if it were known with
reasonable certainty that those effects resulted from genotoxicity.

12. EVALUATION

Evaluations of the strength of the evidence for carcinogenicity arising from human and
experimental animal data are made, using standard terms.

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 data, the Working Group may assign the agent, mixture or
exposure circumstance to a higher or lower category than a strict interpretation of these
criteria would indicate.

(@) Degrees of evidence for carcinogenicity in humans and in experimental animals and
supporting evidence

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) nor to the
mechanisms involved. A classification may change as new information becomes available.

An evaluation of degree of evidence, whether for a single agent or a mixture, 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 degree of evidence.

(i) Carcinogenicity in humans

The applicability of an evaluation of the carcinogenicity of a mixture, process, occu-
pation or industry on the basis of evidence from epidemiological studies depends on the
variability over time and place of the mixtures, processes, occupations and industries. The
Working Group seeks to identify the specific exposure, process or activity which is considered
most likely to be responsible for any excess risk. The evaluation is focused as narrowly as the
available data on exposure and other aspects permit.

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, mixture or exposure
circumstance 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.

Limited evidence of carcinogenicity: A positive association has been observed between
exposure to the agent, mixture or exposure circumstance and cancer for which a causal
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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, or no data on cancer in humans are available.

Evidence suggesting lack of carcinogenicity: There are several adequate studies covering
the full range of levels of exposure that human beings are known to encounter, which are
mutually consistent in not showing a positive association between exposure to the agent,
mixture or exposure circumstance and any studied cancer at any observed level of exposure.
A conclusion of ‘evidence suggesting lack of carcinogenicity’ is inevitably limited to the
cancer sites, conditions and levels of exposure and length of observation covered by the
available studies. In addition, the possibility of a very small risk at the levels of exposure
studied can never be excluded.

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

(i) 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 or mixture 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) in two or more independent studies in one species
carried out at different times or in different laboratories or under different protocols.

Exceptionally, a single study in one species 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.

Limited evidence of carcinogenicity: The data suggest a carcinogenic effect but are limited
for making a definitive evaluation because, e.g., (a) the evidence of carcinogenicity is
restricted to a single experiment; or (b) there are unresolved questions regarding the
adequacy of the design, conduct or interpretation of the study; or (c) the agent or mixture
increases the incidence only of benign neoplasms or lesions of uncertain neoplastic potential,
or of certain neoplasms which may occur spontaneously in high incidences in certain strains.

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 or mixture
is not carcinogenic. A conclusion of evidence suggesting lack of carcinogenicity is inevitably
limited to the species, tumour sites and levels of exposure studied.

(b) Other data relevant to the evaluation of carcinogenicity

Other evidence judged to be relevant to an evaluation of carcinogenicity and of
sufficient importance to affect the overall evaluation is then described. This may include data
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on preneoplastic lesions, tumour pathology, genetic and related effects, structure-activity
relationships, metabolism and pharmacokinetics, and physicochemical parameters.

Data relevant to mechanisms of the carcinogenic action are also evaluated. The strength
of the evidence that any carcinogenic effect observed is due to a particular mechanism is
assessed, using terms such as weak, moderate or strong. Then, the Working Group assesses if
that particular mechanism is likely to be operative in humans. The strongest indications that
a particular mechanism operates in humans come 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.

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

(c) Overall evaluation

Finally, the body of evidence is considered as a whole, in order to reach an overall
evaluation of the carcinogenicity to humans of an agent, mixture or circumstance of
exposure.

An evaluation may be made for a group of chemical compounds that have been
evaluated by the Working Group. In addition, when supporting data indicate that other,
related compounds for which there is no direct evidence of 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 compounds if the strength of the evidence warrants it.

The agent, mixture or exposure circumstance is described according to the wording of
one of the following categories, and the designated group is given. The categorization of an
agent, mixture or exposure circumstance is a matter of scientific judgement, reflecting the
strength of the evidence derived from studies in humans and in experimental animals and
from other relevant data.

Group 1—The agent (mixture) is carcinogenic to humans.
The exposure circumstance entails exposures that are carcinogenic to hur:. ns.

This category is used when there is sufficient evidence of carcinogenicity in humans.
Exceptionally, an agent (mixture) may be placed in this category when evidence 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 (mixture) acts through a relevant
mechanism of carcinogenicity.
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Group 2

This category includes agents, mixtures and exposure circumstances for which, at one
extreme, the degree of evidence of carcinogenicity in humans is almost sufficient, as well as
those for which, at the other extreme, there are no human data but for which there is evidence
of carcinogenicity in experimental animals. Agents, mixtures and exposure circumstances 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 other relevant data.

Group 2A—The agent (mixture) is probably carcinogenic to humans.
The exposure circumstance entails exposures that are 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
(mixture) 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, mixture or exposure circumstance may be classified in this
category solely on the basis of limited evidence of carcinogenicity in humans.

Group 2B—The agent (mixture) is possibly carcinogenic to humans.
The exposure circumstance entails exposures that are possibly carcinogenic to humans.

This category is used for agents, mixtures and exposure circumstances for which there is
limited evidence of carcinogenicity in humans and less than sufficient evidence of carcino-
genicity in experimental animals. It may also be used when there is inadequate evidence of
carcinogenicity in humans but there is sufficient evidence of carcinogenicity in experimental
animals. In some instances, an agent, mixture or exposure circumstance for which there is
inadequate evidence of carcinogenicity in humans but limited evidence of carcinogenicity in

experimental animals together with supporting evidence from other relevant data may be
placed in this group.

Group 3—The agent (mixture or exposure circumstance) is not classifiable as to its carcino-
genicity to humans.

This category is used most commonly for agents, mixtures and exposure circumstances
for which the evidence of carcinogenicity is inadequate in humans and inadequate or limited
in experimental animals.

Exceptionally, agents (mixtures) 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, mixtures and exposure circumstances that do not fall into any other group are
also placed in this category.
Group 4—The agent (mixture) is probably not carcinogenic to humans.

This category is used for agents or mixtures for which there is evidence suggesting lack of
carcinogenicity in humans and in experimental animals. In some instances, agents or mixtures
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for which there is inadequate evidence of carcinogenicity in humans but evidence suggesting
lack of carcinogenicity in experimental animals, consistently and strongly supported by a
broad range of other relevant data, may be classified in this group.
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GENERAL REMARKS ON THE AGENTS CONSIDERED

This fifty-eighth volume of IARC Monographs covers some metals and their compounds
—beryllium and beryllium compounds, cadmium and cadmium compounds, mercury and
inorganic and methylmercury compounds. Exposures in the glass manufacturing industry are
also addressed, as several metallic salts and pigments may be used in manufacture and
colouring of crystal and art glass and in the production of glass containers.

Beryllium compounds were used extensively in the past as phosphors in fluorescent
lighting tubes; they are now widely used in solid-state computer and communication systems
and in the aircraft and aerospace industries. Beryllium also occurs in coal, the burning of
which results in some environmental exposure. Occupational exposure to beryllium and
beryllium compounds has been reduced over the last 40 years, and low permissible exposure
limits have been set in some countries. Beryllium and beryllium compounds were evaluated
previously in the Monographs (IARC, 1972, 1980, 1987a). Extended analyses have been
reported of mortality among cohorts of workersin beryllium plants and of those entered into
the US Beryllium Case Registry, and it is mainly on the basis of those new studies that a
re-evaluation was made.

Cadmium and cadmium compounds were also evaluated previously (IARC, 1973, 1976,
1987b). Occupational exposure to cadmium can occur in zinc smelting and cadmium
refining, in cadmium alloy production, in nickel-cadmium battery manufacture and through
the production and use of cadmium pigments. Environmental exposures to cadmium may
occur owing to its presence as a pollutant in food and water. Exposure to cadmium can occur
also through the smoking of tobacco. New analyses of epidemiological cohorts and the
results of new studies of carcinogenicity in experimental animals were considered by the
Working Group in making the re-evaluation reported here.

Mercury and mercury compounds are considered for the first time in the IARC
Monographs. Metallic mercury and inorganic salts as well as some organomercury coms-
pounds are included. Organomercury salts and those used in organomercury fungicides and
bactericides are mentioned, but commercial biocidal products are not included. Human
€Xxposure to mercury can occur via many sources, including mercury mining, chloralkali
plants, manufacture of thermometers, maintenance of mercury-containing instruments and
from dental amalgams. Exposure to methylmercury compounds has occurred from the
consumption of mercury-contaminated fish, and mercury poisoning has resulted from eating
bread accidentally made from seed treated with organomercury fungicides and intended for
sowing.

The environmental occurrence of and exposures to cadmium and mercury compounds
were reviewed within the International Programme on Chemical Safety (WHO, 1990, 1991,
1992a,b), and reference is made to those reviews throughout this volume. Cadmium and
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mercury were included by the International Register of Potentially Toxic Chemicals of the
United Nations Environment Programme (UNEP, 1984, 1992) in its listing of dangerous
chemical substances and processes of global significance.

A monograph on exposures in the glass manufacturing industry was prepared, as several
epidemiological studies reported in the recent literature suggested an increased risk for
cancer, mainly of the lung. Some of the studies were conducted in areas of northern Europe
where crystal and art glass are made; in some studies, however, the type of glass industry
involved is poorly defined. In particular, no epidemiological data were available that
specifically addressed risks for workers employed in the automated manufacture of flat glass
(Pilkington process), the most widely used process in the modern glass industry. A basic
ingredient in the making of glass is silica, and exposures to lead, arsenic and several metallic
pigments may occur, including cadmium and mercury salts. Cross-reference is made to
relevant volumes of IARC Monographs in which evaluations of these components can be
found. Occupational exposures in the production of glass fibres are not considered in this
volume, because they have been evaluated previously (IARC, 1988)!: there is sufficient
evidence for the carcinogenicity of glasswool in experimental animals; there is inadequate
evidence for the carcinogenicity of glass filaments in experimental animals; there is
inadequate evidence for the carcinogenicity of glasswool and of glass filaments in humans.
Overall evaluation: glasswool is possibly carcinogenic to humans (Group 2B); and glass
filaments are not classifiable as to their carcinogenicity to humans (Group 3).

Traditional analytical methods for determining exposure to metals, in particular to
mercury and cadmium, provide only total concentrations of metal, and specific chemical
compounds of the elements cannot be identified. Exposure limit values often refer to total
concentrations of an element. Marked differences exist, however, in the deposition,
absorption and distribution of the different compounds of each element, and particle size
determines uptake through the lungs. Bioavailability and solubility in physiological fluids
may also differ for different compounds.

Biological monitoring, by analysis of blood and urine, is often useful in determining
exposure or body burden. The toxicological data available on cadmium and mercury are
extensive; as the Monographs are not intended to provide a complete review of such
information, unless it has a direct bearing on the evaluation of potential carcinogenicity, a
selection of illustrative original references were summarized to provide an outline of the
available evidence. Information on the toxicokinetics of beryllium in humans is very limited,
and few data are available on concentrations of beryllium in biological fluids obtained from
occupationally exposed and control populations. For agents that induce cancer at the site of
entry, e.g., in the respiratory system, however, biological monitoring may not be predictive of
individual risk in the absence of knowledge about toxicokinetic behaviour.

Although much research has been conducted on the metals covered in this volume, the
molecular mechanisms of action that may lead to carcinogenic effects are still not completely
understood. Involvement of the immune system in beryllium- and mercury-induced chronic
diseases may complicate the dose-response patterns; it also raises the possibility of the

IFor definition of the italicized terms, see Preamble, pp. 26-30.
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existence of subpopulations who are susceptible to effects that may be related to
carcinogenicity.
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BERYLLIUM AND BERYLLIUM COMPOUNDS

Beryllium and beryllium compounds were considered by previous Working Groups, in
1971, 1979 and 1987 (IARC, 1972, 1980, 1987a). New data have since become available, and
these are included in the present monograph and have been taken into consideration in the
evaluation. The agents considered herein include (a) metallic beryllium, (b) beryllium-
aluminium and —copper alloys and (c) some beryllium compounds.

1. Exposure Data

1.1 Chemical and physical data and analysis

L1.1 Synonyms, trade names and molecular formulae

Synonyms, trade names and molecular formulae for beryllium, beryllium-aluminium
and —copper alloys and certain beryllium compounds are presented in Table 1. The list is not
exhaustive, nor does it comprise necessarily the most commercially important beryllium-
containing substances; rather, it indicates the range of beryllium compounds available.

1.1.2° Chemical and physical properties of the pure substances

Selected chemical and physical properties of beryllium, beryllium-aluminium and

—copper alloys and the beryllium compounds covered in this monograph are presented in
Table 2.

The French chemist Vauquelin discovered beryllium in 1798 as the oxide, while
analysing emerald to prove an analogous composition (Newland, 1984). The metallic
element was first isolated in independent experiments by Wohler (1828) and Bussy (1828),
who called it ‘glucinium’ owing to the sweet taste of its salts; that name is still used in the
French chemical literature. Wohler’s name ‘beryllium’ was officially recognized by IUPAC in
1957 (WHO, 1990). The atomic weight and common valence of beryllium were originally the
subject of much controversy but were correctly predicted by Mendeleev to be 9 and +2,
respectively (Everest, 1973).

Beryllium is the lightest of all solid, chemically stable substances and has an unusually
high melting-point. It has a very low density and a very high strength-to-weight ratio.
Beryllium is lighter than aluminium but is more than 40% more rigid than steel. It has
excellent electrical and thermal conductivities. Its only markedly adverse feature is relatively

pronounced brittleness, which has restricted the use of metallic beryllium to specialized
applications (WHO, 1990).
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Table 1. Synonyms (Chemical Abstracts Service (CAS) names are in italics), trade names
and atomic or molecular formulae of beryllium and beryllium compounds

Chemical name CAS Reg. No.?  Synonyms and trade names Formula
Beryllium metal 7440-41-7 Beryllium; beryllium-9; beryllium element; Be
beryllium metallic; glucinium; glucinum
Beryllium-aluminium 12770-50-2 Aluminium alloy, nonbase, Al, Be; aluminium~ Al Be
alloy? beryllium alloy
Beryllium—copper 11133-98-5 Copper alloy, base, Cu,Be; copper-beryllium Be.Cu
alloy® alloy
Beryl 1302-52-9 Beryllium aluminosilicate; beryllium alumi-  Al,Be3(SiO3)g
nium silicate
Beryllium chloride 7187-47-5 Beryllium dichloride BeCl,
Beryllium fluoride 7787-49-7 Beryllium difluoride BeF,
(12323-05-6)
Beryllium hydroxide 13327-32-7 Beryllium dihydroxide Be(OH);
(1304-49-0)
Beryllium sulfate 13510-49-1 Sulfuric acid, beryllium salt (1:1) BeSO4
Beryllium sulfate 7787-56-6 Sulfuric acid, beryllium salt (1:1), tetrahydrate BeS04.4H,0O
tetrahydrate
Beryllium oxide 1304-56-9 Beryllia; bex%llium monoxide BeO
Thermalox
Beryllium carbonate  1319-43-3 Carbonic acid, beryllium salt, mixture with BeCO3.Be(OH),
basic? beryllium hydroxide (Be(OH);)
Beryllium nitrate 13597-99-4 Beryllium dinitrate; nitric acid, beryllium salt Be(NO3),
Beryllium nitrate 7787-55-5 Nitric acid, beryllium salt, trihydrate Be(NO3),.3H,0
trihydrate
Beryllium nitrate 13510-48-0 Beryllium dinitrate tetrahydrate; nifric acid, Be(NO3),.4H,0
tetrahydrate beryllium salt, tetrahydrate
Beryllium phosphate  13598-15-7 Phosphoric acid, beryllium salt (1:1) BeHPQOy4
Beryllium silicate® 13598-00-0 Phenazite; phenakite Be(SiOy)
Zinc beryllium 39413-47-3 Stlicic acid, beryllium zinc salt Unspecified
silicate (63089-82-7)

“Replaced CAS Registry numbers are shown in parentheses.
bRelated compound registered by CAS is beryllium alloy, base, Be, Al historically (Lockalloy), Al (24-44%).Be
(56-76%) [12604-81-8; replaced Registry No., 12665-28-0]; 60 beryllium-aluminium alloys are registered with
CAS numbers, with different percentages of the two elements.

‘Related compound registered by CAS is beryllium alloy, base, Be,Cu [39348-30-6]; 111 beryllium-copper

alloys are registered with CAS numbers, with different percentages of the two elements.

4CAS name and Registry number shown were selected as being closest to the formula given by Lide (1991).
Related compounds registered by CAS are: bis[carbonato(2)]dihydroxytriberyllium, (BeCO3),.Be(OH),
[66104-24-3]; carbonic acid, beryllium salt (1:1), tetra-hydrate, BeCO3.4H,0 [60883-64-9]; carbonic acid,
beryllium salt (1:1), BeCOj3 [13106-47-3]; and bis[carbonato(2-)]oxodiberyllium, (CO3);Be O [66104-25-4].
‘Related compounds registered by CAS are: bertrandite, Be4(OH),0(SiO3), [12161-82-9]; beryllium silicate,
formula unspecified [58500-38-2}; silicic acid (H32S103), beryllium salt (1:1), Be(SiO3) [14902-94-4]; silicic acid
(H4SiOy), beryllium salt (1:2), Bex(SiO4) [15191-85-2)



Table 2. Physical properties of pure beryllium and beryllium compounds

Chemical name Relative Melting- Typical physical description Density  Solubility
atomic/ point (g/cm?)
molecular  (°C)
mass
Beryllium metal 9.0122 1287 Grey, close-packed, hexagonal, 1.85 Soluble in most dilute acids and alkali; decom-
brittle metal (20 °C)  poses in hot water; insoluble in mercury and cold
water
Beryllium chloride 79.92 399.2 Colourless to slightly yellow, 1.899 Soluble in water, ethanol, diethyl ether and pyri-
orthorhombic, deliquescent (25 °C)  dine; slightly soluble in benzene, carbon disulfide
crystal and chloroform; insoluble in acetone, ammonia
and toluene
Beryllium fluoride 47.01 555 Colourless or white, amorphous, 1.986 Soluble in water, sulfuric acid, mixture of ethanol
hygroscopic solid and diethyl ether; slightly soluble in ethanol; in-
soluble in hydrofluoric acid
Beryllium hydroxide 43.03 138 White, amorphous, amphoteric 1.92 Soluble in hot concentrated acids and alkali;
(dec.9) powder slightly soluble in dilute alkali; insoluble in water
Beryllium sulfate 105.07 550 Colourless crystal 2.443 Forms soluble tetrahydrate in hot water; insoluble
(dec.) in cold water
Beryllium sulfate 177.14 NR Colourless, tetragonal crystal 1.713 Soluble in water; slightly soluble in concentrated
tetrahydrate sulfuric acid; insoluble in ethanol
Beryllium oxide 25.01 2530 Colourless to white, hexagonal ~ 3.01 Soluble in concentrated acids and alkali; insoluble
crystal or amorphous, ampho- (20 °C)  in water
teric powder
Beryllium carbonate  69.02 NR NR NR Soluble in acids and alkali; insoluble in cold water;
decomposes in hot water
Beryllium carbonate, 112.05 NR White powder Soluble in acids and alkali; insoluble in cold water;
basic decomposes in hot water
Beryllium nitrate, 187.97 60 White to faintly yellowish, deli- 1.56 Very soluble in water and ethanol
trihydrate quescent mass
Beryllium phosphate  104.99 NR NR NR Slightly soluble in water
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Table 2 (contd)

Chemical name Relative Melting-  Typical physical description Density  Solubility
atomic/ point (g/cm3)
molecular  (°C)
mass

Beryllium silicate 110.11 NR Iriclinic, colourless crystal 3.0 Insoluble in acids

Zinc beryllium Unspecified NR Crystalline solid NR NR

silicate

From Ballance er al. (1978); Walsh & Rees (1978); IARC (1980);
Co. (1992). NR, not reported; dec., decomposes
“Decomposes to beryllium oxide (Sax & Lewis, 1987).

Sax & Lewis (1987); Lewis (1988); Budavari (1989); Lide (1991); Aldrich Chemical
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Natural beryllium is 100% °Be isotope; four unstable isotopes with mass numbers of 6, 7,
8 and 10 have been made artificially. Because of its low atomic number, beryllium is very
permeable to X-rays. Neutron emission after bombardment with o or Y rays is the most
important of its nuclear physical properties, and beryllium can be used as a neutron source.
Moreover, its low neutron absorptiveness and high-scattering cross-section make it a
suitable moderator and reflector in structural materials in nuclear facilities; while most other
metals absorb neutrons emitted during the fission of nuclear fuel, beryllium atoms only
reduce the energy of such neutrons and reflect them back into the fission zone (Ballance et
al., 1978; Newland, 1984; WHO, 1990).

The chemical properties of beryllium differ considerably from those of the other
alkaline earths, but it has a number of chemical properties in common with aluminium. Like
aluminium, beryllium is amphoteric and shows very high affinity for oxygen; on exposure to
air or water vapour, a thin film of beryllium oxide forms on the surface of the bare metal,
rendering the metal highly resistant to corrosion, to hot and cold water and to oxidizing acids.
Dichromate in water enhances this resistance by forming a protective film of chromate,
similar to that formed on aluminium. In powder form, beryllium is readily oxidized in moist
air and burns with a temperature of about 4500 °C when ignited in oxygen (Newland, 1984;
Petzow et al., 1985; WHO, 1990).

Cationic beryllium salts are hydrolysed in water: they form insoluble hydroxides or
hydrated complexes at pH values between 5 and 8 and form beryllates above a pH of 8
(Reeves, 1986).

1.1.3  Technical products and impurities

Beryllium metal —purities: technical or nuclear grade, 98-> 99.5%; Grade A, 99.87%:
Grade AA, 99.96%; distilled grade, > 99.99%; forms: single crystals, flakes, powders, plates,
sheets, foils, wires, rods (Sax & Lewis, 1987; Alfa Products, 1990; CERAC, Inc., 1991;
Aldrich Chemical Co., 1992; Atomergic Chemetals Corp., undated; D.E Goldsmith
Chemical & Metal Corp., undated); impurities vary with the production method (see section
1.2.1 and Tables 5 and 6).

Beryllium-aluminium alloy—composition limits for one alloy (%): Be, 4.5-6.0; Si, 0.2; Fe,
0.2; Mg, 0.5, Mn, 0.02; Cr, 0.02; Ni, 0.02; Ti, 0.02; Zn, 0.1; Cu, 0.05 (KBAlloys, 1985)
Beryllium-copper alloy—composition limits for one alloy (Alloy 20C or C82500) (%): Be,
2.0-2.25; Co, 0.35-0.65; total unnamed elements, 0.5 max; Cu, remainder (Stonehouse &
Zenczak, 1991)

Beryllium chloride—purities: 97-99.5%:; impurities (mg/kg): Al, 50; Fe, 100; Si, 30; Cd, 10;
Ni, 120; Cu, 10; Co, 10; Zn, 10; Cr, 10; Mn, 10; Mg, 150 (Kawecki Berylco Industries, 1968;
Alfa Products, 1990; CERAC, Inc., 1991; Strem Chemicals, 1992; Fluka Chemie AG, 1993)
Beryllium fluoride—purity: 99.5%; impurities (mg/kg): Al, 75; Fe, 75; Ni, 40; Cu, 10
(Kawecki Berylco Industries, 1968; CERAC, Inc., 1991; D.F. Goldsmith Chemical & Metal
Corp., undated)

Beryllium hydroxide— contains different levels of several impurities depending on whether it
is made from beryl ore or bertrandite ore (IARC, 1980)
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Beryllium sulfate tetrahydrate—purities: 98.3-99.99%; impurities (%): chloride, Ca, Cd,
Co, Cu, Fe, Ni, Pb and Zn, all < 0.005; K, Na, < 0.01 (Alfa Products, 1990; Aldrich
Chemical Co., 1992; Fluka Chemie AG, 1993)
Beryllium oxide—purities: 99-99.99% (Alfa Products, 1990; CERAC, Inc., 1991; Aldrich
Chemical Co., 1992; Strem Chemicals, 1992). The purity of beryllia is critical to its thermal
conductivity: as the purity drops below 99.5%, thermal conductivity drops off rapidly.
Impurities (mg/kg): Al, 46; Fe, 32; Cr, 8; Mn, < 2;Ni, 9; B, 2; Ca, 31; Co, < 1; Cu, 3; Si, 1861;
Mg, 922; Li, 2; Zn, < 20; Ti, 5; Na, 173; Ag, < 1; Mo, < 3; Pb, 2. Silicon and magnesium
silicates are added to beryllia powder as sintering aids (Brush Wellman, undated)
Beryllium carbonate—impurities (mg/kg): Al, 30; Fe, 100; Si, 150 (IARC, 1980)
Beryllium nitrate (trihydrate)—purity: 99.5% (D.F. Goldsmith Chemical & Metal Corp.,
undated); impurities (mg/kg): Al, 20; Fe, 30; Si, 50; Na, 20 (Kawecki Berylco Industries,
1968)

Impurities that occur in beryllium compounds that have been the subjects of previous
monographs are: cadmium (IARC, 1987b), chromium (IARC, 1990a), cobalt (IARC, 1991),
lead (IARC, 1987c), nickel (IARC, 1990b) and silica (IARC, 1987d).

1.1.4 Analysis
Beryllium metal

Selected methods for the determination of beryllium and beryllium compounds in
various media are presented in Table 3. Other methods have been reviewed (IARC, 1980;
Agency for Toxic Substances and Disease Registry, 1988; WHO, 1990). -

Table 3. Methods for the analysis of beryllium and beryllium compounds (as Be)

Sample matrix  Sample preparation Assay Limit of Reference
procedure detection
Air? Collect on membrane filter; FLAA 0.08 ug/m3; Kleinman et al.
dissolve in nitric acid 0.002 pg/ml (1989a)
Collect sample on ceilulose GFAA 0.005 pg/sample Eller (1987)
ester membrane filter; add nitric (Method 7102)

and sulfuric acids; heat; cool;
evaporate to dryness; add
sodium sulfate/sulfuric acid
solution; heat

Collect sample on cellulose ICP 1 pg/sample Eller (1984)
ester membrane filter; ash with (Method 7300)
nitric:perchloric acid solution

(4:1) viv; heat; repeat; heat to

dryness; dilute with nitric:per-

chloric acid solution (4:1)

Water, Acidify with nitric and hydro- FLAA 0.005 mg/L US Environmental
ground- and  chloric acids ICP 313 nm) 0.3 pg/L Protection Agency
surface (Method 3005) (1986a)

(Method 6010)
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Table 3 (contd)

Sample matrix ~ Sample preparation Assay Limit of Reference

procedure detection

Aqueous Acidify with nitric acid; heat and FLAA 0.005 mg/L US Environmental
samples, evaporate to low volume; cool;  ICP (313 nm) 0.3 pg/L Protection Agency
extracts, add nitric acid; reheat and reflux (1986a,b) (Meth-
wastes with hydrochloric acid ods 6010 and 7090)

(Method 3010)

Oils, greases, Dissolve in xylene or methyl iso- FLAA 0.005 mg/L US Environmental
waxes butyl ketone ICP 313 nm) 0.3 ug/L Protection Agency
(organic (Method 3040) (1986a)
extract) (Method 6010)

Sediments, Digest with nitric acid and FLAA 0.005 mg/L US Environmental
sludges, soils hydrogen peroxide; reflux with ICP (313 nm) 0.3 ug/L Protection Agency

hydrochloric acid (1986a)
(Method 3050) (Method 6010)

Aqueous Acidify with nitric acid; evapo- GFAA 0.2 ug/L US Environmental
samples, rate to low volume; cool; add Protection Agency
extracts, nitric acid; heat to complete (1986a,c)
wastes digestion (Method 7091)

(Method 3020)

Sediments, Digest with nitric acid and GFAA 0.2 ug/L US Environmental

sludges, soils hydrogen peroxide; reflux with Protection Agency
nitric acid (1986a,c)
(Method 3050) (Method 7091)

Tissue samples  Ash in hot concentrated nitric FLAA 2 ug/L Kleinman et al.

acid (1989b)

Urine Inject untreated samples directly GFAA 0.5 pg/LL Angerer &

into a pretreated graphite tube; Schalier (1985)
follow standard addition method

Modify matrix with magnesium  GFAA 0.05 pg/L Paschal & Bailey
nitrate; follow platform (1986)

technique

FLAA, flame atomic absorption spectrometry; GFAA, graphite furnace atomic absorption spectrometry; ICP,
inductively coupled argon plasma emission spectrometry

“[Digestion with a solution of nitric acid:perchloric acid:sulfuric acid and addition of several drops of hydro-
fluoric acid are currently recommended in sample preparation. Detection limits can be reduced t00.001 pg/ml
and sensitivity to 0.0001 pg/ml.]

Methods used up to the 1960s included spectroscopic, fluorometric, gamma activation,
spectrophotometric and automatic titrimetric techniques (Ballance ez al., 1978). The main
deficiency of spectrophotometric methods lies in the nonspecificity of the complexing agents
used to form coloured complexes with beryllium. The limit of detection of these methods was
about 100 ng/sample. The fluorimetric method, which is based on fluorescent dyes
(preferably morin), has a very low limit of detection, 0.02 ng/sample; its sensitivity is
exceeded only by that of the gas chromatographic method. The fluorimetric method may,
however, be subject to error unless several time-consuming, cumbersome processing steps
are undertaken prior to analysis (WHO, 1990).
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Atomic absorption spectrometry is a rapid, very convenient method for analysing
biological and environmental samples. The limit of detection for the flame technique is
2-10 pg/L and lower when the sample is concentrated before analysis (WHO, 1990). The
graphite furnace method is much more sensitive, with a detection limit of approximately
0.1 pg/L. Blood, urine and tissue samples can be analysed by this technique with or without
digestion of the biological matrix (see Table 3).

Inductively coupled plasma atomic emission spectrometry has been introduced to
determine beryllium directly in a variety of biological and environmental matrices, because
ofits high sensitivity and low level of interference. Owing to its high sensitivity and specificity,
gas chromatography is also used for determining beryllium in environmental and biological
media, particularly at ultratrace levels. Beryllium can be converted into a volatile form by

chelation with trifluoroacetylacetone before injection into the chromatographic column
(WHO, 1990).

1.2 Production and use

1.2.1 Production

More than 40 beryllium-bearing minerals are known, but only two are of economic
significance. The first beryllium mineral to be exploited commercially was beryl
(3Be0.AL,03.6510,), an aluminosilicate (WHO, 1990). The largest deposits of beryl are
found in Brazil and the former USSR (Petkof, 1982; Stonehouse & Zenczak, 1991). Beryl ore
contains about 11% beryllium oxide (up to 4% beryllium) and is often obtained as a
by-product of feldspar quarrying (for typical ore composition, see Table 17). In addition to
the other major components, aluminium oxide and silicon dioxide, the principal impuritiesin
the ores include alkali metals, alkaline-earth metals, iron, manganese and phosphorus. In its
purest gem quality, it occurs as emerald (chromium-containing beryl), aquamarine
(iron-containing beryl) and some other semiprecious stones (Petzow et al., 1985; WHO,
1990).

The other mineral of economic significance, bertrandite (4Be0.2Si0,.H,0), is a
beryllium silicate hydrate. Although bertrandite ore contains less than 1% beryllium, it
became economically important in the late 1960s because it can be processed to beryllium
hydroxide highly efficiently. Bertrandite mined in the USA accounts for about 85% of US
consumption of beryllium ore. The total world reserves of beryllium that can be recovered by
mining bertrandite are estimated at 200 000 tonnes (Petzow et al., 1985; WHO, 1990).

Known deposits of other beryllium-containing minerals are being studied for possible
commercialization. Most notable among these are phenakite (2Be0.SiO,) at Yellowknife,
Northwest Territory, Canada, the chrysoberyl (BeO.Al,O;3) deposits of the Seward Peninsula,
Alaska, and the Sierra Blanca deposits near El Paso, Texas, USA (Stonehouse & Zenczak,
1991).

Beryllium production started in some industrialized countries around 1916. Beryllium
gained commercial importance in the early 1930s, following the realization that beryllium-
copper alloys are extraordinarily hard, resistant to corrosion, non-magnetic, do not spark and
withstand high temperatures. In addition, the nuclear and thermal properties and high
specific modulus of beryllium metal made it attractive for nuclear and aerospace
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applications, including weapons. The latter use is the main reason why reliable data on the
production and consumption of beryllium have been scarce and incomplete. Considerable
fluctuations in the supply and demand of beryllium result from variations in government
programmes in armaments, nuclear energy and aerospace. For example, the demand for
beryllium in the USA that was created by the programme for development of the atomic
bomb was about equivalent to total world demand up to 1940 (WHO, 1990).

Production in the rest of the world paralleled those fluctuations in the beryllium market,
with 222 tonnes produced in 1965, 320 tonnes in 1969 and 144 tonnes in 1974. Data on US
production are now available, and world production of beryllium as beryl is shown in Table 4.
If production from bertrandite is included, the USA appears to be the world’s largest
producer of beryllium raw materials (WHO, 1990).

(@) Processing of beryl and bertrandite

The first step in the processing of beryl ore is normally hand-sorting to select beryl
crystals containing at least 10% beryllium oxide (Ballance ef al., 1978) on the basis of shape
and colour (Powers, 1991).

Two commercial methods have been used to process beryl to beryllium hydroxide: the
fluoride process and the sulfate process. In the fluoride process, which was discontinued in the
1970s, beryl was sintered together with sodium hexafluorosilicate, or the less expensive
sodium fluoroferrate, at 700-800 °C to convert beryllium oxide to a water-soluble salt,
sodium beryllium tetrafluoride (Na,BeFy). The reaction product was then leached with water
at room temperature and precipitated from the purified solution with caustic soda as
beryllium hydroxide (Petzow et al., 1985; WHO, 1990).

The sulfate process, the only process currently used, involves either alkali or heat
treatment of beryl. With alkali treatment, which was discontinued in the 1960s, finely ground
beryl was heated until fusion or sintered below the melting-point with suitable alkalis, such as
hydroxides and carbonates of sodium, potassium and calcium. With heat treatment, which
has been used since the 1970s, beryl is melted without additives and quenched with water; the
water insoluble portion, a solid solution with silicon dioxide, is reheated to 900 °C torender a
total of 90-95% of the beryl soluble. Heat-treated or alkali-treated beryl is then extracted
with sulfuric acid and carried through several additional purification steps to produce a
fine-grained, readily filtered beryllium hydroxide (Petzow et al., 1985; WHO, 1990).

The beryllium-poor bertrandite ores (< 0.5-0.8% BeO) mined in the USA since 1960
cannot be smelted economically by conventional methods, and a less complicated procedure
has been developed in which a very pure beryllium hydroxide is produced by liquid-liquid
extraction. This so-called ‘SX-carbonate process’ involves direct leaching of bertrandite ore
with sulfuric acid, extraction of the sulfuric acid leachate with di(2-ethylhexyl)phosphoric
acid in kerosene, stripping of beryllium from the organic phase with aqueous ammonium
carbonate, and, through a series of heat, hydrolysis and precipitation steps, production of
beryllium hydroxide (Petzow et al., 1985; WHO, 1990). Beryllium hydroxide is the starting
material for the production of beryllium, beryllia and beryllium alloys. For further
processing, it is ignited to form the oxide (BeO) or converted to the fluoride (BeF,) (WHO,
- 1990).



Table 4. World production of beryl (tonnes)

Country 1980 1981 1982 1983 1984 1986 1987 1988 1989 1990 19914
Argentina 31 7 6 24b 154 50 46 39 89¢ 854 80
Brazil? 550 854¢ 1062 12524¢ 1252 907¢ 1000 913 800 8502 850
Madagascar 10 10 10 10 10 50 kg 35kg 3kg 154kg 150 kg© 3
Mozambique 20 18 15 154 15 1 ND ND ND ND ND
Portugal 19 18 19 18 18 ND 4 4 4 4 4
Rwanda 108 59 69 33 36 ND ND ND ND ND ND
Republic of ND 122 58 22 ND 3 135 kg 72kg ND 1¢ 1
South Africa
Russia?® 1800 1800 1800 1900 1900 1900 2000 2000 2000 1600 1300
USA® 6756¢ 6653¢ 4945 6046 5470¢ 5927 5499 5313 4592 4548 4339¢
Zimbabwe 9 42 52 504 50 103 83 33 46 28¢ 30
World 9319 9597 8051 9375 8772 8891 8632 8302 7532 7119 6607

From Kramer (1985a, 1991a, 1992a) [some figures are estimates]; beryl has alsobeen produced in China, perhaps in Bolivia and Namibia
and in small amounts in Nepal, but the available information is inadequate to formulate reliable estimates of production. ND, no
data

“Estimated

bpreliminary

‘Revised

4Export data for 1980-84

“Includes bertrandite ore calculated as equivalent to beryl containing 11% BeO

fTotals are not the sum of the columns, because world values are revised figures.

Y
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(b) Beryllium metal

The chief difficulties involved in the production of beryllium metal are the reactivity and
high melting-point of the metal and the extreme stability of the oxide. Of the many possible
methods of producing beryllium, two have been used in industry: fusion electrolysis and
reduction of halides by metals. The only industrial process currently in use, developed in the
1930s, is reduction of beryllium fluoride with magnesium. The reaction s started by heating a
mixture of relatively coarse-grained beryllium fluoride and magnesium in a graphite
crucible. At a temperature of about 1300 °C, the reaction produces a mixture of beryllium
pebbles and magnesium fluoride (Petzow et al., 1985).

All practical electrolytic methods of production are based on decomposition of
beryllium fluoride, beryllium oxide or beryllium chloride mixed with halides of the alkali
metals or alkaline-earth metals. Several methods for the electrolysis of beryllium fluoride
were developed in the 1920s. Electrolysis was carried out at above the melting-point of
beryllium, at 1290-1400 °C; these methods are now obsolete. Electrolysis of beryllium
chloride can be carried out at temperatures so low that the metal neither melts nor oxidizes.
The beryllium is obtained as solid flakes, which are separated by washing out the electrolyte.
This method was used in France, Japan, the United Kingdom and the former USSR (Petzow
et al., 1985).

Beryllium pebbles or flakes still contain many impurities and must be refined before
they can be used to fabricate structural pieces. The main impurities in electrolytically
produced beryllium are sodium and chloride; the main impurities in beryllium produced by
the magnesium reduction process are magnesium and magnesium fluoride. Other impurities
include beryllium oxide, carbon and metals, the most important being aluminium, iron and
silicon (Petzow et al., 1985). Beryllium is available mainly as block and rolled sheet and, to a
lesser extent, as extruded bar, wire and near net shapes (Smugeresky, 1986).

Several commercial grades of beryllium are produced for specific uses: structural,
nuclear, instrument, optical and electronic (Smugeresky, 1986). Commercial grades of
beryllium are refined exclusively by vacuum melting in beryllium oxide or magnesium oxide
crucibles and casting in graphite ingot moulds. The melting of magnesium-reduced beryllium
in a high vacuum produces a metal of a purity comparable to that of electrolytic beryllium.
Melting the electrolytic flakes in a vacuum further reduces the content of halides and
low-boiling metals. A very pure grade of beryllium, particularly with respect to the content of
oxide, aluminium, iron, silicon, carbon and halides, can be produced by electrolytic refining
(SR flakes) (Ballance et al., 1978; Petzow et al., 1985).

(¢) Benllium—aluminium alloy

Beryllium-aluminium alloys (originally termed ‘lockalloy’ by the inventors, who were
working for the Lockheed Co.) exhibit high bend ductility and high strength and are weldable
and easy to machine. A major factor in their successful development was the preparation of a
relatively fine, two-phase microstructure by a gas atomization process with quenching into
water. The resultant powders are dried, then hot degassed, hot compacted and extruded to
bars, from which thin sheet and thin-section extrusion are produced. Lockalloys were
produced commercially from the late 1960s until 1975 (Lewis, 1988). The one remaining US
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manufacturer currently produces beryllium-aluminium alloys under the trade name
AlBeMet™ (Brush Wellman, 1992).

(d) Beryllium—copper alloy

Alloys with copper are the most important beryllium alloys. Copper-beryllium master
alloy is manufactured commercially by an arc-furnace method in which beryllium oxide is
reduced by carbon in the presence of molten copper at 1800-2000 °C; the resulting alloy
typically contains 4.0-4.25 wt % beryllium. The master alloy is then melted together with
virgin copper or copper scrap to produce the desired alloy, which is usually cast into billets
(Ballance et al., 1978; Stonehouse & Zenczak, 1991).

(e) Beryllium chloride

Beryllium chloride can be prepared either directly from beryl by the chloride process or
by chlorination of beryllium oxide under reducing conditions. Beryllium chloride is purified
by distillation in a stream of hydrogen, followed by fractional condensation (Petzow et al.,
1985).

(h Beryllium fluoride

In the production of beryllium fluoride, beryllium hydroxide is dissolved in an
ammonium hydrogen fluoride solution to produce ammonium tetrafluoroberyllate.
Impurities can be precipitated as hydroxides. Upon concentration, ammonium tetrafluoro-

beryllate crystallizes from solution and is separated; after heating, it dissociates into
ammonium fluoride and beryllium fluoride (Petzow et al., 1985).

(®) Beryllium hydroxide

Beryllium hydroxide exists in three forms. By adding alkali to a beryllium salt solution to
make a slightly basic pH, a gelatinous beryllium hydroxide is produced. Aging of this
amorphous product results in a metastable tetragonal crystalline form, which, after months
of standing, is transformed into a stable, orthorhombic crystalline form. The orthorhombic
modification is also precipitated by hydrolysis from a hot sodium beryllate solution
containing more than 5 g/L beryllium. Granular beryllium hydroxide is the readily filtered
product from sulfate extraction processing of beryl (Walsh & Rees, 1978).

(h) Beryllium sulfate

Beryllium sulfate can be obtained by heating beryllium sulfate dihydrate in air to 400 °C
and from the reaction of beryl ore or beryllium oxide with sulfuric acid (Walsh & Rees, 1978;
Petzow et al., 1985).

(1)  Beryllium sulfate tetrahydrate

Beryllium sulfate tetrahydrate is produced commerecially in a highly purified state by
fractional crystallization from a beryllium sulfate solution obtained by reacting beryllium
hydroxide with sulfuric acid. The tetrahydrate crystallizes from the aqueous solution in
well-developed crystals (Walsh & Rees, 1978; Petzow et al., 1985).

() Benyllium oxide

Beryllium oxide is produced by the following processes: beryllium hydroxide is first
converted to high-purity beryllium sulfate tetrahydrate, as described above. This salt is
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calcined at carefully controlled temperatures, between 1150 and 1450 °C, selected to give
the properties of the beryllium oxide powders required by individual beryllia ceramic
fabricators. Alternatively, beryllium hydroxide may be purified first and then calcined
directly to beryllium oxide powder (Walsh & Rees, 1978). In another process, beryl ore is
fused with sodium silicic fluoride at 700-800 °C, with conversion to sodium fluoroberyllate
and precipitation by means of caustic soda from the purified leached solution as beryllium
hydroxide, from which the anhydrous chloride can be obtained by reaction with carbon and
chlorine at 800 °C (US National Library of Medicine, 1992).

Today, practically all of the beryllium oxide produced commercially is calcined at
temperatures of 1000 °C or higher and is referred to as ‘high-fired’. Beryllium oxide that is
calcined at temperatures lower than 1000 °C is referred to as ‘low-fired’; it consists of poorly
crystallized, small particles which are more reactive and more soluble in dilute acid than
those of high-fired beryllium oxide (Finch et al., 1988).

(k) Beryllium carbonate

Basic beryllium carbonate is formed in the reaction of beryllium salt solutions with alkali
metal or ammonium carbonate solutions. If excess ammonium carbonate is used, a readily
filtered precipitate of variable composition is formed on boiling. This salt is a suitable
starting material for the preparation of beryllium salts of all types. Gentle calcining causes
ammonia to escape, leaving beryllium basic carbonate. Further heating drives off the carbon
dioxide to produce beryllium hydroxide (Petzow et al., 1985).

() Benyllium nitrate

Beryllium nitrate trihydrate is prepared by crystallizing a solution of beryllium hydroxide
or carbonate that has been treated with a slight excess of concentrated nitric acid; the
dihydrates and monohydrates are also formed, depending on the concentration of the acid
used. The anhydrous form may be obtained by treating an ethyl acetate solution of beryllium
chloride with dinitrogen tetroxide but not by dehydration of one of the hydrated species; the

latter operation results in thermal decomposition of the nitrate, with evolution of nitrous
fumes (Drury et al., 1978).

(m) Beryllium phosphate

Beryllium phosphate can be produced by the reaction of disodium hydrophosphate with
a beryllium salt solution or by reaction of beryllium hydroxide solution with phosphoric acid
(Mellor, 1946).

(n) Benyllium silicate

No information was available to the Working Group.

(©) Zinc beryllium silicate

No information was available to the Working Group.
122 Use

Typical use patterns for beryllium, beryllium alloys and beryllium compounds in the
USA are presented in Table 5.
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Table S. Use patterns for beryllium in the USA (%)

Use category 1985 1987 1990 1991 1992

Metal and alloy in nuclear reactors and 40 40 23 29 29
in military and aerospace applications

Alloy and oxide in electrical equipment 36 35 17 19 20

Alloy and oxide in electronic components 17 17 35 47 45

Alloy, metal and oxide in other applications 7 8 25 5 6

From Kramer (1985b, 1987, 1990, 1991b, 1992b)

(@) Benyllium metal

Some of the typical uses of beryllium metal are: structural material in space technology;
moderator and reflector of neutrons in nuclear reactors; source of neutrons when
bombarded with « particles; special windows for X-ray tubes; in gyroscopes, computer parts,
inertial guidance systems; additives in solid propellant rocket fuels; beryllium-copper alloys;
heat-sink material in low-weight, high-performance aircraft brakes; scanning mirrors and
large mirror components of satellite optical systems; hardening of copper; and in
developmental brass alloys (Sax & Lewis, 1987; WHO, 1990).

(b) Beryllium—aluminium alloy

The use of beryllium in alloys is based on a combination of properties that beryllium
confers on other metals. Low density combined with strength, high melting-point, resistance
to oxidation and a high modulus of elasticity make beryllium alloys light-weight materials
that can withstand high acceleration and centrifugal forces. Most metals, however, form very
brittle compounds with beryllium, and this and the low solubility of most elements in solid
beryllium are the reasons why beryllium-rich alloys have not found extensive use (WHO,
1990). Historically, the only alloy with a high beryllium content was lockalloy, which
contained 62% beryllium and 38% aluminium (Petzow et al., 1985). Recently, Brush
Wellman (1992) introduced a family of beryllium-aluminium alloys containing 20-60%
beryllium and sold as AlIBeMet™,

Aluminium-beryllium alloys are used mainly to save weight, reduce life-cycle cost and
increase reliability in aerospace structures of advanced design. Small additions of beryllium
to aluminium impart high strength, thermal stability and unusual resistance to oxidation
(Lewis, 1988; WHO, 1990). These alloys are also used in computer information storage
devices.

(¢) Beryllium-copper alloy

The principal uses of beryllium stem from the discovery in the 1920s that the addition of
only 2% beryllium to copper results in an alloy six times stronger than copper.
Beryllium-copper alloys withstand high temperatures, are extraordinarily hard, are resistant
to corrosion, do not spark and are non-magnetic. These alloys are used in many critical
moving parts of aircraft engines and in key components of precision instruments, electrical
relays and switches. An alloy containing 25% beryllium has limited application in camera
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shutters. Beryllium-copper hammers, wrenches and other tools are used in petroleum
refineries where sparks from steel against steel might cause explosions (Newland, 1984). A
representative use for beryllium-copper alloys in the electronics industry is in integrated
circuit sockets and electronic connectors (Stonehouse & Zenczak, 1991). These alloys are
also used in sports equipment (e.g., golf clubs).

(d) Beryllium chloride

Beryllium chloride has been used as a raw material in the electrolytic production of

beryllium and as the starting material for synthesis of organoberyllium compounds (Petzow
et al., 1985).

(e) Beryllium fluoride

Beryllium floride is used as an intermediate in the preparation of beryllium and
beryllium alloys. It was used as an additive to welding and soldering fluxes because it
dissolves metal oxides readily; it was also used in nuclear reactors and glass manufacture
(Petzow et al., 1985; Sax & Lewis, 1987). It is being investigated for use in fibre optic cables
because of its low absorbance of ultraviolet radiation.

() Beryllium hydroxide

Beryllium hydroxide is used as an intermediate in the manufacture of beryllium and
beryllium oxide (Budavari, 1989).

&) Beryllium sulfate tetrahydrate

Beryllium sulfate tetrahydrate is used as an intermediate in the production of beryllium
oxide powder for ceramics (Walsh & Rees, 1978).

(h) Beryllium oxide

Beryllium oxide has an extremely high melting-point, very high thermal conductivity,
low thermal expansion and high electrical resistance. It can either be moulded orappliedasa
coating to a metal or other base; through the process of sintering (1480 °C), a hard, compact
mass with a smooth glassy surface is formed. The ceramic properties of sintered beryllium
oxide make it suitable for the production or protection of materials to be used at high
temperatures in corrosive environments. Beryllium oxide ceramics have the hi ghest thermal
conductivity of the oxide ceramics (Newland, 1984; WHO, 1990). They are also used as
dental materials (ceramic crowns).

Specific applications include: transistor mountings, semiconductor packages and
microelectronic substrates. Transparency tc microwaves has led to its use as windows,
radomes and antennae in microwave devices; it is also used in high-power laser tubes. Its low
density and other properties make it attractive for aerospace and military applications, such
as gyroscopes and armour; general refractory uses include thermocouple sheaths and
crucibles. It is also used as an additive to glass, ceramics and plastics; in the preparation of
beryllium compounds; as a catalyst for organic reactions; and in nuclear reactor fuels and
moderators (Livey, 1986; Sax & Lewis, 1987; US Environmental Protection Agency, 1987;
Budavari, 1989).



56 TARC MONOGRAPHS VOLUME 58

(1) Benllium nitrate

Beryllium nitrate was used until the late 1960s for stiffening incandescent gas mantles
(Petzow et al., 1985).

()  Beryllium phosphate

Beryllium phosphate is not known to be produced commercially.

(k) Beryllium silicate

Beryllium silicate is not known to be produced commercially.

() Zinc beryllium silicate

Zinc beryllium silicate is not known to be produced or used commercially at present. It
was used until about 1950 as a fluorescent lamp phosphor (WHO, 1990).

1.3 Occurrence

The environmental occurrence of beryllium has been reviewed extensively (Agency for
Toxic Substances and Disease Registry, 1988; WHO, 1990).

1.3.1 MNatural occurrence

Beryllium is the forty-fourth most abundant element in the Earth’s crust (Drury et al.,
1978; Reeves, 1986), with an average content of about 6 mg/kg. It occurs in rocks and
minerals (mica schist, granite, pegmatite and argillite) at concentrations of 0.038-11.4 mg/kg
(Drury et al., 1978). The most highly enriched beryllium deposits are found in granitic
pegmatites, in which independent beryllium minerals crystallize (WHO, 1990).

Some 40 beryllium-containing minerals have been identified. Only ores containing beryl
(3Be0.Al,03.65i0;) and bertrandite (4Be0.2Si0,.H,0) have achieved commercial
significance (Drury et al., 1978). The most important environmental source of beryllium is
the burning of coal. Coals contain 1.8-2.2 mg beryllium/kg dry weight (US Environmental
Protection Agency, 1987), and beryllium occurs in the ash of many coals at concentrations of
about 100 mg/kg (WHO, 1990). These waste products could represent an extensive beryllium
reserve. The beryllium content of fuel oils has been estimated to be less than 0.1 ppm (Drury
et al., 1978).

1.3.2  Occupational exposure

The range of industrial processes in which occupational exposure to beryllium occurs has
expanded over the past two decades: The number of uses has increased, and the occupational
settings have diversified. It is used in many manufacturing industries (see above) and in a
growing industry for recycling and processing. Nonsiliceous mineral slag used for sand
blasting is also frequently contaminated with beryllium. Potential exposure settings are
summarized in Table 6.
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Table 6. Industries and trades in which
there is potential exposure to beryllium

Ceramics

Electrical connectors
Nonferrous foundries
Nonferrous smelters
Sandblasting

Aerospace

Nuclear control equipment
Electronics

Refractories

Beryllium smelting or fabrication
Hazardous waste processing
Dental equipment and supplies
Engineering and scientific equipment
Mechanical measuring devices
Tool and die making

Soldering

Welding or flame cutting
Metal plating

Automotive parts
Telecommunication equipment
Golf club manufacture

From Cullen er al. (1986); WHO (1990)

The US Occupational Safety and Health Administration summarized data on
occupational exposure to beryllium for the period 1 June 1979 to 31 January 1984 (Table 7,
based on inspections of work places. Exposure levels in excess of the threshold limit value of
2 pg/m3 were found mainly in the traditional beryllium industry but also in high technology
industries.

(@) Processing and manufacturing

Substances to which potential exposure occurs during ore processing include ore dust,
silicon dioxide fumes and acid mists and fumes of beryllium sulfate; those during beryllium
oxide production include fumes of lead sulfide, copper sulfide and sulfur trioxide and dusts of
beryllium oxide; those during production of beryllium metal include acid fluoride mists,
fumes and dusts of beryllium ammonium fluoride, beryllium fluoride, hydrogen fluoride,
ammonium fluoride, beryllium metal and beryllium oxide; and those during production of
beryllium-copper alloy include beryllium oxide, copper and beryllium-copper alloy dusts
and fumes. Machining potentially involves exposure to respirable particles of beryllium
alloys in the absence of adequate controls (Laskin et al., 1950; Preuss, 1988). Exposure
concentrations in various industries have been reviewed (WHO, 1990).
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Table 7. Occupational exposure to beryllium compounds (1 June 1979 to
31 January 1984)

Type of industry No. of samples No. of samples No. of samples
in which beryllium = 0.5 pg/m3e =2 pug/m3
is detected

Traditional® 25 16 9

High-technology? 3 3 2

Secondary process® 5 1 0

Dental laboratory 1 0 0

Total 34 20 11

From Cullen et al. (1986)
“Criterion of the US National Institute for Occupational Safety and Health
bStandard of the US Occupational Safety and Health Administration

“Including particulate blasting, shipbuilding and repair, nonferrous foundries, nonclay
refractories, beryllium machining and fabrication and metalworking

“Including the semiconductor industry, precision electronics industry and spacecraft and
missile manufacture

‘Including secondary nonferrous smelters, nonferrous foundries and hazardous waste
reclamation

Although there are few quantitative data on exposure to beryllium before 1947, there
seems to be little doubt that extremely high concentrations were encountered in the work
place (US National Institute for Occupational Safety and Health, 1972). In the USA,
concentrations greater than 1000 pg/m3 were not uncommon in beryllium extraction
facilities (Eisenbud & Lisson, 1983). Exposures measured in December 1946 (by the
filter-paper dust sampler method) ranged from 110 to 4710 pg/m3 in the furnace area of a
beryllium extraction plant (Laskin et al., 1950). Concentrations of 590-43 300 ug/m3 were
found in a beryllium-copper alloy plant in Lorain, Ohio, USA, monitored by the Atomic
Energy Commission in 1947 and 1948 (Zielinski, 1961). After institution of control measures
in 1949 in a new beryllium-copper alloy production plant in Elmore, Ohio, the limit of
2 pg/m3 was considerably exceeded between 1953 and 1960, with time-weighted average
values of 3.8-9.5 pg/m? in 1953, 6.8-19.1 pg/m3 in 1956 and 23.1-54.6 pg/m’ in 1960
(Zielinski, 1961; US National Institute for Occupational Safety and Health, 1972). In the
same beryllium-copper alloy plant, a new furnace was installed between 1960 and 1966.
Concentrations ranged from < 0.1 pg/m?3 in the mixing areas to 1050 pg/m? in the oxide
areas in 1960 and from 0.2 pg/m3 in the saw area to 249 pg/m?3 in the arc furnace area in 1966.
Five-day average beryllium concentrations in this plant were 60.3 pg/m3 in 1960 and
18.1 pg/m? in 1966 (see Table 8) (Cholak et al., 1967).

In a summary of beryllium concentrations in 2627 air samples taken during 1950-57 in
two US beryllium production plants, Breslin and Harris (1959) reported that 10-15% of
workers were exposed to concentrations greater than 2 pg/m3 and that the average
concentration in each plant in many operations was 10 pg/m3. Exposures may have been
higher in plants that were not monitored by the Atomic Energy Commission (US National
Institute for Occupational Safety and Health, 1972).
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Table 8. Concentrations of beryllium in air at a number of
locations in a beryllium—copper alloy plant in Ohio (USA)
during two cycles of air monitoring six years apart

Location Year Beryllium concentration (ug/m3) of
air per 2-h period

Average Median  Range

Oxide area 1960 149.4 72.5 0.4-1050.0
1966 10.7 8.1 0.8-29.3
Arc furnace area 1960 87.6 50.0 22.1-502.0
1966 259 36.9 7.7-249.0
Mixing area 1960 21.6 144 < 0.1-452.0
1966 20.0 14.7 5.9-88.5
Casting area 1960 39.8 14.6 0.2-535.0
1966 25.4 20.5 8.5-210.5
Fisher furnace area 1960 40.8 28.8 0.2-340.0
1966 7.3 55 1.5-37.8
Saw area 1960 25.6 21.1 < 2.5-92.5
in rolling mill 1966 5.7 4.0 0.2-184
Cropping area 1960 52.8 33.6 14.0-399.0
Ajax furnace area“ 1966 14.4 11.1 4.6-87.5
All areas 1960 60.3 28.4 < 0.1-1050.0
1966 18.1 114 0.2-249.0

From Cholak et al. (1967)
“Approximately same area as cropping area in 1960

The US Atomic Energy Commission presented exposure data from five major
beryllium-processing plants for various periods during 1950-61. Up to 40-75% of the daily
weighted average exposures exceeded 2 pg/m3 (US National Institute for Occupational
Safety and Health, 1972).

[The Working Group noted the uncertainty of the representativeness for exposure of
workers of air monitoring data obtained in the 1940s, 1950s and 1960s.]

In the early 1970s in a beryllium extraction and processing plant in northeastern USA,
peak concentrations up to 1310 pg/m3 were observed (Kanarek et al., 1973). Follow-up
analyses in 1974 showed a significant decrease (Sprince et al., 1978).

The US National Institute for Occupational Safety and Health conducted several
surveys of air in different beryllium plants in the USA. In a beryllium production plant,
concentrations of 0.3-160 ug/m3 were found in 1971, the high values occurring in powdering
operations (H.M. Donaldson, 1971; cited in WHO, 1990). In another beryllium production
plant, the concentrations of airborne beryllium in 1972 rarely exceeded the threshold limit
value of 2 ug/m® (H.M. Donaldson & PJ. Shuler, 1972; cited in WHO, 1990). Beryllium
concentrations in 50 personal samples collected at a secondary copper smelter in 1982-83
ranged between < 0.2 and 0.5 pg/m® (Cherniak & Kominsky, 1984). In 1983, the



60 TARC MONOGRAPHS VOLUME 58

concentrations of beryllium in 121 personal air samples obtained in the refinery and
manufacturing melt areas of a precious metals refinery ranged from 0.22 to 42 pg/m3 (mean,
1.4 pg/m3) (K.P. McManus et al., 1986; cited in WHO, 1990). Concentrations in the beryllium
shop of another plant in 1985 ranged from < 0.2 to 7.2 pg/m?3 and exceeded 0.5 pg/m?3 in 6/33
breathing-zone samples (Gunter & Thoburn, 1986).

Kriebel et al. (1988a) described the beryllium concentrations in a plant in which most of
the beryllium refined in the USA since 1934 has been produced, the principal product always
having been beryllium-copper alloys (containing < 2-4% beryllium). Table 9 summarizes
the daily weighted average concentrations in 16 departments in four periods. The
concentrations were high for many years, with some estimated to have been in excess of
100 pg/m3; as late as 1975, average exposures to beryllium in some jobs were greater than
10 pg/m3. After about 1977, the levels were in compliance with the permissible exposure
limit of 2 pg/m3. The median cumulative exposure of 297 white male workers surveyed in
1977 was 65 pg/md3-years; their median exposure was 0.4 pg/m3, and the mean number of
years worked was 17. [The Working Group noted that there was some overlap in the plants
surveyed.]

Table 9. Daily weighted average concentrations of beryllium (1g/m3) in 16 departments?®
in a US beryllium production plant in four periods

Department Approximate No. of Period

no. of jobs in

workers department  1935-54 1955-64 1965-76 1977-83

in 1943
Oxide 46 14 46 16 8.8 0.5
Arc furnace room 26 6 80 51 11 0.7
Detroit furnaces 24 4 51 51 33 NA
Foundry 27 5 19 19 13 NA
Melt and cast 105 6 18 18 7.6 1.1
Hot rolling 19 8 9.3 9.3 25 0.2
Cold rolling 29 8 9.2 5.7 25 0.2
Rod and wire 39 8 59 59 20 0.2
Annealing 10 5 13 13 5.7 0.1
Pickling 11 3 0.2 0.2 0.2 0.1
Machining, grinding 60 5 1.7 1.7 0.9 0.1
Maintenance 73 13 6.2 5.7 3.5 0.1
Inspection 12 7 1.6 1.6 0.9 0.1
Laundry - 1 2.5 2.5 1.0 0.1
Laboratories, research 28 6 1.4 14 1.2 0.2

and development

Stores, shipping 20 3 3.6 3.6 20 0.1
Total 529 102

From Kriebel ef al. (1988a); NA, not applicable; these departments were not operational during 1977-83.
4Smaller departments were grouped for presentation.
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(b) Machining and use

Personal air samples taken at US factories in which machining of beryllium metal and
alloys involved drilling, boring, cutting and sanding did not contain any detectable amount of
beryllium (Gilles, 1976; Boiana, 1980; Lewis, 1980). In a US boat factory in which workers
were engaged in grid blasting, beryllium concentrations of 6-134 pg/m3 were measured
(Love & Donohue, 1983). Breathing-zone air samples taken from workers during grinding,
polishing, cutting and welding of beryllium-containing alloys in a German metal processing
plant contained < 0.1-11.7 pg/m? beryllium in total dust; 0.1-10.0 pg/m> during hand
cutting; 1.4-11.7 pg/m? during automatic cutting; 2.1-3.63 pg/m3 during welding without
exhaust extraction; and 1.12-1.34 pg/m3 during welding with exhaust extraction (Minkwitz
et al., 1983; WHO, 1990).

Dental laboratory technicians were exposed to < 2 pg/m?® beryllium in the breathing
zone during the processing of beryllium-containing dental alloys in the USA when exhaust
ventilation was used (Dvivedi & Shen, 1983). Air measurements in three dental laboratories
in Italy where melting and finishing of dental prostheses were carried out revealed beryllium
concentrations in the breathing area in the range of 0.04-1.7 pg/m3. The mean concentration
of beryllium in the urine of 46 dental technicians (0.34 pg/1;range, 0.05-1.7) was higher than
that of non-occupationally exposed subjects (mean, 0.26 ug/L; range, < 0.03-0.8) (Apostoli
etal., 1989a). [The Working Group noted that the smoking habits of the technicians were not
defined.]

133 Air

The major source of atmospheric beryllium is combustion of coal, and its most prevalent
chemical form is probably beryllium oxide, mainly bound to particles smaller than 1 pm
(WHO, 1990). In earlier reports, average atmospheric background concentrations of
beryllium were reported to be less than 0.1 (Bowen, 1966) and 0.2 ng/m® (Sussmann ef al.,
1959). The air of over 100 cities in the USA, sampled in 1964-65, did not contain detectable
amounts of beryllium (detection limit, 0.1 ng/m3) (Drury et al., 1978). Annual average
background concentrations during 1977-81 throughout the USA were around the detection
limit of 0.03 ng/m3. Annual averages at urban monitoring stations where concentrations
exceeded 0.1 ng/m3 ranged between 0.11 and 6.7 ng/m3 during 1981-86 (US Environmental
Protection Agency, 1987; WHO, 1990). These data are similar to those found in other
countries: Ikebe et al. (1986) found an average of 0.042 ng/m? in 76 air samples collected in
17 Japanese cities between 1977 and 1980; the highest values were found in Tokyo
(0.22 ng/m3) and in an industrial area in Kitakyushu (0.21 ng/m3). R. Freise and G.W. Israel
(1987, cited in WHO, 1990) found annual mean values in Berlin (Germany) of
0.2-0.33 ng/m3. A concentration of 0.06 ng/m? was measured in a residential area, an office
area and the inner city area of Frankfurt, whereas 0.02 ng/m3 was measured in a rural area
near Frankfurt (Miiller, 1979).

Atmospheric concentrations of beryllium in the vicinity of beryllium processing plants
are often higher than those elsewhere. A mean concentration of 15.5 ng/m3 and a maximum
concentration of 82.7 ng/m>® were reported near a Pennsylvania (USA) factory, whereas

background levels in several locations in the area averaged only 0.2 ng/m3 (Sussman e al.,
1959).
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The average concentration of beryllium in air 400 m from a beryllium extracting and
processing plant in the former USSR, which was not equipped with emission control devices,
was 1 pg/m>; at 1000 m, it was 10-100 ng/m3. Between 500 and 1500 m from a mechanical
beryllium-finishing plant with operational filter facilities, no beryllium was detected in air
[detection limit not given] (Izmerov, 1985). Bencko et al. (1980) reported beryllium
concentrations of 3.9-16.8 ng/m3 (average, 8.4 ng/m3) in the vicinity of a power (coal) plant
in former Czechoslovakia.

1.3.4 Tobacco smoke

In a German study of three brands of cigarettes [origin of tobaccos and number of
samples not given], 0.47-0.75 ug beryllium was found per cigarette. Less than 10% of the
beryllium content (0.011-0.074 pg/cigarette) was released into mainstream smoke during
smoking (Zorn & Diem, 1974).

1.3.5 Water

Beryllium concentrations in surface waters are usually in the range 0.01-0.1 pg/L
(WHO, 1990). The concentrations in 15 major US river basins ranged from 0.01 to 1.22 pg/L,
with a mean of 0.19 pg/L (Safe Drinking Water Committee, 1977). Water samples taken from
various areas near the Seward Peninsula in Alaska contained beryllium concentrations of
0.034-2.4 pg/L (Gosink, 1976). Surface water in eastern USA and Siberia contained
beryllium at concentrations ranging from 0.1 to 0.9 ug/L (Safe Drinking Water Committee,
1977). Groundwater samples from Germany contained < 5-9 ng/L, with a mean of 8 ng/L;
beryllium concentrations in seawater were 10 times lower than those in surface water
(Reichert, 1974). Concentrations of 0.2-0.9 ng/L (mean, 0.5) (Merrill et al., 1960) and 2 ng/L
(Meehan & Smythe, 1967) were reported in the Pacific Ocean. Measures and Edmond (1982)
found still lower concentrations, 0.04-0.06 ng/L, in the mixed layer—up to about 500 m.

In a survey of 380 US drinking-water sources in 196267, beryllium was found in only
1.1% of samples, at concentrations ranging from 20 to 170 ng/L (mean, 100) (Safe Drinking
Water Committee, 1977). Sauer and Lieser (1986) found beryllium at 27 4 8 ng/L in
drinking-water samples from Germany.

1.3.6 Soils

Beryllium occurs in most soils. Drury et al. (1978) reported an average of 6 mg/kg (range,
0.1-4.0) worldwide and 0.04-1.45 mg/kg in Kenya. Of 847 samples of agricultural soils
collected at a depth of 20 cm throughout the USA, 66% contained < 1mg/kg, 22% between
1 and 2 mg/kg and 12% between 2 and 7 mg/kg (Shacklette et al., 1971). The mean beryllium
concentration in 27 soil profiles (with 129 horizons) of uncontaminated soil from various
locations in Japan was 1.31 mg/kg (Asami & Fukazawa, 1985).

In some small, unpolluted areas in which rocks contain large amounts of beryllium, the
overlying soils show relatively high beryllium concentrations; e.g., soils in the Lost River
Valley, Alaska, USA, contained up to 300 mg/kg, with an average of 60 mg/kg (WHO, 1990).
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1.3.7 Food

Only limited, variable data are available on beryllium contents of food (WHO, 1990).
The concentrations in various foods collected in New South Wales, Australia, ranged from 10
to 470 ng/kg ash weight (0.07-1175 pg/kg fresh weight); the highest concentrations were
found in peanut shells (Meehan & Smythe, 1967).

Owing to the limited data, the daily human intake of beryllium from food has not been
determined. In a study in the United Kingdom (Hamilton & Minsky, 1973), the average total
dietary intake was estimated to be < 15 pg/day. The US Environmental Protection Agency
(1987) estimated a total daily consumption of about 420 ng, most of which came from food
(120 ng/day) and drinking-water (300 ng/day); air and dust reportedly contributed very little
to the total intake of beryllium.

1.3.8 Human tissues and secretions

The measured concentrations of beryllium in body fluids and tissues have diminished
substantially over the past 10 years, probably as a consequence of improved analytical
techniques, including better procedures for minimizing beryllium contamination during
collection and assay. The validity of the data reported in the older literature is therefore
somewhat doubtful.

Sprince et al. (1976) analysed specimens taken at autopsy from patients without
granulomatous disease and found less than 20 pg/kg dry weight of beryllium in lung tissue
(mean, 5 ug/kg; range, 3-10; six cases) and mediastinal lymph nodes (mean, 11 pg/kg; range,
6-19; seven cases). These concentrations are within the range of 90% of the values of
2-30 pg/kg dry lung tissue found in 125 lung specimens obtained during thoracic surgery
(Baumgardt er al., 1986).

Caroli er al. (1988) analysed different parts of lung tissue from 12 subjects in an urban
area of Rome (Italy), who were nonsmokers, 50 or more years old and had not been
occupationally exposed to beryllium during their lifetime. The overall mean of 5 ng/kg fresh
weight indicates a smaller concentration range than those above, which were expressedin dry
weight.

In a survey of 66 patients with beryllium disease in the US Beryllium Case Registry, the
concentrations of beryllium ranged from 4 to 45 700 pg/kg dried tissue; 82% of the patients
had concentrations of more than 20 pg/kg dry weight. Peripheral lymph-node specimens
from five patients contained 2-490 pg/kg beryllium and mediastinal specimens,
56-8500 pg/kg (Sprince et al., 1976).

Beryllium concentrations in urine specimens from non-occupationally exposed subjects
are summarized in Table 10. The mean beryllium concentration in blood from 20 non-
occupationally exposed German subjects was 0.9 pg/L (SD, 0.5) (Stiefel et al., 1980).

Smoking appears to influence the concentration beryllium in urine: the beryllium
concentration in the urine of heavy smokers (0.31 4 0.17 pug/L) was significantly greater than
that of nonsmokers (0.20 + 0.14 pg/L) (Apostoli et al., 1989b).

An exposure concentration of 2 jg/m3 beryllium in air was found to correspond to about
7 pg/L in urine and about 4 pg/L in blood (Zorn ef al., 1988).
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Table 10. Urinary concentrations of beryllium, identified by
graphite furnace atomic absorption, in specimens from non-
occupationally exposed subjects

Country  No. of Concentration Reference
subjects  (ug/L; mean & SD)

USA 120 09404 Grewal & Kearns (1977)
Italy 56 0.6 0.2 C. Minoia ef al. (1985; cited
by Apostoli er al., 1989b)
USA NR 0.13 Paschal & Bailey (1986)
Italy 163 0.24 1+ 0.16 Apostoli ef al. (1989b)
(range, < 0.03-0.8)
Italy 579 0.4 Minoia et al. (1990)

(range, < 0.02-0.82)

Modified from Apostoli et al. (1989b); NR, not reported

1.4 Regulatery status and guidelines

Occupational exposure limits and guidelines for beryllium and beryllium compounds
established in different parts of the world are given in Table 11.

Table 11. Occupational exposure limits and guidelines for beryllium and
beryllium compounds

Country or region Year Concentration Interpretation®
(ng/md)
Argentina 1991 2 TWA, potential carcinogen
Australia 1990 2 TWA, probable human carcinogen
Belgium 1990 2 TWA, probable human carcinogen
Bulgaria 1984 1 TWA
China 1979 1 TWA
Denmark 1992 1 TWA?
Finland 1990 0 Suspected of having carcinogenic
potential
France 1990 2 TWA, carcinogen
Germany 1992 0 A2¢
Hungary 1990 1 STEL, probable human carcino-
gen, irritant, sensitizer
Indonesia 1978 2 TWA
Italy 1978 2 TWA
Japan 1991 2 TWA, probable human carcinogen
Korea, Republicof 1983 2 TWA
Mexico 1984 2 TWA
Netherlands 1986 2 TWA
Poland 1985 1 TWA
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Table 11 (contd)

Country or region Year Concentration Interpretation®
(ng/m3)
Romania 1975 1 STEL
Sweden 1991 2 TWA, causes cancer, sensitizer
Switzerland 1990 2 TWA, inhalable dust, absorbed
through skin
Taiwan 1981 2 TWA
United Kingdom 1994 2 (proposal) STEL
USA®
OSHA 1989 2 TWA (PEL)
S Ceiling
25 Max
NIOSH 1990 0.5 TWA, carcinogen (REL)
ACGIH 1992 2 TWA, A2¢(TLV)
Venezuela 1978 2 TWA
25 Ceiling

From Arbeidsinspectie (1986); Cook (1987); US Occupational Safety and Health Adminis-
tration (OSHA) (1989); Arbetarskyddsstyrelsens (1991); Institut National de Recherche
et de Sécurité (1990); US National Institute for Occupational Safety and Health (1990);
International Labour Office (1991); American Conference of Governmental Industrial
Hygienists (ACGIH) (1992); Anon. (1992); Arbejdstilsynet (1992); Deutsche Forschungs-
gemeinschaft (1992); UNEP (1993).

“The concentrations given may or may not have regulatory or legal status in the various
countries; for interpretation of the values, the original references or other authoritative
sources should be consulted. TWA, time-weighted average; STEL, short-term exposure
limit; Max, acceptable maximal peak (of 30-min maximal duration) above the acceptable
ceiling concentration for an 8-h shift; PEL, proposed exposure limit; REL, recommended
exposure limit; TLV, threshold limit value

bBeryllium and beryllium compounds are on a list of dangerous compounds but not classi-
fied for carcinogenic effect.

“Compounds which in the Commission’s opinion have proven so far to be unmistakably
carcinogenic in animal experimentation only; namely under conditions which are compara-
ble to those for possible exposure of a human being at the workplace, or from which such
comparability can be deduced

9Suspected human carcinogen; chemical substance, or substances associated with indus-
trial processes, which are suspected of inducing cancer, on the basis of either limited epide-
miological evidence or demonstration of carcinogenesis in one or more animal species by
appropriate methods

Stationary sources (extraction plants, ceramic plants, foundries, incinerators and
propellant plants for the processing of beryllium ore, beryllium, beryllium oxide, beryllium
alloys and beryllium-containing waste; machine shops for the processing of beryllium,
beryllium oxide and any alloy containing more than 5% beryllium by weight) are subject to
the US national emission standard for beryllium, which is 0.01 pg/m3 (30-day average) in
ambient air for those production facilities which qualify for regulation through ambient air
monitoring. Other facilities must meet a total site emission limit of 10 g per 24 h (US
Environmental Protection Agency, 1992).
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In the European Economic Community, beryllium and beryllium compounds are not
permitted in cosmetic products (Commission of the European Communities, 1991a, 1992).
Waste (except domestic waste) containing or contaminated by beryllium and beryllium
compounds is classified as hazardous waste (effective date, 12 December 1993) (Commission
of the European Communities, 1991b). Member States must take the necessary steps to limit
the introduction of beryllium and its compounds into groundwater (effective date, 26 January
1982) (Commission of the European Communities, 1980). Beryllium and beryllium
compounds (except aluminium beryllium silicates) are classified as very toxic and irritant
(effective date, 1 July 1992) (Commission of the European Communities, 1991c).

2. Studies of Cancer in Humans

Beryllium was considered previously by three working groups (IARC, 1972, 1980, 1987).
The first group (IARC, 1972) found the four epidemiological studies available at that time
(Hardy et al., 1967; Stoeckle et al., 1969; Mancuso & El-Attar, 1969; Mancuso, 1970) not to
provide evidence of the existence of a possible relationship between exposure to beryllium
compounds and the occurrence of cancer in man. The second working group (IARC, 1980)
reviewed four subsequent cohort studies (Infante ez al., 1980; Mancuso, 1979, 1980; Wagoner
et al., 1980) and concluded that the evidence for an increased risk for lung cancer from
occupational exposure to beryllium was limited. No new study was available at the time of the
third review (IARC, 1987).

2.1 Cohort studies (see Table 12, p. 70)

Mancuso (1979) conducted a retrospective cohort mortality study of workers employed
in two beryllium extraction, production and fabrication facilities in the USA: one in Lorain,
Ohio, and the other in Reading, Pennsylvania (see Table 13, p. 71, for description). The
cohort was limited to workers who had been employed for at least three months during
1942-48. Observed and expected numbers of deaths were compared using a modified
life-table analysis. Expected deaths were calculated on the basis of five-year mortality rates
for the general white male population of the USA, except that the author did not have access
to the actual national mortality rates for 1968-75 and calculated expected deaths for that
period by applying US mortality rates for 1965-67. As a consequence of this extrapolation,
expected lung cancer death rates for the 1968-75 period were underestimated by a factor of
10% (Saracci, 1985). The standardized mortality ratio (SMR) for lung cancer among the
1222 workers in the Ohio plant was 2.00 (1.8 with Saracci’s adjustment; 95% confidence
interval [CI], 1.2-2.7); that among the 2044 workers at the Pennsylvania plant was 1.37 (1.25
with Saracci’s adjustment; 95% CI, 0.9-1.7). The combined lung cancer SMR (with Saracci’s
adjustment) for the two plants was 1.42 (95% CI, 1.1-1.8). A consistently greater excess of
lung cancer was seen in the two plants among workers who were followed for 15 or more
years since first employment; the SMRs (with Saracci’s adjustment) were 2.0 (95% CI,
1.3-3.1) for the Ohio plant and 1.5 (95% CI, 1.0-2.1) for the Pennsylvania plant. In the
combined cohort, the excess of lung cancer was limited to workers who had been employed
for less than five years and followed for 15 or more years since first employment. [The
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Working Group noted that no analysis of risk by job title or exposure category was
conducted. The period of initial employment of the study cohort preceded the imposition by
the US Atomic Energy Commission in 1949 of a 2 pg/m? 8-h time-weighted average limit for
occupational exposure to beryllium and a ceiling limit of 25 pg/m3, applicable to all
beryllium facilities under contract to the Commission (Preuss, 1988).] A study of the
beryllium alloy plant in Lorain, Ohio, conducted in 1947-48 by the US Atomic Energy
Commission (Zielinski, 1961), showed concentrations of beryllium ranging from 411 ug/m?3
in the general air surrounding the mixing operation to 43 300 pg/m?3 in the breathing zone of
alloy operatives. Control measures were introduced throughout US plants after 1949, and
exposure levels in beryllium facilities were reduced markedly. Extraction plants, for example,
were able to maintain exposure levels of 2 pg/m? or less, while certain foundry operations
had air concentrations consistently in excess of 2 ug/m3, with maximal values greater than
1000 pg/m3 during the period 1968-72 in the Pennsylvania plant (Wagoner ef al., 1980).

Mancuso (1980) re-analysed mortality in the same Ohio and Pennsylvania beryllium
extraction and processing plants, but extended the period of employment of the study cohort
to 1937-48 and used as a comparison group viscose rayon industry workers employed at one
company during 1938-48. Mortality was followed up through 1976. Among the 3685 cohort
members from the two beryllium plants, 80 lung cancer deaths were observed, whereas 57.1
were expected on the basis of the total mortality experience of the viscose rayon workers
(SMR, 1.40; p < 0.01) and 50.6 deaths were expected on the basis of the mortality experience
of viscose rayon workers employed in a single department of the industry (SMR, 1.58;
p < 0.01). [The Working Group noted that use of the latter reference cohort may introduce a
selection bias into the analysis, since the mortality experience of workers who never change
departments while employed in the industry may differ from that of the total workforce of
the industry, for non-occupational reasons.] Lung cancer SMRs were calculated by duration
of employment in comparison with the entire group of viscose rayon employees; these values
were 1.38 (p < 0.05; 52 observed deaths) for one year or less of employment, 1.06 (14
observed deaths) for more than one year to four years or less,and 2.22 (p < 0.01; 14 observed
deaths) for more than four years’ employment.

Wagoner et al. (1980) expanded the cohort mortality study of the same Pennsylvania
plant analysed by Mancuso (1979, 1980) to include workers employed at some time during
1942-67 and followed them up to 1 January 1976. [This interval extends across the year 1949
when, as previously noted, the Atomic Energy Commission standard of 2 pg/m3 was
introduced and a substantial reduction in exposure to beryllium subsequently occurred (US
National Institute for Occupational Safety and Health, 1972).] They also used 1965-67
national lung cancer mortality rates to calculate expected lung cancer deaths for the period
1968-75. [The adjustment of Saracci (1985) is thus appropriate in considering these results.]
Wagoner et al. (1980) observed 47 lung cancer deaths among the 3055 workers in the study
cohort, whereas 37.7 were expected (with Saracci’s adjustment) on the basis of national
mortality experience, yielding an SMR of 1.25 (95% CI, 0.9-1.7). When lung cancer SMRs
were calculated by latency, the SMRs were 0.88 (9 deaths) for < 15 years’ latency, 1.16
(18 deaths) for 15-24 years’ latency and 1.68 (20 deaths) for > 25 years’ latency, the 95% CI
for latter SMR being 1.0-2.6. Within latency categories, there was no pattern of increasing
(or decreasing) SMR by duration of employment, dichotomized into less than five and five
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years or more. Analysis by duration yields an unstable estimate for longer duration strata
owing to small numbers: for > 5 years, the SMR is 1.1 (seven deaths) and the 95% CI is
0.4-2.3 (Saracci, 1985). A decline in risk for death from chronic beryllium disease was seenin
relation to the same categories of length of employment. The potential for confounding of
the SMR by a different distribution of smoking habits in the US population and in the
beryllium cohort was calculated on the basis of a 1968 medical survey, in which detailed
smoking histories of workers at the Pennsylvania plant were obtained, and of the 1964-65
Health Interview Survey of a probability sample of the US population, in which current and
past smoking habits were queried. The overall calculations suggest that reported differences
in smoking habits were sufficient to increase the lung cancer risk among the beryllium
workers by 14%, in the absence of beryllium exposure; however, as also discussed by
Wagoner ef al. (1980), the white male age-adjusted rate for lung cancer mortality in the
county in which the Pennsylvania plant was located (31.8/100 000) was lower than the
average annual white male age-adjusted mortality rate for the USA as a whole
(38.0/100 000). Wagoner et al. (1980) calculated that the risk for mortality from lung cancer
in the beryllium cohort, if adjusted for differences in mortality between the County and the
USA and for residential stability of cohort members, was underestimated by a factor up to
19%. [The Working Group noted that these two factors—smoking distribution and lower
regional lung cancer mortality—bias the SMR estimate in opposite directions.]

Infante et al. (1980) analysed the mortality experience of white males entered into the
Beryllium Case Registry while alive, with a diagnosis of chronic beryllium disease or acute
beryllium-related pneumonitis. The Beryllium Case Registry was established in 1952 to
collect data on the epidemiology, diagnosis, clinical features, course and complications of
beryllium-related diseases. Individuals who were entered into the Registry were categorized
as having either acute beryllium-induced pneumonitis or chronic systemic beryllium diseases
(Sprinze & Kazemi, 1980). Individuals who were referred to the Registry for evaluation of
beryllium-related diseases were employed in a variety of occupations, but most worked in
beryllium extraction and smelting, metal production and fluorescent tube production. A total
of 421 white males who entered the Registry alive between July 1952 and December 1975
were followed through to 31 December 1975. Seven deaths from lung cancer were observed
and 3.3 were expected, based on national mortality rates for the period 1952-67 (SMR, 2.12,
not significant). Since published vital statistics were not available for the period 1968-75,
national mortality rates for 1965-67 were applied to 1968-75. If the number of expected
deaths is increased by 10%, the expected value becomes [3.63], and the adjusted SMR is
[1.93; 95% CI, 0.8-4.0]. For men who were entered into the Registry with a diagnosis of
beryllium-related acute pneumonitis, the SMR (with Saracci’s adjustment) for lung cancer is
2.86 (95% CI, 1.0-6.2; six cases). For those who were entered with a diagnosis of chronic
beryllium disease, one lung cancer death was observed, with 1.52 expected (SMR, 0.66; 95%
Cl, 0.1-3.7). [The Working Group noted the small expected number of lung cancer deaths,
particularly among workers with chronic lung disease, and the relatively short follow-up time
for those workers who were entered into the Registry after 1965 (< 10 years). Chronic
beryllium disease results from hypersensitivity to beryllium and may occur at much lower
exposures than acute beryllium pneumonitis. A small number of the cases occurred among
people living near the plants but who were not occupationally exposed.]
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An extended analysis of mortality among people entered into the Beryllium Case
Registry was reported by Steenland and Ward (1991). The study cohort, which now included
women (34% of the cohort) and men of all races, numbered 689 people who were alive at
entry into the Registry between July 1952 and the end of 1980. Mortality follow-up was
extended through 1988 [actual US death rates were available for comparison for all years,
eliminating the need for Saracci’s adjustment in this and the report of Ward et al. (1992)].
Excess mortality was found for all cancers (SMR, 1.51; 95% CI, 1.17-1.91; 70 observed
deaths), due primarily to an excess of lung cancer (SMR, 2.00; 95% CI, 1.33-2.89;
28 observed deaths); there were also excess deaths from nonmalignant respiratory disease
(SMR, 34.23;95% CI, 29.1-40.0; 158 observed deaths) and all causes of deaths (SMR, 2.19;
95% CI, 1.17-1.91; 428 observed deaths). The SMR for lung cancer was greater among
cohort members with acute beryllium pneumonitis (SMR, 2.32; 95% CI, 1.35-3.72: 17 cases)
than among those with chronic beryllium disease (SMR, 1.57; 95% CI, 0.75-2.89; 10 cases)
(one death was due to disease of unknown type). The SMRs for nonmalignant respiratory
disease were 10 times higher in the chronic disease group (SMR, 68.6) than in the acute
disease group (SMR, 6.6). The SMRs for lung cancer varied little by time since first exposure
(SMR, 1.95; 95% CI, 0.94-3.59 for < 20 years since first exposure; 2.03; 95% CI, 1.20-3.21
for > 20 years) or by duration of exposure. [The Working Group presumed that duration of
exposure to beryllium was determined by duration of employment in a beryllium plant,
although this is not specified in the published report.] Taking into account the distribution of
smoking habits among 32% of the cohort members questioned in 1965 and from a national
survey of the US population studied in 1965, Steenland and Ward (1991) concluded that the
study cohort smoked less (current smokers, 26%) than the US referent population (39%) in
1965 and that, if the 32% sample were representative of the entire cohort, smoking was
unlikely to be a confounder of the observed excess lung cancer. Selection bias was diminished
in this study because: people who died before entry into the Registry were excluded; only five
individuals who had cancer before entry into the Registry were found in a review of Registry
records, and none of these had lung cancer; and if patients with lung cancer had entered the
Registry preferentially, the follow-up interval on these subjects would have been short,
whereas only three of the 28 observed lung cancer deaths occurred within five years of entry
into the Registry. [The Working Group noted that the results of this Beryllium Case Registry
cohort study yield a higher lung cancer SMR than was found in other studies of
beryllium-exposed workers, particularly among those who were entered with acute beryllium
pneumonitis and who could therefore be assumed to have had a higher intensity of exposure
to beryllium. This finding is consistent with the assumption that the risk for lung cancer is
proportional to the intensity of exposure to beryllium. Furthermore, it provides indirect
evidence that beryllium, rather than smoking, explains the findings, as people with acute
pneumonitis were unlikely to smoke more than workers with chronic beryllium disease.]

Ward ez al. (1992) reported the results of a cohort mortality study of 9225 male workers
(8905 white, 320 non-white) employed by two companies at seven beryllium plants in Ohio
and Pennsylvania. The results are summarized in Tables 12-16 (pp. 70-73). [Two of these
plants (in Lorain, OH, and Reading, PA) are the same as those studied by Mancuso (1979,
1980) and Wagoner et al. (1980) (see Table 13).] Workers had to have worked for at least two
days between 1940 and 1969 to qualify for entry into the study cohort. Mortality follow-up



Table 12. Cohort studies of lung cancer in beryllium workers

Reference Cohort or plant Period of Termination  Comparison population SMR 95% CI Lung
location employment of follow-up cancers
observed
Mancuso Lorain, OH 1942-48 1974 US white males 1.84 1.2-2.7 25
(1979) Reading, PA 1942-48 1975 1.252 0.9-1.7 40
Combined 4 1.42¢ 1.1-1.8 65
Mancuso Lorain, OH 1937-48 1976 Viscose rayon 1.40 [1.1-1.7] 80
(1980) Reading, PA workers
Wagoner ef al. Reading, PA 1942-67 1975 US white males 1.254 0.9-1.7 47
(1980)
Infante et al.  Beryllium Case Entryinto 1975 US white males [1.93] [0.8-4.0] 7
(1980) Registry Registry Acute pneumonitis 2.86% 1.0-6.2 6
1952-75 Chronic beryllium 0.664 0.1-3.7 1
disease
Steenland &  Beryllium Case Entry into 1988 US men and women 2.00 1.33-2.89 28
Ward (1991)  Registry Registry (all races)
1952-80 Acute pneumonitis ~ 2.32 1.35-3.72 17
Chronic beryllium 1.57 0.75-2.89 10
disease
Ward et al. Seven beryllium 1940-69 1988 US males, all races 1.26 1.12-1.42 280
(1992) processing plants

SMR, standardized mortality ratio; CI, confidence interval; [ ], calculated by the Working Group
“With Saracci’s adjustment

0L
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was extended through to 1988 and was analysed using standard modified life-table methods.
The influence of local differences in mortality was evaluated by comparing SMRs derived
from national and from local county mortality rates. The effect of the dissimilar distribution
of smoking habits between beryllium workers and the US population was also evaluated. In
the total cohort of 9225 workers, there were 3240 deaths (35% of the total) and 269 235
person-years of follow-up, of which 52% were person-years atrisk 15 years or more after first
employment in the beryllium industry. The SMR for all causes was 1.05 (95% CI, 1.01-1.08),
that for all cancers was 1.06 (95% CI, 0.99-1.44), and that for nonmalignant respiratory
disease was 1.48 (95% CI, 1.21-1.80). With the exception of that for cancer of the respiratory
system, none of the SMRs for cancers at specific sites was significantly different from 1.00.
The overall SMR for lung cancer was 1.26 (95% CI, 1.12-1.42; 280 observed deaths, based

on US rates). SMRs for cancers of the larynx and of the upper respiratory tract were below
1.00.

Table 13. Years during which major processes were used at the US beryllium plants in
the study of Ward et al. (1992)

Plant location Ore refining  Beryllium Metal Beryllium-  Machining
oxide production copper alloy
production production
Lorain, OH 193548 193548 1935-48 1935-47 -
Reading, PA 1935-66 1035-66 - 1935-present  1938-present
Lucky, OH 1950-58 1950-58 1950-58 - -
Perkins (Cleveland), OH  1937-55 1937-62 1948-62 - 1941-63
St Clair (Cleveland), OH - - - - 1963-73
Elmore, OH 1958-77 1958-present  1958-present  1952-present 1958-present
Hazelton, PA 1958-78 1958-78 1958-78 1958-78 1958-78

The dates refer only to the processes and were not used to restrict the cohorts. For example, workers hired

at the Lucky plant in 1949 were included in the study, as were a few individuals hired at the Lorain plant
in 1949 and early 1950.

The SMRs for lung cancer at individual plants (Table 14) were greater than 1.00 at four
of the six locations: two plants near Cleveland, OH—Perkins and St Clair—were combined
into one cohort because records of the two plants could not be separately identified. The
SMRs were significantly greater than 1.00 only at the Lorain, OH, and Reading, PA, plants
[the same facilities studied by Mancuso (1979, 1980) and Wagoner et al. (1980)]. It is
noteworthy that cohorts in which there was a high SMR for pneumoconiosis and other
respiratory diseases, presumably indicating higher exposure to beryllium also consistently
had elevated SMRs for lung cancer. When lung cancer SMRs were stratified by latency at
each plant, three of the six locations showed higher SMRs for the 15-30-year and > 30-year
latency categories compared with the < 15-year latency category (Table 15); however, for
the total cohort, lung cancer SMRs increased stepwise with increasing latency (bottom row of
Table 15). When SMRs were stratified by decade of hire (Table 16), values greater than 1.00
were seen for all three locations in which workers were hired before 1950 (the period when
exposures to beryllium were also greater than subsequently), but SMRs were also greater
than 1.00 in four of the five locations where workers were hired between 1950 and 1959.



Table 14. Mortality of workers employed in 1940-69 at the seven US beryllium processing plants in
the study of Ward ef al. (1992)

L

Plant location Total Percentage of workers SMR No. of
no. of employed for lung
workers Lung cancer Lung cancer Pneumoconiosis cancer

< lyear 1-5Syears (based on {(based on and other deaths

US rates) county rates) respiratory
disease (based
on US rates)

Lorain, OH 1192 84.6 12.8 1.69** 1.60** 1.94** 57
Reading, PA 3569 53.8 22.3 1.24* 1.42** 1.34 120
Cleveland, OH 1593 47.3 29.8 1.08 1.05 1.22 44
(two plants)
Lucky, OH 405 62.2 35.8 0.82 0.84 0.87 9
Elmore, OH 1323 29.0 249 0.99 1.06 0.69 15
Hazelton, PA 590 19.7 17.8 1.39 1.50 2.00 13
Mutltiple plants 257 0.8 12.1 1.67 - 2.60 13
Location unknown 296 49.3 41.6 1.33 - 347 9
Total® 9225 49.7 23.4 1.26%* 1.32* 1.48%* 280

*p < 0.05; **p < 0.01
4See also Table 12
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As seen in the bottom row of Table 16, decade of hire was one of the strongest correlates of
lung cancer mortality risk in the total cohort. Poisson regression analysis, with control for
age, race, calendar time and time since first employment, showed an independent effect of
decade of hire on lung cancer SMRs in the total cohort. Duration of employment had no
effect. [The Working Group noted that, given the much higher exposures to beryllium prior
to 1950 and the fact that 73% of the total cohort worked for less than five years, duration of
employment does not separate that segment of the cohort which received the highest
exposures to beryllium.] '

Table 15. Standardized mortality ratios (SMRs) for lung cancer by location of plants

and latency since time of first employment in the US beryllium plants in the study
of Ward ef al. (1992)

Location Latency < 15 years Latency 15-30 years Latency > 30 years
SMR Observed SMR Observed SMR Observed
deaths deaths deaths
Lorain, OH 0.38 1 2.09** 21 1.66* 35
Reading, PA 0.78 9 1.17 44 1.40* 67
Cleveland, OH 1.30 9 0.91 20 1.27 15
Lucky, OH 0.96 1 0.85 4 0.76 4
Elmore, OH 0.51 2 1.14 12 1.31 1
Hazelton, PA 1.91 4 1.26 9 - 0
Multiple plants - 0 1.23 4 2.38* 9
Location unknown 0.64 1 1.28 5 2.30 3
Total 0.89 27 1.20 119 1.46** 134

*p < 0.05; **p < 0.01

Table 16. Standardized mortality ratios (SMRs) for lung cancer by location of plants
and decade of hire in the US beryllium plants in the study of Ward ef al. (1992)

Location Hired before 1950 Hired 1950-59 Hired 1960-69
SMR Observed SMR Observed SMR Observed
deaths deaths deaths
Lorain, OH 1.69** 57 ~ - - -
Reading, PA 1.26* 92 1.42 26 0.35 2
Cleveland, OH 1.06 12 1.32 26 0.63 6
Lucky, OH - - 0.82 9 - -
Elmore, OH - - 1.42 12 0.45 3
Hazelton, PA - - 1.86 9 0.87 4
Multiple plants 2.53** 12 0.36 1 - -
Location unknown 2.30 4 0.62 2 1.57 3
Total 1.42%* 177 1.24 85 0.62 18

*p < 0.05; **p < 0.01
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When lung cancer SMRs for each of the six locations were based on local county
mortality rates (Ward ef al., 1992; see Table 14), the SMRs differed only slightly from those
based on US rates. The largest difference occurred in the Reading, PA, cohort, in which the
SMR based on US rates was 1.24 and that based on county rates was 1.42. For all six
locations, the lung cancer SMR based on US rates was 1.26 (95%, 1.12-1.42), while that
based on local county rates was 1.32 (95% CI, 1.19-1.46). When lung cancer SMRs were
adjusted for the distribution of smoking habits at four of the plants in which a smoking survey
was conducted in 1968 [covering 1466 (15.9%) of the 9225 members of the cohort], the SMR
for the total cohort changed from 1.26 to 1.12, and the SMRs in two of the largest, oldest
plants changed from 1.69 to 1.49 (Lorain, OH) and from 1.24 to 1.09 (Reading, PA). The
authors noted that the major difficulty in interpreting the smoking-adjusted SMRs is that
data on smoking were collected in the late 1960s, while most (94%) of the lung cancer cases
occurred among workers hired in the 1940s and 1950s. Thus, the validity of the adjustment
for smoking depends on the assumption that differences in smoking habits between the
cohort and the US population were the same in the 1940s and 1950s as they were in the late
1960s and that smoking data obtained from 16% of the workers adequately represented the
distribution of smoking in the entire cohort. The authors estimated the contribution of
smoking to be 13%, i.e., smoking alone could account for a lung cancer SMR of 1.13 versus
the 1.26 actually observed.

2.2 Case-control studies

Hinds et al. (1985) applied a computerized job-exposure matrix to data from a
case—control study of lung cancer among males in Hawaii, USA. Between 1 September 1979
and 31 July 1982, 261 cases of newly diagnosed primary lung cancer among male residents of
Oahu, Hawaii, were identified through a population-based tumour registry and a review of
pathology records at all major hospitals and interviewed. Controls were identified by
random-digit dialling and matched on sex and age. Information on occupation was obtained
during the interview and applied to a job—exposure matrix to estimate exposure levels to
various agents for each study subject. The job-exposure matrix was constructed from lists of
occupational codes by Hoar et al. (1980), and these were used to code both the primary and
secondary occupations of all subjects according to industry; each code was then linked to
various levels of exposure to each agent. Each agent was grouped into three exposure levels
(no exposure, low exposure, high exposure). The association of each agent with lung cancer
risk was estimated by the odds ratio, which was determined by multiple logistic regression
analysis and adjusted for age, ethnicity and smoking status. Excess risk for lung cancer was
found to be associated with exposure to beryllium at both low (odds ratio, 1.62; 95% CI,
1.04-2.51) and high levels (1.57; 0.81-3.01). Other exposures considered in the analysis were
coal-tar and pitch, petroleum, arsenic, chromium, asbestos and nickel. [The Working Group
noted that it is not clear whether the odds ratio for beryllium was simultaneously controlled
for the other exposures.]

Carpenter et al. (1988) conducted a nested case—control study of cancers of the central
nervous system among workers employed at some time between 1973 and 1977 at two
nuclear facilities in Oak Ridge, TN (USA); deaths of 72 white males and 17 white females
from cancer of the central nervous system were identified from information on death
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certificates, and four controls were matched to each case for race, sex, facility at which
initially employed, year of birth and year of hire. Each job title and department combination
was subjectively evaluated for potential exposure to each of 26 chemicals, including
beryllium. The evaluation took into account period of employment, literature on the
processes used at each facility, quantities and toxicities of chemicals used in the processes,
interviews with workers involved in processes at different time periods, and the results of
urine analyses and air monitoring. Each job title/department combination was given a rank
for potential exposure to each of the 26 chemicals; rank 0 had probably no exposure, rank 1
had low potential, rank 2 had moderate potential and rank 3 had high potential for exposure
to the specified chemical. Matched conditional logistic regression analyses were conducted
and included potential confounding factors such as socioeconomic status. On the basis of
26 cases ever exposed to beryllium, the odds ratio for cancers of the central nervous system
was 1.5 (95% CI, 0.6-3.9). The matched analysis by highest rank ever held versus rank 0
yielded odds ratios of 1.26, 12.8 and 3.29 for ranks 1, 2 and 3, respectively (all odds ratios had
a p value of 0.09 or greater). When risk estimates were calculated for a 10-year latency, the
oddsratios were 1.13, 0.85 and 1.77 for ranks 1, 2 and 3, respectively. A further analysis based
on time spent in ranks 2 and 3, assuming a 10-year latency, yielded odds ratios of 0.77, 0.90,
130 and 1.88 (p > 0.5) for workers with < 3 years, 3-10 years, 11-20 years and 21 years or
more in ranks 2 and 3 compared with ranks 0 and 1. The authors concluded that their study
does not support the hypothesis that occupational exposures to any of the 26 chemicals
studied appreciably increase the risk for cancers of the central nervous system; they noted
specifically that, although a weak association between exposure to beryllium and cancers of
the central nervous system was observed, confidence intervals [not given for analyses by rank
or latency] were wide and included the null value.

2.3 Childhood cancer

A case-control study on parental occupation and childhood cancer carried out in
Denver, CO, USA (Feingold et al., 1992), included 252 cases of childhood cancer diagnosed
during 1976-83 and 222 population controls selected by random-digit dialling. A job-
exposure matrix was used to assign parental exposures for six months or longer during the
year prior to the child’s birth on the basis of job titles. Odds ratios were estimated for all
cancers, acute lymphocytic leukaemia and brain cancer, after adjusting for age at diagnosis,
year of diagnosis, sex, mother’s age at time of birth, maternal smoking during pregnancy,
birth weight, birth order and indicators of social class. When all cancers were considered, no
association was found between childhood cancer and exposure to beryllium or its compounds
for either the mother or the father (odds ratio, 1.0; 95% CI, 0.1-7.1: based on two exposed
cases; and 1.6; 0.6-4.4; based on 17 exposed cases, respectively). When the exposures of the
fathers were analysed for specific types of cancer, an elevated odds ratio was found for brain
cancer (2.1; 0.6-7.6; 5 cases) but not for acute lymphocytic leukaemia (1.3; 0.3-5.9; 5 cases).
Most of the subjects considered to have been exposed to beryllium were electrical equipment
assemblers and installers (67%), metal processes and welders (20%). [The Working Group
noted that other occupational exposures were not considered in the analysis.]
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3. Studies of Cancer in Experimental Animals

3.1 Beryilium ores

Inhalation exposure
(@ Rat

Groups of 60 and 33 male Charles River, caesarian-derived rats and 30 Greenacres
Controlled Flora rats (more than four weeks old) were exposed by inhalation to beryl ore
(geometric mean particle diameter, 0.64 um) or bertrandite ore (geometric mean particle
diameter, 0.27 pm) as 15 mg/m> dust (the threshold limit value for inert dust in 1968) for 6 h
per day on five days a week for up to 17 months. A third group, serving as controls, was
housed in an inhalation chamber without exposure. The bertrandite ore atmosphere in the
inhalation chamber contained 210 pg/m?3 beryllium, and the beryl ore atmosphere contained
620 pg/m? beryllium (for chemical composition, see Table 17). The death rates of the animals
exposed to the two ores exceeded that of controls by 13%. Of the animals killed after
12 months of exposure, 5/11 treated with beryl ore had foci of squamous metaplasia or small
epidermoid tumours. Of those killed at 17 months, 18/19 had lung tumours (18 bronchiolar
alveolar-cell tumours, 7 adenomas, 9 adenocarcinomas and 4 epidermoid tumours). No
metastasis was observed. In the group treated with bertrandite ore, granulomatous lesions
and some atypical proliferations in the lung were observed, but no bronchiolar alveolar-cell
tumour or other lung tumour was found. Controls had no neoplastic or granulomatous
pulmonary lesion (Wagner et al., 1969). [The Working Group noted the high crystalline silica
content of the bertrandite ore and the incomplete reporting of the study.]

(b) Hamster

Groups of 48 and 17 male Syrian golden hamsters (more than four weeks old) were
exposed by inhalation to beryl ore (geometric mean particle diameter, 0.64 pm) or
bertrandite ore (geometric mean particle diameter, 0.27 um) as 15 mg/m? dust for 6 h per
day, five days a week for up to 17 months. A third group, serving as controls, was housed in an
inhalation chamber without exposure. The bertrandite ore atmosphere in the inhalation
chamber contained 210 pg/m3 beryllium, and the beryl ore atmosphere contained 620 pg/m3
(for chemical composition, see Table 17). The mortality of the animals exposed to the two
ores exceeded that of controls by 25%. Atypical proliferations, first seen at 12 months in both
groups of exposed animals, and lesions considered by the authors to be bronchiolar
alveolar-cell tumours, except for their size, occurred. The lesions in the beryl-exposed
animals were reported to become larger and more adenomatous after 17 months. The
control hamsters had no pulmonary lesion (Wagner et al., 1969). [The Working Group noted
the incomplete reporting of the study.]

(c) Monkey

Groups of 12 and 4 male squirrel monkeys (Saimiri sciurea) (more than four weeks old)
were exposed by inhalation to beryl ore (geometric mean particle diameter, 0.64 pm) or
bertrandite ore (geometric mean particle diameter, 0.27 um) as 15 mg/m?3 dust for 6 h per
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day, five days a week for up to 23 months. A third group, serving as controls, was housed in an
inhalation chamber without exposure. The bertrandite ore atmosphere in the inhalation
chamber contained 210 pg/m? beryllium, and the beryl ore atmosphere contained 620 pg/m?
(for chemical composition, see Table 17). The death rates of the animals exposed to the two
ores exceeded that of controls by 11%. No tumour was found. Aggregates of dust-laden
macrophages, lymphocytes and plasma cells were observed near respiratory bronchioles and
small blood vessels in the lungs of exposed animals. Control monkeys had no similar change
(Wagner et al., 1969). [The Working Group noted the incomplete reporting and the limited
duration of the study.]

Table 17. Chemical compesition (of constituents
representing > 0.1%) of representative bertrandite
and beryl ore samples

Chemical constituent Analysis by weight (%)
Bertrandite Beryl ore

Be? 14 4.14

AlLO3 9.8 18.1

SiO, 63.9

SiO; (as silicates) 63.6

SiO; (as quartz) 19

Fe 03 1.8 11

MnO; 1.8 1.0

CaF, 8.3

CaO 0.2

MgO 23 1.1

K70 1.2

Na;O 1.5 0.5

ZnO 0.7

CO, 0.2

NiO 0.5

Modified from Wagner et al. (1969)
9[Probably as the oxide]

b23.5% of the mineral constituents were crystalline quartzand
23.5%, cristobalite (crystalline silica); the remainder was other
silicates.

3.2 Beryllium metal and alloys

3.2.1 Intratracheal instillation

Rat: Twelve groups of 35 female Wistar rats, three months old, were treated with a single
intratracheal instillation of 0.5 or 2.5 mg beryllium metal (100% Be), passivated beryllium
metal (99% Be, 0.26% Cr [as chromate]), beryllium-aluminium alloy (62% Be, 38% Al),
beryllium—copper alloy (4% Be, 96% Cu), beryllium—copper—cobalt alloy (2.4% Be, 0.4%
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Co, 96% Cu) or beryllium-nickel alloy (2.2% Be, 97.8% Ni), with geometric mean particle
sizes of 1-2 pm, suspended in 0.4 ml isotonic saline, followed by 0.2 ml saline. Forty control
animals were instilled with 0.6 ml saline. The rats were killed when moribund or 18 months
after instillation. The first lung neoplasm appeared 8-10 months after instillation. Lung
neoplasms, mostly adenocarcinomas and adenomas, were found in 2/21 rats treated with the
low dose and in 9/16 rats given the high dose of beryllium metal, in 7/20 animals treated with
the low dose and in 9/26 treated with the high dose of passivated beryllium metal, and in 1/21
treated with the low dose and in 4/24 given the high dose of beryllium-aluminium alloy. No
lung tumour occurred in 39 controls or in the groups treated with other alloys. The incidence
of lung neoplasms was significantly (p < 0.008) increased over that in controls (using Fisher’s
exact test, one-tailed) in the groups that received 2.5 mg beryllium metal or 0.5 mg and
2.5 mg passivated beryllium metal (Groth et al., 1980). [The Working Group noted the low
beryllium content of the beryllium-copper alloy, the beryllium-copper—cobalt alloy and the
beryllium-nickel alloy.]

3.2.2 Intravenous injection

Rabbit: In a study reported as a letter to the Editor, 24 young rabbits [sex and strain
unspecified] received a series of intravenous injections of a washed suspension of finely
divided beryllium metal in water (total dose, 40 mg/animal). Nine animals had died with liver
necrosis within seven days, and 10 more died with this condition during the next month. Two
of the surviving five rabbits died from pulmonary infections, two developed characteristic
bone sarcomata, and a single rabbit survived (Barnes, 1950).

3.3 Beryllium compounds

3.3.1 Oral administration

Rar: Beryllium sulfate was administered to 52 male and 52 female Long-Evans rats
(BLU:LE) in the drinking-water at a concentration of 5 ppm [5 mg/L] from weaning until
natural death. The water also contained 5 ppm chromium{III] acetate, 50 ppm zinc acetate
and 5 ppm copper acetate; 10 ppm manganese chloride and 1 ppm cobalt chloride; and 1 ppm
sodium molybdate. An equal number of animals treated with water served as controls. The
life span of the treated rats did not differ significantly from that of controls, but 20-30% of
rats in each group died from pneumonia. No significant difference in tumour incidence was
observed between treated and control groups (Schroeder & Mitchener, 1975). [The Working
Group noted that the dose was too low for an evaluation of carcinogenicity.|

3.3.2 Inhalation
(@) Rat

Twenty-seven male and female albino Wistar rats, weighing 140-210 g, and 109 male
and female Sherman rats, weighing 80-110 g, were exposed by inhalation to beryllium
sulfate tetrahydrate aerosol to give a concentration of 1 ug/ft3 Be [35.8 pug/m3], for 8 h per
day on 5.5 days a week for 180 days. Control groups of 69 male and female Wistar and 70
male and female Sherman rats were maintained in normal air. In the 52 rats that survived the
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treatment, were transferred to ‘normal air’ and observed for periods of up to 18 months, 76
lung tumours were found, eight with metastases. The tumours included 18 adenomas, 5
squamous carcinomas, 24 acinous adenocarcinomas, 11 papillary adenocarcinomas and
7 alveolar-cell adenocarcinomas. None of the 139 control rats had lung tumours (Schepers et
al., 1957). [The Working Group noted the incomplete reporting of the study.]

A group of 75 male and 75 female Sprague-Dawley CD rats, six weeks of age, were
exposed by inhalation to beryllium sulfate tetrahydrate aerosol for 7 h per day on five days a
week for 72 weeks at a mean atmospheric concentration of 34.25 + 23.66 ug/m3 Be (average
particle diameter, 0.118 pm). An equal number of control animals was exposed to an aerosol
of distilled water. Subgroups of animals were killed each month up to the 56th week of
exposure; 87% of all animals survived to their scheduled sacrifices. The first lung tumour was
observed after nine months of exposure. All of the 43 rats that survived 13 months or more
after the beginning of treatment had tumours, and all of the 56 tumours studied histologically
were reported to be alveolar adenocarcinomas. No lung tumour was found in the control
group (Reeves et al., 1967). [The Working Group noted the incomplete reporting of the
study.]

Groups of 30-50 female albino rats, weighing 155-160 g, received beryllium oxide or
beryllium chloride by inhalation at concentrations of 0.8, 4, 30 or 400 yg/m3 for 1 h per day
on five days a week for four months. A group of 160 females served as controls. Only
malignant epithelial lung tumours were considered: these occurred in 3/44, 4/39, 6/26 and
8/21 rats treated with beryllium oxide and in 1/44, 2/42, 8/24 and 11/19 treated with
beryllium chloride, but in none of the controls (Litvinov et al. 1984) [The Working Group
noted the incomplete reporting of the study.]

(b) Rabbit

Three groups of rabbits [sex, strain and age unspecified] were exposed by inhalation to
aerosols of beryllium oxide (average particle diameter, 0.285 pm; range, 0.11-1.25) at doses
of 1 (five rabbits), 6 (six rabbits) or 30 (eight rabbits) pg/L Be for 5 h per day on five days a
week for 9-13 months. No control group was available. An osteogenic sarcoma in the left
pubis with widespread visceral metastases was observed in one rabbit that had been exposed
to 6 pug/L Be for 235 days over 11 months (Dutra ez al., 1951). [The Working Group noted the
small number of animals and the short duration of exposure.]

(c) Monkey

In a study reported as an abstract, 16 rhesus monkeys (Macaca mulatta) were exposed
daily by inhalation ‘for a long period of time’ to beryllium sulfate aerosol at a concentration
of 35 pg/m® Be. Primary anaplastic pulmonary tumours with adenomatous and epidermoid
patterns were observed in three monkeys between six months and eight years after the
beginning of exposure (Vorwald, 1967).

3.3.3 Intratracheal instillation
(@ Rat

A group of 35 female Wistar-derived rats, three months old, received single
intratracheal instillations of 50 ug Be as beryllium hydroxide suspended in distilled water,
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followed 10 months later by a second instillation of 25 ug. A group of 35 controls received a
single intratracheal instillation of 2.5 mg chrysotile asbestos. Both materials were suspended
in 0.4 ml distilled water, and the instillation was followed by 0.2 ml distilled water. Of the
beryllium hydroxide-treated rats sacrificed at 19 months of age, 13/25 had pulmonary
tumours (six adenomas and seven adenocarcinomas); one rat had both an epidermoid
carcinoma and an adenocarcinoma. The lungs of all of the animals instilled with chrysotile
had small and occasionally larger scars; adenomas occurred in two rats and an adeno-
carcinoma in a third. Metaplastic foci were found in the lungs of 5% of the chrysotile-treated
group, whereas in 90% of the animals instilled with beryllium most of the normal lung tissue
was replaced by metaplastic foci and tumours (Groth et al., 1980). [The Working Group
noted the lack of an appropriate control group.]

Two groups of 30 male Wistar rats, 10 weeks of age, were instilled intratracheally with
beryllium oxide (low-temperature fired, 900 °C; 1 mg as Be) or arsenic trioxide (1 mg as As)
once a week for 15 weeks. A group of 16 rats served as untreated controls. All rats in the
beryllium-treated group, 19 in the arsenic-treated group and all of the controls survived the
treatment period and were observed for life. Two malignant (one squamous-cell carcinoma
and one adenocarcinoma) and four benign lung adenomas (three suspected of malignancy)
were found in rats treated with beryllium, and one mali gnant lung tumour (a squamous-cell
carcinoma) was found in those treated with arsenic; no lung tumour was observed in the
control group (Ishinishi ef al., 1980).

Eight groups of inbred albino rats [initial number and sex unspecified], weighing
140-150 g, received single intratracheal instillations of high-temperature fired beryllium
oxide (2000 ° C) or low-temperature fired beryllium oxide (600 ° C) at doses of 0.036, 0.36, 3.6
and 18 mg/kg bw. A group of 300 untreated rats served as controls. All animals were
observed for life. Malignant epithelial lung tumours occurred in 0/76, 0/84, 2/77 and 2/103
rats treated with the high-temperature fired beryllium oxide and in 3/69,7/81,18/79 and 8/26
rats treated with the low-temperature fired compound. None were found in 104 controls
(Litvinov et al., 1983).

() Monkey

In a study reported as an abstract, a group of 20 rhesus monkeys (Macaca mulatta)
received an intrabronchial intubation and/or a bronchomural injection [unspecified] of
beryllium oxide particulates suspended in sterile physiological saline. The first bronchogenic
tumour was detected about 4.5 years after first treatment. In the course of the following year,
two additional monkeys developed tumours, which were highly anaplastic, with adeno-
matous and epidermoid patterns (Vorwald, 1967).

3.3.4 Intravenous injection
(@) Mouse

In a study reported as an abstract, three groups of mice received 20-22 intravenous
injections (two/week) of either zinc beryllium silicate (8.36 mg Zn, 0.264 mg Be), zincsilicate
(2.8 mg Zn) or beryllium oxide (1.54 mg Be). A fourth group was untreated. ‘Some’ mice
given zinc beryllium silicate were reported to have developed malignant bone tumours
(Cloudman et al., 1949).
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() Rabbit

In a study reported as an abstract, rabbits received synthetic zinc beryllium silicate and
its ingredients, beryllium oxide, zinc oxide, silicic acid and zinc silicate, intravenously in
20 doses totalling 1 g of particles 3 pm or smaller, over a six-week period. All of the seven
rabbits given zinc beryllium silicate which survived the injections for seven months or more
developed malignant osteosarcomas, four with visceral metastases. One rabbit killed one
year after injection of beryllium oxide had a malignant osteosarcoma. Such tumours were not

induced by administration of 65 other minerals in the same way (Gardner & Heslington,
1946).

In a study reported as an abstract, three groups of rabbits received 20-22 intravenous
injections (two/week) of either zinc beryllium silicate (550 mg Zn, 17 mg Be), zinc silicate
(390 mg Zn) or beryllium oxide (390 mg Be). A fourth group was untreated. Four of five
rabbits given zinc beryllium silicate which survived over one year from the start of injections
had bone tumours, three with metastases (Cloudman et al., 1949).

Six groups comprising 67 rabbits of different breeds and sexes were injected
intravenously twice a week with various samples of zinc beryllium silicate (67% Zn0, 28%
Si0,, 2% BeO and 3% MnO; or 67% ZnO, 31% SiO, and 2% BeO), beryllium silicate or
zinc silicate, with particle sizes of 5 um or less as a 1 ml suspension in water at the dose
schedule indicated in Table 18. Bone sarcomas developed in 7/21 rabbits injected with
beryllium silicates that survived for 30 weeks or more. The earliest evidence of malignant
change was observed at 32 weeks, and the latest tumour occurred 83 weeks after the last
injection. No tumour was found in any of the animals injected with zinc silicate only (Barnes
et al., 1950). [The Working Group noted the poor survival.]

Table 18. Results of experiments in rabbits with beryllium silicates

Material injected Conc. of No. of Total Initial No. of No. with
suspension  injections amount no./group SUIViVOIS  OSteosarcomas
(%) injected (g)

Zinc beryllium silicate 10 10 1.0 10 3 0

Zinc beryllium silicate 30 6 2.1 12 3 2

Zinc beryllium silicate 10 10 1.0 12 11 4

Beryllium silicate 20 6 12 1 3 1

Beryllium silicate 10 10 1.0 12 8 0

Zinc silicate 20 6 1.2 10 8 0

From Barnes et al. (1950)

Young, adult, male and female white rabbits [number unspecified] were given
intravenous injections of either a highly purified beryllium oxide or a calcined phosphor
containing beryllium oxide, zinc oxide and silica mixed in a molar ratio of 1:1:1, as 1%
suspensions in physiological saline. The particles of the powders were smaller than 1 um. The
beryllium oxide-treated group received a total of 360700 mg Be/rabbit in 20-26 injections,
and the phosphor group received 64-90 mg Be/rabbit in 17-25 injections. The compounds
were given three times a week over approximately six to nine weeks. One year or more after
the first injection, six animals given beryllium oxide and three given calcined phosphor were
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still alive. The first tumour was found 11.5 months after the start of the experiment.
Osteosarcomas were found in all six beryllium oxide-treated rabbits (two were reported after
the paper had been submitted for publication); some were metastases and some were
multiple primary tumours. Osteosarcomas were found in 2/3 rabbits given the phosphor.
About 50 untreated rabbits kept for similar or longer periods developed no malignant
tumour (Dutra & Largent, 1950). [The Working Group noted the small group sizes, the
limited reporting and the incomplete observations.]

A group of 13 female and 11 male rabbits of unselected strains, with an average initial
body weight of 5.5 Ibs [2.5 kg], received intravenous injections of insoluble beryllium
compounds under sterile conditions at a dose of 5 ml at one-day or four-day intervals, in an
attempt to administer a total of 1 g of the powder. Five animals received beryllium
phosphate; sixrabbits received a zinc beryllium silicate containing 60% ZnO, 30% SiO2, 2%
MnO and 2.3% BeO; four received another zinc beryllium silicate containing 14% beryllium
oxide and 48% zinc oxide; and nine rabbits received beryllium oxide from different sources.
Except for the beryllium phosphate, which was administered in a 0.1% suspension in saline,
all substances were injected as 1% suspensions in saline. Eight animals died of various causes
within three months of the start of treatment, and eight more rabbits died at 14-28 months
from infectious diseases. Seven of the eight surviving rabbits developed osteogenic sarcomas:
three in the group treated with zinc beryllium silicate containing 2.3% BeO, three in the
group treated with zinc beryllium silicate containing 14% BeO and one treated with
beryllium oxide. One animal that received 100 mg beryllium phosphate was still alive 2.5
years after injection (Hoagland et al., 1950). [The Working Group noted the small group size
and the lack of appropriate controls.]

Osteosarcomas were found in 2/4 rabbits within 18 months after a single intravenous
injection of 1 g beryllium phosphate; no tumour was found in three rabbits that received 1 g
beryllium oxide. Of animals injected with beryllium oxide mixed with zinc oxide, manganese
oxide and/or silicon oxide, 9/31 developed osteosarcomas (Araki et al., 1954). [The Working
Group noted the small number of animals, the lack of an appropriate control group and the
incomplete reporting. ]

Ten adult, male rabbits received two intravenous injections per week for 10 weeks of
5 ml of a 1% suspension of zinc beryllium silicate containing 3.36% beryllium oxide (total
dose, 1 g zinc beryllium silicate or 33.6 mg beryllium oxide). Five rabbits developed
osteogenic sarcomas 9-11 months after the injection period (Janes et al., 1954). [The
Working Group noted the lack of an appropriate control group and the small group size.]

Fourteen rabbits were injected intravenously with 5 ml of a 1% suspension of zinc
beryllium silicate (size of particles, 1-3 pm) in physiological saline twice a week for 10 weeks
(total dose, 1 g zinc beryllium silicate). The animals died or were killed 28-57 weeks after the
last injection. Osteogenic sarcomas appeared in 10/14 rabbits 30-52 weeks after the last
injection (Kelly et al., 1961). [The Working Group noted the lack of an appropriate control
group and the small group size.]

Osteosarcomas were induced in 3/20 rabbits 15-18 months after single intravenous
injections of beryllium oxide (total dose, 1 g/rabbit) as a 1% suspension in saline
(Komitowski, 1968). [The Working Group noted the lack of an appropriate control group.]
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Sixty rabbits, six months of age on average, were treated intravenously with a 1%
beryllium oxide suspension in 5 ml physiological saline, once a week for 25 weeks. Of the 29
animals that survived until the end of the experiment, 21 developed sarcomas (Fodor, 197 7).
[The Working Group noted the lack of an appropriate control group and the incomplete
reporting. |

3.3.5 Intraperitoneal injection

Mouse: In a screening assay based on the accelerated induction of lung adenomas in a
strain highly susceptible to development of this neoplasm, three groups of 20 male A/J mice,
five to six weeks old, were injected intraperitoneally three times a week for eight weeks with
beryllium sulfate tetrahydrate (purity > 99%) suspended in distilled water at doses of 0.02,
0.05 or 0.1 (maximum tolerated dose) mg/mouse per injection. An equal number of animals
were treated with the vehicle only and served as controls. The authors stated that beryllium
sulfate produced a significant (x? analysis) increase in lung tumour incidence at total doses of
1.2 and 2.4 mg/mouse with no significant increase in lung tumour multiplicity (Ashby et al.,
1990). [The Working Group noted that the increases were not significant using Fisher’s exact
test.]

3.3.6 Implantation and/or injection into bone

Rabbir: Of 55 rabbits that received 1-43 injections of 10 mg beryllium oxide as a 1%
suspension in isotonic saline into the marrow of the right femur twice weekly (20 mg/week),
one developed a chondroma, three developed osteomas, 15 developed chondrosarcomas
and seven developed osteochondrosarcomas. The average time between the last injection

and the appearance of a tumour was 85 days. The period of observation was one to two years
(Yamaguchi, 1963).

A group of 12 rabbits of mixed breeds and sexes, six weeks old, received 20 mg zinc
beryllium silicate powder (particle diameter, < 5 um), suspended in 0.5 ml of water, as a
single intramedullary injection into the upper end of the right tibia. A similar suspension of
zinc oxide was injected into the left tibia as a control. All rabbits survived the injections for at
least 12 months; four animals died of intercurrent infections. Osteogenic sarcomas were
found in four rabbits at 12-15 months; three metastasized. The remaining four animals were
killed at 15-20 months with no clinical or radiological evidence of tumours. No effect was
seen with zinc oxide (Tapp, 1966).

Three groups of six rabbits of mixed breeds and sexes, six to eight weeks old, received
implants of 10 mg zinc beryllium silicate, beryllium oxide or beryllium silicate under the
periosteum of the upper end of the right tibia. Three animals from each group also received
implants of zinc oxide or zinc silicate in a similar procedure into the left tibia and served as
controls. Nine animals were killed between 2 and 18 months; the remaining animals lived for
25 months. Four of the animals developed central osteogenic sarcomas between 10 and 25
months after implantation; two occurred in animals treated with beryllium and metastasized,
one occurred in an animal given zinc beryllium silicate and metastasized, and one occurred in
an animal given beryllium silicate. No tumour occurred in the left tibia of the animals
implanted with zinc oxide or zinc silicate (Tapp, 1969).
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After intramedullary administration of beryllium oxide [purity, dose and dose schedule
unspecified] (particle size, ~4 pm) in gelatin into the femur, 5/20 rabbits developed
osteogenic sarcomas with lung metastases during an observation period of 24 months. The
first tumour was observed 13 months after injection (Komitowski, 1974). [The Working
Group noted the lack of an appropriate control group and the incomplete reporting. |

Rabbits were given intramedullary implantations of beryllium carbonate (173 rabbits),
beryllium acetate (18 rabbits), beryllium acetylacetonate (10 rabbits), beryllium laurate
(3 rabbits) or beryllium stearate (3 rabbits). Thirty animals given beryllium carbonate
developed osteosarcomas 10-17 months after the first treatment; the tumours were detected
radiologically between 10 and 21 months and confirmed histologically. One rabbit given
beryllium acetylacetonate that survived 13 months developed an osteosarcoma (Matsuura,
1974). [The Working Group noted the incomplete reporting and the small numbers of
animals in groups other than the group treated with beryllium carbonate.]

A group of 65 Fauve de Bourgogne rabbits [sex unspecified], 15-20 weeks old, received
single intraosseous injections of 0.5 ml of a suspension prepared from 1 g zinc beryllium
silicate in 15 ml distilled water and gelatin (33 mg Be) into the tibial or femoral metaphysis.
Of the 65 rabbits that survived more than four months after the injection, 45 developed
osteogenic sarcomas. Radiographic examination indicated that the first sarcomatous
changes occurred after three months (Mazabraud, 1975). [The Working Group noted the
lack of an appropriate control group.]

Three groups of 10 male rabbits [strain unspecified], six weeks of age, received implants
of pellets of hydroxypropylcellulose mixed with beryllium oxide into the distal metaphysis of
the right femur as follows: Group 1, into the internal callus one week after production of an
artificial fracture at a dose of 300 mg; Group 2, into the bone-marrow cavity at a dose of
300 mg; and Group 3, into the bone-marrow cavity at a dose of 50 mg. A further group of
10 rabbits served as untreated controls. At 56 weeks, osteosarcomas had developed in 10/10
rabbits in Group 1, in 7/10 rabbits in Group 2 and in 1/10 rabbits in Group 3. Tumours
appeared significantly earlier in Group 1 than in the other groups, and 80% of animals with
osteosarcomas had lung metastases (Hiruma, 1991).

3.3.7 Administration with known carcinogens

Mouse: Five groups of 40 female and 40 male SENCAR mice, seven to nine weeks old,
received a single intraperitoneal injection of 0, 0.01, 0.1, 1.0, 5.0 or 10.0 pg/mouse beryllium
sulfate [purity unspecified]) in saline. One week after treatment, each animal received
dermal applications of 2 pg 12-O-tetradecanoylphorbol 13-acetate (TPA) twice a week for
26 weeks. A positive control group received 50.5 pg/mouse benzo[a]pyrene followed by the
TPA treatment. About 95% of the animals survived the treatment. Beryllium sulfate did not
induce a significant number of mouse skin papillomas (Nesnow ef al. 1985).
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4. Other Relevant Data

4.1 Absorption, distribution, metabolism and excretion

The kinetics and effects of beryllium in humans and animals have been reviewed
(Eisenbud, 1984; Skilleter, 1984; Cullen ef al ., 1986; Reeves, 1986; Skilleter, 1986; Kriebel et
al., 1988b; Reeves, 1989; WHO, 1990; Deodhar & Barna, 1991; Haley, 1991).

4.1.1 Humans

After accidental exposure of 25 people to beryllium dust, the mean serum concentration
of beryllium one day later was 3.5 ppb (ug/L); six days later, it had decreased to 2.4 ppb (Zorn
etal., 1986). In unexposed humans who had a mean blood beryllium concentration of 0.9 ng/g
(ml), 33.2% of the beryllium in blood was associated with cellular constituents, 7.3% with
low-molecular-weight compounds, 8.0% with prealbumin and 51.5% with Y¥-globulin (Stiefel
et al., 1980).

Subjects in the Beryllium Case Registry had elevated concentrations of beryllium in lung
tissue (e.g. 0.32 ug/g in a metastinal node) more than 20 years after termination of short-term
occupational exposure to beryllium (Sprince et al., 1976).

4.1.2 Experimental systems

Retention of carrier-free "Be as chloride after oral dosage of RF mice, Sprague-Dawley
rats, beagle dogs and Macaca speciosa monkeys was followed in urine excreted during the
first two days. The authors estimated from counts in urine that the gastrointestinal
absorption was about 0.6%; however, the urinary excretion of the three monkeys studied was
reported to be 3.71% (Furchner et al., 1973).

An early study on the kinetics of continuously inhaled beryllium sulfate in rats showed
that the pulmonary burden of beryllium reached a plateau after about 36 weeks. After
cessation of exposure, clearance was faster in males than in females. Beryllium was
accumulated in tracheobronchial lymph nodes, where the concentration reached a peak at
52 weeks (Reeves & Vorwald, 1967). When rats were exposed to "Be as chloride and “Be as
sulfate in aqueous aerosols by inhalation using nose-only exposure, 60% of the amount of
beryllium deposited initially (the sum of the total body burden and the excreted amount) was
found in the lungs and 13.5% in the skeleton (Zorn ef al., 1977).

- When dogs inhaled aerosols of "Be as oxide calcined at 500 °C (low-fired) or 1000 °C
(high-fired) through the nose, disappearance from the lungs followed first-order kinetics.
The clearance half-time was 240 days for high-fired beryllium oxide and 64 days for the
low-fired compound. Most of the beryllium in the body was located in the skeleton,
tracheobronchial lymph nodes, liver and blood. During the first 32 days after exposure, 59%
of the low-fired and 68% of the high-fired beryllium oxide was excreted through the
gastrointestinal tract; by 180 days, 47% of the low-fired and 54% of the high-fired was
excreted by that route and the balance via the kidneys (Finch et al., 1990).

In rats, the clearance of inhaled beryllium oxide calcined at 1000 °C through the lungs
showed two successive half-times: the first, comprising 30% of the initial lung burden, was
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2.5 days, and the second (70%), 833 days. One to 63 days after exposure, a small fraction
(0.58-1.73%) of the initial lung burden was observed in thoracic lymph nodes. About 15%
was excreted in the faeces and 1.4% in the urine (Rhoads & Sanders, 1985). The clearance
from the alveoli of inhaled beryllium oxide calcined at 1000 °C was faster in hamsters than in
rats (Sanders et al., 1975).

The disappearance of beryllium from the lungs of rats 3-171 days after exposure to
800 mg/m3 metallic beryllium aerosol (mass median aerodynamic diameter, 1.4 pm;
geometric mean standard deviation, 1.9) by nose-only inhalation once for 50 min was
reported to fit best a first-order kinetic model with a half-time of 240 days (Haley et al., 1990).
In a carcinogenicity study (Wagner ef al., 1969), described in detail in section 3.1, rats,
hamsters and squirrel monkeys were exposed by inhalation to ore dusts containing beryllium,
beryl (containing 4.14% beryllium) and bertrandite (containing 1.4% beryllium). Increased
concentrations of beryllium were detected in the skeleton, liver and lung after 6-12 months
of exposure to beryl or bertrandite; exposure to beryl led to higher tissue concentrations than
did exposure to bertrandite.

The highest concentrations of beryllium after an intramuscular injection of carrier-free
"Be as chloride to rats were observed initially in the skeleton, liver, kidney, lungs and spleen;
56.3% of the dose injected was still at the site of injection after one day. During a 64-day
follow-up, the skeleton and, to a lesser degree, spleen showed a constant increase, while
there was a gradual decrease in the other organs; 20.5% of the dose injected was still at the
site of injection (Crowley et al., 1949). Accumulation in the liver, kidney, spleen and,
especially, the skeleton was also observed seven days after an intravenous administration of
"Be to rats and rabbits. In rats receiving "Be as sulfate, the liver and spleen contained
appreciable amounts of beryllium; in animals receiving carrier-free 'Be, a higher percentage
was found in the skeleton. These differences were less marked in rabbits (Scott et al., 1950).

Accumulation of beryllium in compact bone, liver and kidney was observed in dairy cows
given carrier-free "Be as chloride orally or intravenously (Mullen et al., 1972).

After intravenous injection of carrier-free "Be as chloride into rats in a solution at pH 2,
47% of the dose was excreted predominantly in the urine and 43 % was detected in bone and
bone marrow after 24 h; only 4% was detected in liver and 0.1% in spleen. When 1 pmol
unlabelled beryllium chloride was added as carrier to the solution to be injected, the
proportion found in the liver increased to 25% and that in spleen to 1%. At pH 6, 59% was
found in the liver after administration of carrier-free Be and 44% after addition of
unlabelled beryllium chloride. Administration of labelled plus 0.15 pmol unlabelled
beryllium chloride in citrate at pH 6 elicited similar responses to carrier-free "Be at pH 2,
while labelled plus 0.3 pmol unlabelled beryllium hydroxide was accumulated strongly in the
liver and spleen (Klemperer et al., 1952).

The uptake of intravenously administered (20-800 pg/kg bw) beryllium phosphate was
much more extensive in the liver and spleen (approximately 55% of the dose) than that of
beryllium sulfate or citrate in mouse; the same phenomenon was observed in rats given a
single dose (200 pg/kg bw). The uptake of the two soluble compounds was practically nil at
dose levels up to 50 pg/kg, while uptake of the phosphate was independent of dose (Vacher
etal., 1974).
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Beryllium phosphate and beryllium sulfate accumulated in both nonparenchymal and
parenchymal cells of the liver after intravenous administration (Skilleter & Price, 1978).
Beryllium oxide granules accumulated intracellularly in marrow throughout the skeletal
system after intravenous administration to rabbits of beryllium oxide [method of preparation
not given] (Fodor, 1977).

After an intraperitoneal or intravenous dose of carrier-free "Be as chloride, the
disappearance of beryllium was best characterized by three consecutive half-times of 0.2—
0.5,6.3-21.7 and 50.9-52.4 days in mice, rats, dogs and Macaca speciosa monkeys (Furchner
et al., 1973).

Transplacental transfer of beryllium was demonstrated in mice after intravenous
injection of beryllium chloride (Bencko et al., 1979). Transport of "Be [chemical unspecified]
across the rat placenta after intravenous injection was also reported (Schulert et al., 1969).

An estimated 1% of a single oral dose of carrier-free "Be as chloride to a dairy cow was
excreted in the milk within 91 h (Mullen et al., 1972).

After an intravenous injection of beryllium sulfate to rats, most of the beryllium in
plasma coeluted in Sephadex chromatography with phosphate and was attached to plasma
globulins. A small part of the dose remained in a low-molecular-weight form (Vacher &
Stoner, 1968). One-fourth to one-third of blood-borne beryllium in unexposed guinea-pigs
and rats was bound to cellular constituents; this proportion was unchanged in animals
exposed to beryllium by inhalation. In both exposed and unexposed guinea-pigs, the
proportion bound to prealbumin was approximately 70%; in rats, it was 65% (Stiefel et al.,
1980). When beryllium chloride (10 mol/L) was dissolved in different plasma constituents
at their normal plasma concentrations, only a very small proportion (generally less than
2.5%) remained dialysable; only citrate (62%), maleate (30%) and bicarbonate (10%) were
significantly dialysable. Phosphate decreased the dialysable part of beryllium to 0.2%, and
4% of the added beryllium remained dialysable. It was concluded that at beryllium concen-
trations in excess of about 10~7 mol/L, most of the beryllium in plasma is nondialysable
phosphate, and the small dialysable part is mainly citrate (Feldman et al., 1953). In line with
this finding, only 3% of beryllium sulfate added to serum in vitro traversed a dialysis
membrane within 24 h (Reeves & Vorwald, 1961). A low-affinity binding site for beryllium
was observed on the outer cell surface of human and guinea-pig lymphocytes; a binding site
with a higher affinity was detected in the cell nucleus (Skilleter & Price, 1984).

After repeated intraperitoneal administrations to rats of beryllum sulfate, beryllium was
concentrated in nuclei in the cells of the proximal convoluted tubuli (Berryetal., 1987, 1989).
In hepatocytes, beryllium was accumulated in lysosomes and nuclei (Levi-Setti ef al., 1988).
After intravenous administration, the highest concentrations were observed in lysosomes;
only at doses approaching the LDsg (corresponding to 2-83 pmol/kg bw beryllium sulfate)
was there also accumulation in the nuclei in the liver (Witschi & Aldridge, 1968).

Beryllium showed affinity to nuclei isolated from rat liver in vitro (Witschi & Aldridge,
1968); it was not bound to DNA or histones (Witschi & Aldridge, 1968; Parker & Stevens,
1979) but to a highly phosphorylated non-histone protein fraction (Parker & Stevens, 1979).
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4.2. Toxic effects

4.2.1 Humans

Exposure to beryllium compounds may cause an acute chemical pneumonitis,
tracheobronchitis, conjunctivitis, dermatitis and chronic granulomatous pulmonary disease
with systemic manifestations (Hardy & Tepper, 1959; Freiman & Hardy, 1970). The acute
pulmonary disease was first described in Germany in 1933 (Weber & Engelhardt, 1933) and
the chronic form in the USA in 1946 (Hardy & Tabershaw, 1946).

Acute beryllium disease, most frequently related to intense but brief exposure, consists
of respiratory tract irritation and dermatitis, sometimes with conjunctivitis. The respiratory
tract symptoms range from mild nasopharyngitis to a severe chemical pulmonitis, which may
be fatal (Hardy & Tepper, 1959; Kriebel et al., 1988b). In fatal cases, histopathological
findings in the lungs have included interstitial oedema, cellular infiltration, elevated numbers
of plasma cells, alveolar cell proliferation or desquamation and, sometimes, interalveolar
oedema, hyaline membranes and organizing pneumonia (Freiman & Hardy, 1970).

Chronic beryllium disease is a systemic disorder with primary manifestations in the lung,
characterized by a decrease in transfer factor with restrictive and obstructive ventilatory
function. Histopathologically, the disease is characterized by non-caseating granuloma
formation with giant cells, as in sarcoidosis, primarily seen in the lungs but also in other
tissues. Chest radiography usually shows diffuse infiltrates and hilar adenopathy (Hardy &
Tepper, 1959; Freiman & Hardy, 1970; Jones Williams, 1977; Kriebel ef al., 1988b). An
improvement in lung function and even in lung radiographic findings was reported after a
significant decrease in the air concentration of beryllium due to improved engineering and
ventilation in plants (Sprince et al., 1978).

Beryllium compounds known to cause beryllium-induced diseases include metallic
beryllium (Jones Williams, 1977), beryllium alloys (Lieben et al., 1964) and beryllium oxide
fumes (Cullen et al., 1987). The first cases of beryllium disease were identified in the
fluorescent light-bulb industry (Hardy & Tabershaw, 1946), in which beryllium-containing
phosphors (zinc beryllium manganese silicate), prepared by firing the individual oxides with
silica, were used (Eisenbud & Lisson, 1983).

Although chronic beryllium disease has become rare since the adoption of stringent
industrial hygiene measures, sporadic cases are still reported (Karkinen-Jaiskeliinen ef al.,
1982; Cullenet al., 1987; Rossman et al., 1988; Kreiss ef al., 1989; Newman et al.,1989), e.g.,
among workers in a precious metal refinery, where exposure to beryllium did not exceed
2 pg/m3 (Cullen et al., 1987). A conspicuous feature of chronic beryllium disease is its
occasional occurrence outside facilities in which beryllium compounds are used: Sterner and
Eisenbud (1951) reported 10 cases among people who had never worked in a beryllium plant
but who lived within 1 km of one; the best estimate of beryllium concentrations in the air in
the area was 0.01-0.1 pg/m>. In 1983, when the US registry for beryllium diseases contained
622 cases of chronic beryllium disease, 65 had had no occupational exposure to beryllium, 42
could be attributed to air pollution (41 occurred in the vicinity of two large production plants
and one in a woman living near a fluorescent-lamp plant) and 23 to household exposure to
dust brought home on work clothes (Eisenbud & Lisson, 1983).



BERYLLIUM AND BERYLLIUM COMPOUNDS 89

In the cohort study based on the Beryllium Case Registry, reported in detail in section 2
(p- 68), the SMR for non-neoplastic respiratory diseases was 16.4 (p < 0.001) and that for
non-neoplastic respiratory diseases (other than influenza and pneumonia), 32.1 (p < 0.001)
(Infante et al., 1980). In an updating of the cohort (Steeniand & Ward, 1991), described in
detail in section 2, the SMR for nonmalignant lung disease was 26.3 (95% CI, 20.6-33.1) for
workers with less than four years of exposure and 45.8 (95% CI, 36.6-56.5) for workers with
longer exposure.

Ina cohort study of 9225 male workers employed in seven beryllium processing facilities
inthe USA (Ward et al., 1992; described in section 2,p. 69), the SMR for pneumoconiosis and
other respiratory diseases was 1.48 (95% CI, 1.21-1.80), that for diseases of the heart was
1.06 (1.00~1.12) and that for chronic and unspecified nephritis, renal failure and other renal
sclerosis, 1.49 (1.00-2.12).

A nonsymptomatic form of chronic beryllium disease —typical granulomatous changes
in transbronchial biopsy specimens with positive lymphocyte transformation tests—has been
reported (Newman et al., 1989).

Beryllium dermatitis may be a typical contact dermatitis, localized dermal ulceration or
a subcutaneous granuloma. Ulceration of granulomas develops after a particle of a
beryllium-containing substance is introduced into an abrasion, laceration or cut (Hardy &
Tepper, 1959). People with beryllium-induced contact dermatitis react to patch testing
(Curtis, 1951; DeNardi ef al., 1952). Patch testing may cause a flare of the dermatitis in
sensitized people; it may also induce beryllium sensitivity (Curtis, 1951)

A role of immunological mechanisms in beryllium-induced chronic disease was
originally proposed by Sterner and Eisenbud (1951). The condition has the features of a type
IV cell-mediated hypersensitivity disorder, the beryllium acting as a hapten (Dayan ef al.,
1990). Cell-free extracts of blood lymphocytes from people with experimentally induced,
localized, dermal granulomatous beryllium lesions cultured in the presence of beryllium
oxide contained migration inhibition factor, which inhibits the migration of guinea-pig
peritoneal exudate cells (Henderson ef al., 1972). The factor was also produced by cell
cultures originating from the blood of patients with chronic beryllium disease (Jones
Williams et al., 1972; Marx & Burrell, 1973). Lymphocytes from such patients responded to a
beryllium oxide or beryllium sulfate challenge by blast transformation and increased
thymidine incorporation (Hanifin ef al., 1970; Deodhar et al., 1973). Proliferation of
lymphocytes from patients with chronic beryllium disease in response to a challenge with
beryllium sulfate or fluoride was more marked in lymphocytes obtained by bronchoalveolar
lavage than in those harvested from circulating blood (Epstein et al., 1982; Cullen et al., 1987;
Saltini et al., 1989). The only lymphocytes obtained from bronchoalveolar lavage which
proliferated were CD4+ (helper/inducer) T cells (Saltini et al., 1989).

4.2.2 Experimental systems

When beryllium (as lactate or sulfate) was given intravenously to rats or rabbits at a dose
of 0.5 or 0.75 mg/kg Be, death invariably followed within four days; the primary cause of
death was liver damage and ensuing hypoglycaemia. In rabbits, but not in rats, convulsions
were observed before death (Aldridge ef al., 1950).
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A granulomatous lung disease, morphologically and immunologically similar to chronic
beryllium disease in humans, was induced in beagle dogs by inhalation of beryllium oxide
calcined at 500 °C, but not with beryllium oxide calcined at 1000 °C (Haley et al., 1989).

Intratracheal instillation of 10 mg beryllium oxide (calcined at 560 °C) into male Hartley
guinea-pigs of an inbred strain caused focal interstitial lymphomononuclear infiltrates in the
lungs, which progressed to granulomatous lung lesions with fibrosis. Lymphocytes from the
blood of these animals responded to beryllium sulfate in vitro by increased incorporation of
tritiated thymidine (lymphocyte transformation test). The animals exhibited a positive
reaction to intradermal beryllium sulfate. Intravenous or oral administration of beryllium
sulfate before intratracheal instillation of beryllium oxide decreased the intensity of the
pulmonary reaction; a similar effect was observed when the animals were treated with
prednisone, L-asparaginase or cyclophosphamide. Splenic cells from animals with
beryllium-induced lung disease given intraperitoneally to another group of animals of the
same strain caused a similar disease and skin reactivity to beryllium sulfate. No lung disease,
skin reactivity or reaction in the lymphocyte transformation test was induced by similar
- treatment of another inbred strain of guinea-pigs (Barna et al., 1981).

In another study using the same responsive guinea-pig strain, lymphokine production by
isolated lymph node cells from animals treated with beryllium oxide endotracheally and
challenged with beryllium sulfate was demonstrated in vitro. The cells also secreted a factor
that inhibited the migration of macrophages (Barna et al., 1984).

Strain A (H-22 haplotype) mice given an intratracheal instillation challenge of beryllium
sulfate or beryllium oxide (calcined at 550 and 1100 °C) after immunization with beryllium
sulfate had increased numbers of lymphocytes in bronchoalveolar lavage fluids two, four and
eight weeks (months for the oxide) after the challenge. The cells were mainly CD4+ T
lymphocytes. By four weeks, microgranulomas were observed in the lungs, which had
developed into granulomatous lesions by eight weeks in the case of the sulfate. Such changes
were not observed in mice not immunized with beryllium sulfate or in pretreated mice that
were not challenged, nor in two strains of mice with different H-2 haplotypes [ C57Bl/6(H-2)
and BALB/c(H-29)] (Huang et al., 1992).

In a descriptive toxicity study (see p. 86), male Fischer 344/N rats were exposed by nose
only to 800 mg/m? metallic beryllium dust (mass median aerodynamic diameter, 1.4 um) for
50 min, to give an initial lung burden of 625 pg. The animals were then followed for 171 days
with timed terminations at 3, 7, 10, 14, 31, 59 and 115 days. Necrotizing, haemorrhagic
pulmonitis and intra-alveolar fibrosis, followed by chronic inflammatory changes, were
observed. The prevailing cell type obtained by bronchoalveolar lavage was neutrophils; few
lymphocytes and no granulomas were observed (Haley ef al., 1990). Similarly, after a 1-h
exposure of rats to 4.05 mg/m> Be as beryllium sulfate (mass median aerodynamic diameter,
1.9 pm), progressive focal interstitial pneumonitis, but no granulomatous disease, was
observed; the gross histological picture was similar three weeks and 3, 6 and 12 months after
the exposure (Sendelbach et al., 1989).

Intratracheal instillation of beryllium sulfate after immunization with a subcutaneous
injection of beryllium sulfate fortified with ovalbumin and Freund’s adjuvant resulted in
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granulomatous pulmonary disease in Fischer 344 rats within six weeks, accompanied by
accumulation of both T and B lymphocytes in the lung tissue (Votto et al., 1987).

In a carcinogenicity study (Wagner er al., 1969; see section 3.1, p. 76), granulomatous
lung lesions were observed in hamsters and rats exposed to bertrandite but not in those
exposed to beryl ore. [It is not clear if the granulomas were morphologically similar to those
observed in humans with chronic beryllium disease or to those in dogs and guinea-pigs after
short-term exposure to beryllium oxide.]

The effect of beryllium sulfate (1-h exposure by inhalation; 13 mg/m3 Be; particle mass
median aerodynamic diameter, 1.9 um) on cell kinetics was studied in rats and mice by
autoradiographic determination of the proportion of tritium-labelled cells 90 min after
intraperitoneal administration of tritiated thymidine (Sendelbach ez al., 1986). In rats, a
strong proliferative response was seen, involving type II alveolar epithelial cells and
interstitial and capillary endothelial cells. In mice, the proliferative response was weaker and
was limited to alveolar macrophages and interstitial and endothelial cells.

Dietary administration of beryllium carbonate at 0.125-1% caused changes typical of
rachitis in the skeleton of rats (Guyatt ef al., 1933).

Exposure of female rats by nose-only inhalation to beryllium oxide aerosol (mass
median aerodynamic diameter, 1.10 pum; calcined at approximately 1000 °C [dust
concentration and length of exposure not given]), to give an initial alveolar deposition of
30 pg beryllium, decreased alveolar clearance of subsequently administered plutonium
oxide by up to 40% (Sanders et al., 1975).

The concentration of beryllium sulfate required to decrease the viability of canine
pulmonary alveolar macrophages in vitro by 50% was 0.11 mmol/L; the corresponding
concentration for beryllium oxide calcined at 500 °C was 1.4 mmol/L, and that for beryllium
oxide calcined at 1000 °C was 3.3 mmol/L.. [Because of the limited solubility of beryllium
sulfate in tissue culture media, it is not clear what proportion was truly in solution.] The
solubility of the high-fired beryllium oxide in 100 ml 0.1 N hydrochloric acid was
considerably lower than that of the low-fired compound. There was a similar tendency for
differential solubility in simulated serum ultrafiltrate, which was not, however, significant
(Finch et al., 1988). Similar results were obtained in a study of cultured rat tracheal epithelial
cells (Steele et al., 1989).

Intravenous administration of beryllium sulfate at 30 pmol/kg bw to rats decreased the
stimulation of thymidine incorporation into liver DNA after partial hepatectomy (Witschi,
1968); the decrease was accompanied by decreased activities of thymidine kinase,
thymidylate kinase, thymidylate synthetase, deoxycytidylate deaminase and DNA poly-
merase (Witschi, 1970). No effect was observed on the incorporation of C-orotic acid into
RNA, the activity of RNA polymerase, incorporation of “C-leucine into histones or
acetylation of histones (Marcotte & Witschi, 1972).

Addition of beryllium sulfate at 1-5 umol/L increased 3H-thymidine incorporation into
splenic lymphocyte DNA by two to three fold (Price & Skilleter, 1985). This weak mitogenic
effect was limited to B lymphocytes (Newman & Campbell, 1987). Beryllium sulfate, brought
into solution as a sulfosalicylic acid complex, inhibited the growth of mouse fibroblasts in
culture at concentrations higher than 10-5 mol/L (Rossner & Bencko, 1980).
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Be?* at a concentration of 0.1 mmol/L inhibited the proliferation of rat hepatocytes in
culture induced by epidermal growth factor by 72%, but it did not affect the binding of
growth factor to its receptors on the hepatocytes (Skilleter & Legg, 1989).

Beryllium fluoride complexes were bound to microtubules polymerized in the presence
of glycerol from tubulin isolated from pig brain and stabilized the polymer formed (Carlier et
al., 1988, 1989). Divalent beryllium (BeSQ,), but not beryllium fluoride, stimulated
microtubule-associated protein-dependent polymerization of tubulin purified from bovine
brain and stabilized the polymer formed (Hamel et al., 1991, 1992).

4.3 Reproductive and developmental effects

43.1 Humans

Kline ef al. (1951) described the pregnancy of a 25-year-old woman who worked in a
fluorescent-tube factory in 1942-44. She displayed signs of radiographic changes in lungs,
cyanosis and dyspnoea in the seventh month of her second pregnancy in 1950. No beryllium
was detected in a lung biopsy. The woman was treated with adrenocorticotrophic hormone
and steroids and delivered a 2.75-kg child seven weeks later. Twenty-four-hour specimens of
the urine of the infant collected on the second and third day after birth contained 0.4 and
0.015 pg Be. The child became severely hypoglycaemic after 48 h but was subsequently
released from hospital.

Savitz et al. (1989) examined a subset of people covered by the 1980 US National
Natality and Fetal Mortality Surveys for indications of adverse effects related to maternal or
paternal occupational exposures to beryllium, as assessed from a job—exposure matrix.
Paternal occupational exposure was associated with 3170 stillbirths, 552 preterm deliveries
and 371 babies small for gestational age; the corresponding odds ratios (with 95% CI) were:
1.0 (0.7-1.3), 1.0 (0.5-2.0) and 0.9 (0.5-1.7), respectively. Maternal exposure to beryllium
was not associated with these end-points.

4.3.2 Experimental systems

The effects of beryllium compounds on reproduction and prenatal development have
been reviewed (Barlow & Sullivan, 1982). After oral exposure of male and female rats to a
single intratracheal dose of 0.2 mg beryllium oxide (fired at 960 °C in one study and 500 °Cin
a second), no effect was noted in repeated breeding trials on fertility, postnatal viability or
growth over 15 months. In fact, beryllium-treated rats tended to produce more litters over
time than did controls (Clary et al., 1975).

All offspring of Sprague-Dawley rats exposed intravenously to 0.316 mg/kg bw
beryllium nitrate (one-tenth of the reported LDsg) on gestation day 1 died within two to three
days after birth. Exposure to beryllium on day 11, but not on day 12, 13, 15 or 17 of gestation,
resulted in death in utero; all pups in the other groups died within two to three days of delivery
(Mathur ef al., 1987). [The Working Group noted the potential confounding effect of
anaesthesia and surgery in the experimental design.]
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4.4 Genetic and related effects

4.4.1 Humans

No data were available to the Working Group.

4.4.2 Experimental systems (see also Table 19 and Appendices 1 and 2)
(@) Beryllium salts

Beryllium sulfate was mutagenic to Bacillus subtilis in the rec assay, but no effect was
seen using a higher dose of beryllium chloride. [The latter was actually a null effect, as no
zone of inhibition was seen.] Both beryllium chloride and beryllium nitrate were mutagenic
in a rec assay using spores of B. subtilis.

Anull effect was also seen with beryllium sulfate in Escherichia coli in the pol™ [pol~assay
for DNA modifying effects. In a spot test using four strains of E. coli with different repair
capacities, beryllium sulfate caused zones of inhibition of growth only in repair-deficient
strains. The inhibition decreased with increasing pH, with little effect above pH 5-6. The
authors suggested that beryllium interferes with use of exogenous orthophosphate rather
than with DNA repair.

Beryllium chloride did not induce SOS repair, measured as A prophage induction; no
inhibition of growth was seen with continuous exposure to up to 5 mM, however, suggesting
lack of uptake.

Beryllium sulfate was inactive in most bacterial mutagenesis assays. It did not induce
point mutations in Salmonella typhimurium in the absence of metabolic activation in four
laboratories. Negative results were found in the presence of various metabolizing systems,
except in strain TA1535, in which equivocal results were obtained in the presence of some
Aroclor-induced liver enzymes; however, no toxicity was seen, even at doses up to 5 mg/plate.
Beryllium chloride and beryllium nitrate at similarly high doses were not mutagenic to S.
typhimurium. Beryllium sulfate was not mutagenic to S. fyphimurium in a plate incorporation
assay, but it gave positive results in single fluctuation tests with E. coli and with one strain of
S. typhimurium. Beryllium chloride induced a modest increase in the number of mutations in
the lacl gene when grown with E. coli, but no clear dose-response relationship. It did not
enhance the mutagenicity of ultraviolet radiation to E. coli, but it enhanced the mutagenicity
of 9-aminoacridine to S. typhimurium.

Beryllium sulfate was not mutagenic when injected intraperitoneally to adult male
Swiss-Webster mice in a host-mediated assay using S. typhimurium strains. It did not induce
mitotic recombination in Saccharomyces cerevisiae D3 in the presence or absence of

metabolic activation, and did not induce mutation in a host-mediated assay using the same
strain.

Beryllium sulfate tetrahydrate did not induce unscheduled DNA synthesis in primary
hepatocytes, as measured by autoradiographic light nuclear labelling; however, a dose of
10 mg/ml was reported to be toxic.

In the only study available, beryllium chloride was reported to increase the frequency of
8-azaguanine-resistant mutants in Chinese hamster V79 cells by a factor of about 6.
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Beryllium chloride and beryllium nitrate induced sister chromatid exchange in the same
cells. Beryllium sulfate also increased the frequency of sister chromatid exchange in cultured
human lymphocytes and in Syrian hamster embryo cells. Studies on the ability of beryllium
salts to induce chromosomal aberrations in vitro have had mixed results. Beryllium sulfate
increased the frequency of chromatid aberrations in human lymphocytes in one of two
studies, and a 21-fold increase was seen in the same study with Syrian hamster embryo cells.
Higher doses of beryllium sulfate were nonclastogenic to Chinese hamster lung cells;
however, toxicity was seen only at 2.5 mg/ml. It had little effect on chromosomes in Chinese
hamster ovary cells, but fairly high concentrations enhanced the frequency of X-ray-induced
chromatid-type exchanges. Extremely high concentrations of beryllium chloride caused
chromosomal ‘stickiness’ in cultured peripheral lymphocytes of domestic pigs; chromosomal
breakage was rare, whereas chromatid breaks were frequent.

Beryllium sulfate induced morphological transformation of Syrian hamster embryo cells
and enhanced the transformation of the cells by simian adenovirus SA7 [no dose-response
given]. In a comparative evaluation of in-vitro transformation systems, beryllium sulfate
induced morphological transformation in BALB/3T3 cells, in Syrian hamster embryo cells
and in Rauscher murine leukaemia virus-infected Fischer 344 rat embryo cells. [In none of
the studies were transformed cells injected into suitable hosts to verify the occurrence of
malignant transformation.]

In the only report of exposure in vivo, beryllium sulfate given by gavage at 50 and 80% of
the four-day maximal tolerated dose did not induce micronuclei in the bone marrow of mice.
A marked depression of bone-marrow erythropoiesis was observed, suggesting a toxic effect
to the marrow.

(b) Benyllium oxide

This sparingly soluble compound did not induce differential toxicity in B. subtilis,
mutation in two strains of S. typhimurium or sister chromatid exchange in Chinese hamster
V79 cells.

Both single-strand breaks and morphological cell transformation were reported to be
induced by low-fired beryllium oxide, but conflicting results were obtained for both
end-points with high-fired beryllium oxide. [The data were not particularly convincing. ]

Considerations with regard to genotoxic mechanisms

As pointed out in a review, beryllium is uniquely amphoteric among the alkaline earth
elements. It can form positive and negative ions in acidic and basic media but not at
neutrality, at which it forms poorly soluble particulates. Beryllium salts are readily
precipitated in the tissues and are transported in blood predominantly as colloidal
phosphate-hydroxide complexes weakly associated with plasma globulins; these may be
taken up by macrophages. Cultured cells essentially accumulate only colloidal or particulate
beryllium, by a temperature-dependent process deduced to be endocytosis. Macrophages,
the cells most active in the endocytosis of particulate materials, appear to be those most
sensitive to the cytotoxicity of beryllium (reviewed by Skilleter, 1984). Beryllium was toxic to
mammalian cells only at concentrations at which a precipitate was seen in the culture



Table 19. Genetic and related effects of beryllium compounds

Test system Result Dose? Reference
(LED/HID)
Without With
€X0genous  €xogenous
metabolic ~ metabolic
system system
Beryllium chloride
PRB, \ Prophage induction, Escherichia coli -b 0 45 Rossman et al. (1984)
BSD, Bacillus subtilis rec assay, differential toxicity - 0 22.5 Nishioka (1975)
BSD, Bacillus subtilis (spores) rec assay, differential toxicity + 0 84 Kuroda et al. (1991)
SAQ, Salmonella typhimurium TA100, reverse mutation - 0 NR Ogawa et al. (1987)
SAQ, Salmonella typhimurium TA100, reverse mutation - - 280 Kuroda et al. (1991)
SA2, Salmonella typhimurium TA102, reverse mutation - 0 NR Ogawa et al. (1987)
SA7, Salmonella typhimurium TA1537, reverse mutation - 0 NR Ogawa et al. (1987)
SA7, Salmonella typhimurium TA1537, reverse mutation +¢ 0 450 Ogawa et al. (1987)
SAY, Salmonella typhimurium TA98, reverse mutation - 0 NR Ogawa et al. (1987)
SA9, Salmonella typhimurium TA98, reverse mutation - - 280 Kuroda er al. (1991)
SAS, Salmonella typhimurium TA2637, reverse mutation - 0 NR Ogawa et al. (1987)
SAS, Salmonella typhimurium TA2637, reverse mutation +¢ 0 450 Ogawa ef al. (1987)
ECK, Escherichia coli KMBL 3835 (lacI gene), forward + 0 0.09 Zakour & Glickman (1984)
mutation
EC2, Escherichia coli WP2, reverse mutation -d 0 18 Rossman & Molina (1986)
GYH, Gene mutation, Chinese hamster lung V79 cells, hprt + 0 18 Miyaki et al. (1979)
locus, in vitro
SIC, Sister chromatid exchange, Chinese hamster lung V79 + 0 3.5 Kuroda et ai. (1991)
cells, in vitro
CIA, Chromosomal aberrations, swine lymphocytes, in vitro + 0 1.8 Vegni Talluri &
Guiggiani (1967)
Beryllium nitrate
BSD, Bacillus subtilis (spores) rec assay, differential toxicity + 0 51 Kuroda ez al. (1991)
SAQ, Salmonella typhimurium TA100, reverse mutation - 0 900 Tso & Fung (1981)
(spot test)
SAQ, Salmonella typhimurium TA100, reverse mutation - - 170 Kuroda ez al. (1991)
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Table 19 (contd)

Test system Result Dose? Reference
(LED/HID)

Without With

€X0genous  ex0genous

metabolic ~ metabolic

system system
Beryllium nitrate (contd)
SAS9, Salmonella typhimurium TA98, reverse mutation ? 0 NR Arlauskas et al. (1985)
SA9, Salmonella typhimurium TA98, reverse mutation - - 170 Kuroda er al. (1991)
SIC, Sister chromatid exchange, Chinese hamster lung V79 + 2.0 Kuroda et al. (1991)

cells, in vitro
Beryllium sulfate
ECD, Escherichia coli pol A, differential toxicity (spot test) - 0 28 Rosenkranz & Poirier (1979)
BSD, Bacillus subtilis rec assay, differential toxicity + 0 90 Kada er al. (1980); Kanematsu
et al. (1980)
ERD, Escherichia coli rec strains, differential toxicity + 0 2.25 Dylevoi (1990)
SAQ, Salmonella typhimurium TA100, reverse mutation - - 6 Simmon (1979a)
SA0, Salmonella typhimurium TA100, reverse mutation - - 14 Dunkel et al. (1984)¢
SAQ, Salmonella typhimurium TA100, reverse mutation - 0 NR Arlauskas et al. (1985)
**xSalmonella typhimurium TA100, reverse mutation + 0 4.5 Arlauskas ef al. (1985)
(fluctuation)

SAO0, Salmonella typhimurium TA100, reverse mutation - - 127 Ashby et al. (1990)
SAS, Salmonella typhimurium TA1535, reverse mutation ~ - 10 Rosenkranz & Poirier (1979)
SAS, Salmonella typhimurium TA1535, reverse mutation - - 6 Simmon (1979a)
SAS, Salmonella typhimurium TA1535, reverse mutation - v 0.9 Dunkel et al. (1984)¢
SAS, Salmonella typhimurium TA1535, reverse mutation - 0 NR Arlauskas er al. (1985)
SAS, Salmonella typhimurium TA1535, reverse mutation - - 127 Ashby et al. (1990)
SA7, Salmonella typhimurium TA1537, reverse mutation - - 6 Simmon (1979a)
SA7, Salmonella typhimurium TA1537, reverse mutation - - 14 Dunkel et al. (1984)¢
SA7, Salmonella typhimurium TA1537, reverse mutation - 0 NR Arlauskas et al. (1985)
SA7, Salmonella typhimurium TA1537, reverse mutation - - 127 Ashby et al. (1990)
SAS8, Salmonella typhimurium TA1538, reverse mutation - - 10 Rosenkranz & Poirier (1979)
SAS8, Salmonella typhimurium TA1538, reverse mutation - - 6 Simmon (1979a)

8S HWIT'TOA SHAVIDONON DdVI



Table 19 (contd)

Test system Result Dose? Reference
(LED/HID)
Without With
€X0genous  exogenous
metabolic  metabolic
system system
Beryllium sulfate (contd)
SA8, Salmonella typhimurium TA1538, reverse mutation - - 14 Dunkel ef al. (1984)¢
SA8, Salmonella typhimurium TA1538, reverse mutation - 0 NR Arlauskas et al. (1985)
SA8, Salmonella typhimurium TA1538, reverse mutation - - 127 Ashby et al. (1990)
SAS, Salmonella typhimurium TA98, reverse mutation - - 6 Simmon (1979a)
SA9, Salmonella typhimurium TA98, reverse mutation - - 14 Dunkel ez al. (1984)¢
SA9, Salmonella typhimurium TA98, reverse mutation - 0 NR Arlauskas et al. (1985)
SAS9, Salmonella typhimurium TA98, reverse mutation - - 127 Ashby et al. (1990)
SAS, Salmonella typhimurium TA1536, reverse mutation - - 6 Simmon (1979a)
ECW, Escherichia coli WP2 uvrA, reverse mutation - - 14 Dunkel et al. (1984)¢
*** Escherichia coli WP2 uvrA, reverse mutation ? 0 NR Arlauskas et al. (1985)
(fluctuation test)
SCH, Saccharomyces cerevisiae D3, mitotic recombination - - 430 Simmon (1979b)
URP, Unscheduled DNA synthesis, primary rat hepatocytes - 0 86 Williams et al. (1982)
SIS, Sister chromatid exchange, Syrian hamster embryo cells + 0 0.05 Larramendy ef al. (1981)
in vitro
CIC, Chromosomal aberrations, Chinese golden hamster ovary - 0 9 Brooks ef al. (1989)
cells in vitro
CIC, Chromosomal aberrations, Chinese hamster ovary cells +8 0 9 Brooks et al. (1989)
in vitro
CIC, Chromosomal aberrations, Chinese hamster lung cells - - 64 Ashby et al. (1990)
in vitro
CIS, Chromosomal aberrations, Syrian hamster embryo cells + 0 0.25 Larramendy et al. (1981)
in vitro
TBM, Cell transformaticn, BALB/c 3T3 mouse cells in vitro + 0 0.05 Dunkel et al. (1981)
TCS, Cell transformation, Syrian golden hamster embryo cells  + 0 0.016 Pienta et al. (1977)
in vitro
+ 0 0.13 DiPaolo & Casto (1979)

TCS, Cell transformation, Syrian hamster embryo cells in vitro
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Table 19 (contd)

Test system Result Dose? Reference
(LED/HID)
Without With
€x0genous  exogenous
metabolic  metabolic
system system
Beryllium sulfate (contd)
TRR, Cell transformation, RLV/Fischer rat embryo cells + 0 0.005 Dunkel et al. (1981)
in vitro
T7S, Cell transformation SA7/Syrian hamster embryo cells + 0 5 Casto et al. (1979)
in vitro
SHL, Sister chromatid exchange, human lymphocytes in vitro + 0 0.05 Larramendy et al. (1981)
CHEF, Chromosomal aberrations, human MRCS fibroblasts - 0 0.005 Paton & Allison (1972)
in vitro
CHL, Chromosomal aberrations, human lymphocytes in vitro + 0 0.25 Larramendy et al. (1981)
CHL, Chromosomal aberrations, human WI38 lymphocytes - 0 0.009 Paton & Allison (1972)
in vitro
HMM, Host-mediated assay, Salmonella typhimurium TA1530 - 1.25,im or po  Simmon et al. (1979)
- in male Swiss-Webster mice
HMM, Host-mediated assay, Salmonella typhimurium TA1535 - 103, im or po Simmon ef al. (1979)
in male Swiss-Webster mice
HMM, Host-mediated assay, Salmonella typhimurium TA1538 ~ 1.25,im or po  Simmon et al. (1979)
in male Swiss-Webster mice
HMM, Host-mediated assay, Saccharomyces cerevisiae in mice - 103, im or po Simmon et al. (1979)
MVM, Micronucleus test, mouse bone marrow in vivo - 116, po x 1 Ashby et al. (1990)
Beryllium oxide
BSD, Bacillus subtilis (spores) rec assay, differential toxicity A 0.1 Kuroda et al. (1991)
SAQ, Salmonella typhimurium TA100, reverse mutation -h - 0.08 Kuroda et al. (1991)
SA9, Salmonella typhimurium TA98, reverse mutation -". - 0.08 Kuroda et al. (1991)
DIA, DNA strand breaks, rat tracheal epithelial cells +! 0 0.36 Steele et al. (1989)
DIA, DNA strand breaks, rat tracheal epithelial cells v 0 10 Steele et al. (1989)

86
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Table 19 (contd)

Test system Result Dose? Reference
_(LED/HID)
Without With
€X0gENnous  exogenous
metabolic  metabolic
system system
Beryllium oxide (contd)
SIC, Sister chromatid exchange, Chinese hamster V79 lung -8 0 0.03 Kuroda et al. (1991)
cells in vitro
TCL, Cell transformation, rat tracheal epithelial cells in vitro +1 0 0.1 Steele et al. (1989)
TCL, Cell transformation, rat tracheal epithelial cells in vitro % 0 10 Steele et al. (1989)

+, considered to be positive; (+ ), considered to be weakly positive in an inadequate study; -, considered to be negative; ?, considered to be incon-
clusive (variable responses in several experiments within an adequate study); 0, not tested
7LED, lowest effective dose; HID, highest ineffective dose. In-vitro tests, pg/ml; in-vivo tests, mg/kg bw. Doses given as concentration of element,
not concentration of compound; im, intramuscularly; po, orally; NR, not reported

bPrecipitate

“Comutation with 9-aminoacridine (100 umol/plate) (not on profile)
4Comutation with ultraviolet radiation (not on profile)

Results from four independent laboratories

MNegative in two laboratories, inconsistently positive in two laboratories
€Enhancement of effect of X irradiation (not on profile)

"BeO unspecified

Low-fired oxide

MHigh-fired oxide

***Not displayed on profiles
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medium (Rossman et al., 1987). [The Working Group noted that the lack of toxicity of
beryllium compounds in many studies of bacteria suggests lack of uptake.] In mammalian
cells, intracellular transfer is from lysozyme to nucleus (reviewed by Skilleter, 1984).

Beryllium chloride (1-10 mM) increased misincorporation of nucleoside triphosphates
during polymerization of poly-d(A-T) by Micrococcus luteus DNA polymerase (Luke ef al.,
1975). In a similar system, beryllium chloride reduced the fidelity of DNA synthesisin vitro in
the presence of avian myeloblastosis virus DNA polymerase, a synthetic prime template and
complementary and noncomplementary nucleoside triphosphates. This effect was observed
at concentrations at which even incorporation of complementary triphosphates was inhibited
and was ascribed to the noncovalent binding of ionic divalent beryllium to DNA polymerase
rather than to DNA (Sirover & Loeb, 1976). [It is not clear that such effects can occur within
the cell, where the concentrations of Be>* would probably be much lower; e.g. chromosomal
aberrations have been reported at an extracellular concentration of < 5 uM.] The binding
of beryllium by purified DNA is very weak (K, = 7 x 103/mol) (Truhaut et al., 1968). It was
reported in an abstract that beryllium can induce DNA-protein complexes (Kubinski ef al.,
1977). [The Working Group considered that any ‘genotoxic’ effects of Be2* are probably not
caused by direct damage to DNA.]

S. Summary of Data Reported and Evaluation

5.1 Exposure data

Beryllium is found at low concentrations in the Earth’s crust. Since the early twentieth
century, it has been produced and used in a variety of applications as the metal, in alloys and
as its oxide.

Although only a relatively small number of workers worldwide are potentially exposed
to high levels of beryllium, mainly in the refining and machining of the metal and in
production of beryllium-containing products, a growing number of workers are potentially
exposed to lower levels of beryllium in the aircraft, aerospace, electronics and nuclear
industries. Although the range of industrial processes with potential occupational exposure
to beryllium has expanded over the past two decades, exposures have generally decreased
over the same period.

The most important source of exposure to beryllium in the general environment is the
burning of coal.

5.2 Human carcinogenicity data

In an early series of cohort mortality studies of workers at two beryllium extraction,
production and fabrication facilities in the USA, a consistent, marginally significant excess of
deaths from lung cancer was observed. The excess increased with time since first exposure. In
a more recent mortality analysis of some 9000 workers at seven beryllium plants in the USA,
including the two plants studied previously, a small but significant excess in mortality from
lung cancer was found in the total cohort. The risks for lung cancer were consistently higher
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in those plants in which there was also excess mortality from nonmalignant respiratory
disease. Also, the risk for lung cancer increased with time since first exposure and was greater
in workers first hired in the period when exposures to beryllium in the work place were
relatively uncontrolled. Mortality from cancers at other sites was not increased. The
association between lung cancer risk and exposure to beryllium was judged not to be
confounded by smoking.

Follow-up of deaths among workers entered into the US Beryllium Case Registry (which
registered cases of acute beryllium-related pneumonitis and chronic beryllium-related
nonmalignant lung disease, including cases from the plants mentioned above) revealed
excess mortality from lung cancer; the excess was greater in those who were entered into the
Registry with acute beryllium pneumonitis. Potential confounding by smoking was addressed
in several ways and did not appear to explain the increased risk for lung cancer. The results of
the follow-up of the Case Registry subjects yielded a higher risk for lung cancer than had
been found in the previous cohort mortality study of the seven production facilities.

In a nested case-control study of cancers of the central nervous system among workers at
two nuclear facilities in the USA, an increasing risk of cancer of the central nervous System
was suggested with longer duration of employment in jobs with more highly ranked exposure
to beryllium.

Several aspects of the two most recent cohort studies support the conclusion that the
work environment of workers involved in refining, machining and producing beryllium metal
and alloys was causally associated with an increased risk of lung cancer: the large number of
lung cancer cases, providing a stable estimate of the mortality ratio; the consistency of the
lung cancer excess in most of the locations; the greater excess in workers hired before 1950,
when exposures to beryllium in the work place were relatively uncontrolled and much higher
than in subsequent decades; the highest risk for lung cancer being found in the plant from
which the greatest proportion of cases of acute beryllium pneumonitis was provided to the
Beryllium Case Registry; the increasing risks with increasing latency; the greater lung cancer
risk observed in the Beryllium Case Registry cohort, the highest risk for lung cancer being
observed among individuals diagnosed with acute beryllium-induced pneumonitis, who
represent a group that had the most intense exposure to beryllium; and the highest risks for
lung cancer occurring in the plants where the risk for pneumoconiosis and other respiratory
diseases was highest. Aspects of the studies which limit their interpretation are: the absence
of any individual measurements of exposures to beryllium, the relatively low excess risk for
lung cancer and the absence of any mention of exposure of workers to other lung carcinogens
in the work place, although there is no evidence that other lung carcinogens were present.

5.3 Animal carcinogenicity data

Beryl ore and bertrandite ore were tested for carcinogenicity in rats, hamsters and
monkeys by inhalation exposure in three experiments in one study. Beryl ore was shown to
produce malignant and benign lung tumours in rats. The experiments in hamsters and
monkeys were inadequate for evaluation, as were all experiments with bertrandite ore.

In one study in rats by single intratracheal instillation, beryllium metal, passivated
beryllium metal (99% beryllium, 0.26% chromium as chromate) and beryllium-aluminium
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alloy (62% beryllium) produced dose-related increases in the incidence of lung tumours,
which were mostly adenocarcinomas and adenomas.

Various beryllium compounds were tested by inhalation in five studies in rats, rabbits
and monkeys. In two studies in rats, beryllium sulfate tetrahydrate produced lung tumours,
which were mostly adenocarcinomas. In one study, both beryllium oxide and beryllium
chloride produced dose-related increases in the incidence of malignant epithelial lung
tumours in rats. The studies in rabbits and monkeys were considered to be inadequate for
evaluation. Beryllium hydroxide and low- and high-temperature-fired beryllium oxide were
tested in rats by intratracheal instillation; beryllium hydroxide produced lung adeno-
carcinomas and adenomas in one study, and low-temperature-fired (below 900 °C) beryllium
oxide produced malignant lung tumours in two studies.

Rabbits given intravenous injections of beryllium metal and various compounds of
beryllium (zinc beryllium silicate, beryllium silicate, beryllium oxide and beryllium
phosphate) developed osteosarcomas. Similar findings were obtained in rabbits treated by
implantation or injection into the bone of beryllium oxide, zinc beryllium silicate and
beryllium carbonate.

5.4 Other relevant data

Increased levels of beryllium have been found in the lungs of people exposed up to
20 years previously. In dogs and rats, the lung clearance of beryllium oxide calcined at high
temperaturesis slower than for that calcined at low temperatures. After inhalation, beryllium
also accumulates in tracheobronchial lymph nodes. Gastrointestinal absorption of beryllium
and beryllium compounds is very limited. Beryllium accumulates in bone and, to a lesser
extent, in the liver. Absorbed beryllium is excreted mostly in the urine.

Beryllium may cause a fatal acute pneumonitis and, after long-term exposure, a chronic,
non-caseating granulomatous pulmonary disease with a high rate of fatality; the patho-
genesis of the latter disease involves cell-mediated immunological reactions. Susceptibility
to chronic beryllium disease varies between individuals, and the disease may develop after
low environmental exposures in some people. A similar disease is seen in exposed dogs,
guinea-pigs and sensitized rats. Beryllium causes contact dermatitis, which is also associated
with cell-mediated immunological reactions.

Beryllium sulfate did not induce micronuclei in the bone marrow of mice treated in vivo.
Beryllium salts induced sister chromatid exchange and possibly chromosomal aberrations in
mammalian cells in vitro. Beryllium sulfate induced morphological transformation in a
number of different systems. In one report, beryllium chloride induced gene mutation in
mammalian cells. In bacteria, beryllium chloride was comutagenic with 9-aminoacridine but
not with ultraviolet radiation. Beryllium compounds are not mutagenic in most bacterial
systems. In assays of differential toxicity, beryllium salts gave mixed results.

In cultured mammalian cells, low-temperature-fired beryllium oxide induced single-
strand breaks in DNA and morphological transformation; an unspecified beryllium oxide did
not induce sister chromatid exchange in mammalian cells or differential toxicity or mutation
in bacteria.
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5.5 Evaluation!

There is sufficient evidence in humans for the carcinogenicity of beryllium and beryllium
compounds.

There is sufficient evidence in experimental animals for the carcinogenicity of beryllium
and beryllium compounds.

Overall evaluation

Beryllium and beryllium compounds are carcinogenic to humans (Group 1).
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CADMIUM AND CADMIUM COMPOUNDS

Cadmium and cadmium compounds were considered by previous working groups, in
1972, 1975 and 1987 (IARC, 1973, 1976, 1987a). New data have since become available, and
these are included in the present monograph and have been taken into consideration in the
evaluation. The agents considered are metallic cadmium, cadmium alloys and some
cadmium compounds.

1. Exposure Data

1.1 Chemical and physical data and analysis

1.1.1 Synonyms, trade names and molecular formulae

Synonyms, trade names and molecular formulae for cadmium, cadmium-copper alloy
and some cadmium compounds are presented in Table 1. The cadmium compounds shown
are those for which data on carcinogenicity or mutagenicity were available or which are
commercially important compounds. It is not an exhaustive list and does not necessarily
include all of the most commercially important cadmium-containing substances.

Table 1. Synonyms (Chemical Abstracts Service (CAS) names are in italics), trade names
and atomic or molecular formulae of cadmium and cadmium compounds

Chemical name CAS Reg. No.*  Synonyms and trade names Formula
Cadmium 7440-43-9 Cadmium metal; CI 77180 Cd
Cadmium acetate 543-90-8 Acetic acid, cadmium salt; bis(acetoxy)- Cd(CH;3CO0);
(24558-49-4; cadmium; cadmium(Il) acetate; cadmium
29398-76-3) diacetate; cadmium ethanoate; CI 77185
Cadmium carbonate 513-78-0 Carbonic acid, cadmium salt; cadmium CdCO3
[93820-02-1] carbonate (CdCO3); cadmium mono-
carbonate; chemcarb; kalcit; mikrokalcit;
supermikrokalcit
Cadmium chloride 10108-64-2 Cadmium dichloride; dichlorocadmium CdClp
Cadmium hydroxide 21041-95-2 Cadmium hydroxide (Cd(OH);); Cd(OH),
(1306-13-4; cadmium dihydroxide
13589-17-8)
Cadmium nitrate 10325-94-7 Nitric acid, cadmium salt; cadmium Cd(NO3)2
(14177-24-3) dinitrate; cadmium(II) nitrate; cadmium
nitrate (Cd(NO3),)
Cadmium stearate 2223-93-0 Alaixol If; cadmium distearate; cadmium Cd(C3sH7204)

octadecanoate; cadmium(Il) stearate;
octadecanoic acid; cadmium salt; SCD;
stabilisator SCD; stabilizer SCD; stearic
acid, cadmium salt
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Table 1 (contd)
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Chemical name CAS Reg. No.  Synonyms and trade names Formula
Cadmium sulfate 10124-36-4 Cadmium monosulfate; cadmium sulfate; CdSO4
(62642-07-3) sulfuric acid, cadmium salt (1:1)
|31119-53-6]
Cadrmium sulfide 1306-23-6 Cadmium monosulfide; cadmium orange; CdS
(106496-20-2) cadmium yellow; CI 77199
Cadmium oxide 1306-19-0 Cadmium monoxide Cdo
Cadmium-copper alloy? 37364-06-0 Copper base, Cu,Cd Cd.Cu
12685-29-9 Cadmium nonbase, Cd,Cu Cd.Cu
(52863-93-1)
132295-56-8 Copper alloy, base, Cu 99.75-100, Cd Cd.Cu
0.05-0.15; IMI 143; UNS C14300
132295-57-9 Copper alloy, base, Cu 99.60-100, Cd Cd.Cu

0.1-0.3; UNS C14310

“Replaced CAS Registry numbers are shown in parentheses; alternative CAS Registry numbers are shown
in brackets.

5116 cadmium-copper alloys are registered with the Chemical Abstracts Service.

1.1.2° Chemical and physical properties of the pure substances

Selected chemical and physical properties of most of the cadmium and cadmium
compounds covered in this monograph are presented in Table 2.

Cadmium (atomic number, 48; relative atomic mass, 112.41) is a metal, which belongs,
together with zinc and mercury, to group IIB of the periodic table. The oxidation state of
almost all cadmium compounds is +2, although a few compounds have been reported in
which it is +1. There are eight naturally occurring isotopes (abundance is given in
parentheses): 106 (1.22%), 108 (0.88%), 110 (12.39%), 111 (12.75%), 112 (24.07%), 113
(12.26%), 114 (28.86%) and 116 (7.58%). Although cadmium is slowly oxidized in moist air
at ambient temperature, it forms a fume of brown-coloured cadmium oxide when heated in
air. Other elements that react readily with cadmium metal upon heating include halogens,
phosphorus, selenium, sulfur and tellurium (Hollander & Carapella, 1978; Schulte-
Schrepping & Piscator, 1985).

There is no evidence that organocadmium compounds (in which the metal is bound
covalently to carbon) occur in nature, although cadmium may bind to proteins and other
organic molecules and form salts with organic acids (e.g. cadmium stearate) (WHO, 1992a).

Cadmium has a relatively high vapour pressure (0.001 mm Hg [0.133 Pa] at 218 °C;
1.0 mm Hg [133.3 Pa] at 392 °C; 100 mm Hg [13.3 kPa] at 611 °C). When reactive gases or
vapours, such as oxygen, carbon dioxide, water vapour, sulfur dioxide, sulfur trioxide or
hydrogen chloride, are present, cadmium vapour reacts to produce cadmium oxide,
carbonate, hydroxide, sulfite, sulfate or chloride, respectively. These compounds may be
formed in stacks and emitted into the environment (Schulte-Schrepping & Piscator, 1985;
WHO, 1992a).



Table 2. Physical and chemical properties of cadmium and cadmium compounds

Chemical name Relative
atomic/
molecular
mass

Melting-point Typical physical description

(°0)

Density
(g/cm3)

Solubility

Cadmium metal 112.41
Cadmium acetate 230.50

Cadmium carbonate 172.42

Cadmium chloride  183.32

Cadmium hydroxide 146.43

Cadmium nitrate 236.43

Cadmium sulfate 208.47

Cadmium sulfide 144.47

Cadmium oxide 128.41

3209
256

321 (dec.)

568

130 (dec.)

350

1000

1750

(at 100 atm
[101 X

102 kPa})

> 1500

Silver-white, blue-tinged
malleable metal

Colourless crystal with slight
acetic acid odour

White trigonal solid

Colourless to white, hygro-
scopic, rhombohedral or
hexagonal crystals

White trigonal crystal
or amorphous solid

Colourless solid

Colourless to white ortho-
rhombic crystals

Yellow-orange hexagonal
(o) or cubic (B) dimorphic,
semi-transparent crystals;
yellow-brown powder

Dark-brown cubic crystals or
amorphous powder

8.642
2.341

4.26
“°0)

4.047
479
(15 °C)

NR

4.691

4.82

(),

4.50

®)

8.15 (crystal);

6.95 (amor-
phous)

Soluble in ammonium nitrate, dilute nitric acid,
hot sulfuric acid; insoluble in water

Soluble in water, ethanol, methanol

Practically insoluble in water (28 pg/L) and
ammonia; soluble in dilute acids; insoluble in
organic solvents

Soluble in water (1400 g/L) and acetone; slightly
soluble in methanol, ethanol; insoluble in
diethyl ether

Almost insoluble in water (2.6 mg/L); soluble in
dilute acids and ammonium salts; insoluble in
alkaline solutions

Soluble in water (1 kg/L at 0 °C, 3.3 kg/L at
60 °C); soluble in diethyl ether, ethyl acetate,
acetone, ethanol; very soluble in dilute acids

Soluble in water (755 g/L); insoluble in acetone,
ammonia, ethanol

Soluble in concentrated or warm dilute mineral
acids with evolution of hydrogen sulfide; very
slightly soluble in ammonium hydroxide; almost
insoluble in water (1.3 mg/L); forms a colloid in
hot water

Soluble in dilute acids and ammonium salts;
almost insoluble in water (9.6 mg/L); insoluble
in alkali

From Hollander & Carapelia (1978); Parker (1978); Sax & Lewis (1987); Budavari (1989); Cadmium Association/Cadmium Council (1991); Lide
(1991); WHO (1992a); Agency for Toxic Substances and Disease Registry (1989). NR, not reported; dec., decomposes
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Some cadmium compounds, such as cadmium sulfide, carbonate and oxide, are
practically insoluble in water. Few data are available, however, on the solubility of these
compounds in biological fluids, e.g. in the gastrointestinal tract and lung. The water-
insoluble compounds can be changed to water-soluble salts by acids or light and oxygen; e.g.
aqueous suspensions of cadmium sulfide gradually photooxidize to soluble (ionic) cadmium.
Cadmium sulfate, nitrate and halides are water-soluble (Ulicny, 1992; WHO, 1992a).

1.1.3  Technical products and impurities

Cadmium metal —produced in a wide range of forms and purities for various uses. Purities
range from 99.0% (reagent grade) to 99.9999% (zone-refined), and forms include powder,
foils, wires, ingots and others. Typical impurities (%, max.) include: Zn, 0.02-0.1; Cu,
0.0001-0.015; Pb, 0.0001-0.025; Fe, 0.0001-0.001; Bi, 0.0005; Sn, 0.01; Ag, 0.01; Sb, 0.001;
and As, 0.003 (J.T. Baker, 1989; Alfa Products, 1990; Spectrum Chemical Mfg Corp., 1991;
Aldrich Chemical Co., 1992; Strem Chemicals, 1992; Atomergic Chemetals Corp., undated;
D.FE. Goldsmith Chemical & Metal Corp., undated)

Cadmium acetate—reagent grade; 99.999% (Alfa Products, 1990)

Cadmium chloride—purities: 99.0- > 99.99%; American Chemical Society reagent grade,
95-> 99%; anhydrous, 99.99-99.999%: impurities (%): NQ3, 0.003; SO4, 0.005-0.01; NHy,
0.002-0.01; Cu, 0.001; Fe, 0.001; Pb, 0.005; and Zn, 0.1 (J.T. Baker, 1989; Alfa Products,
1990; CERAC, Inc., 1991; Spectrum Chemical Mfg Corp., 1991; Aldrich Chemical Co.,
1992; Strem Chemicals, 1992)

Cadmium sulfate (as 3CdSO4.8H,0)—purities: 98-99.999%: American Chemical Society
reagent grade, 98-99.0%; impurities (%): Cl, 0.001; NOs, 0.003; Cu, 0.002; Fe, 0.001; Pb,
0.003; Zn, 0.1; and As, 1-2 ppm (J.T. Baker, 1989; Alfa Products, 1990; Aldrich Chemical
Co., 1992)

Cadmium sulfide—purities: > 98-99.999%:; phosphor (luminescent) grade, 99.99-99.999%
(Alfa Products, 1990; CERAC, Inc., 1991; Aldrich Chemical Co., 1992; Strem Chemicals,
1992; D.F. Goldsmith Chemical & Metal Corp., undated). Some of the trade names
associated with cadmium sulfide include: Cadmium Golden; Cadmium Golden 366;
Cadmium Lemon Yellow; Cadmium Lemon Yellow 527; Cadmium Orange; Cadmium
Primrose 819; Cadmium Sulfide Yellow; Cadmium Yellow; Cadmium Yellow 000; Cadmium
Yellow 892; Cadmium Yellow Conc. Deep; Cadmium Yellow Conc. Golden; Cadmium
Yellow Conc. Lemon; Cadmium Yellow Conc. Primrose; Cadmium Yellow 10G Conc.;
Cadmium Yellow OZ Dark; Cadmium Yellow Primrose 47-4100; Cadmopur Golden Yellow
N; Cadmopur Yellow; Capsebon; C.P. Golden Yellow 55; Ferro Lemon Yellow; Ferro
Orange Yellow; Ferro Yellow; GSK; PC 108; Primrose 1466.

Cadmium oxide—purities: 99.0-99.9999%; reagent grade, 99.0%; commercial grade,
99.7%; impurities (%): Cl, 0.002; NO;, 0.01; SOy, 0.20; Cu, 0.005; Fe, 0.002; and Pb, 0.01
(J.T. Baker, 1989; Alfa Products, 1990; CERAC, Inc., 1991; Aldrich Chemical Co., 1992;
Strem Chemicals, 1992; D.E. Goldsmith Chemical & Metal Corp., undated).

Impurities that occur in cadmium compounds that have been the subjects of previous
monographs are lead (IARC, 1987b) and arsenic (IARC, 1987c¢).



1.1.4 Analysis

CADMIUM AND CADMIUM COMPOUNDS

123

Selected methods for the determination of cadmium and cadmium compounds in
various media are presented in Table 3.

Table 3. Methods for the analysis of cadmium and cadmium compounds (as Cd)

Sample Sample preparation Assay Limit of Reference

matrix procedure detection

Air Collect on membrane filter; dissolve FLAA 0.03 ug/m3; Kleinman ef al.

with nitric acid 0.002 pg/ml (1989a)
Collect on cellulose ester membrane FLAA 0.05 ng/sample Eller (1987)
filter; add nitric and hydrochloric

acids; heat, then cool

Collect on cellulose ester membrane ICP 1 ug/sample Eller (1984a)
filter; ash with nitric:perchloric acid

solution (4:1); heat; repeat; heat to

dryness; dilute with nitric:perchloric

acid solution (4:1)

Water, Acidify with nitric and hydrochloric FLAA; 0.005 mg/L; US Environmental
ground- and  acids (Method 3005) ICP at 4 pg/L. Protection Agency
surface 226.5 nm (1986a,b) (Methods

6010 & 7130)

Aqueous Acidify with nitric acid; heat and
samples, evaporate to low volume; cool; add
extracts, nitric acid; reheat and reflux with
wastes hydrochloric acid (Method 3010)

Oils, greases,  Dissolve in xylene or methyl isobutyl
waxes ketone (Method 3040)

Sediments, Digest with nitric acid and hydrogen
sludges, peroxide; reflux with hydrochloric
soils acid (Method 3050)

Aqueous Acidify with nitric acid; evaporate to GFAA 0.1 pg/L US Environmental
samples, low volume; cool; add nitric acid; Protection Agency
extracts, heat to complete digestion (Method (1986¢) (Method
wastes 3020) 7131)

Sediments, Digest with nitric acid and hydrogen =~ GFAA 0.1 pg/L US Environmental
sludges, peroxide; reflux with nitric acid Protection Agency
soils (Method 3050) (1986¢) (Method

7131)

Tissue samples Ash in hot concentrated nitric acid AA 0.0006 pg/ml  Kleinman et al.
(1989b)

Urine Adjust pH to 2.0 and add polydithio- ICP 0.1 pg/sample  Eller (1984b)

carbamate resin; filter through cellu-
lose ester membrane filter; ash in
low-temperature oxygen plasma or
with nitric:perchloric acid solution

“1
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Table 3 (contd)

Sample Sample preparation Assay Limit of Reference

matrix procedure detection

Urine (contd) Complex with hexamethylene ammo- GFAA 0.2 ug/L Angerer & Schaller
nium/hexamethylene dithiocarba- (1988)
mate; extract with diisopropyl ketone/
xylene

Blood Solubilize with Triton-X-100; depro- GFAA 0.2 pg/L Stoeppler & Brandt
teinate with 1 M nitric acid (Recom- (1980); Angerer &
mended reference method of the Schaller (1985)

Commission of Toxicology of [IUPAC)

Abbreviations: FLAA, flame atomic absorption spectrometry; ICP, inductively coupled argon plasma atomic
emission spectrometry; GFAA, graphite furnace atomic absorption spectrometry; AA, atomic absorption
spectrometry

The cadmium concentrations in environmental and biological specimens vary widely:
only a few nanograms of cadmium may be present in specimens of air, water and biological
fluids, whereas hundreds of micrograms or more may be present in kidney, sewage sludge
and plastics. Different techniques are therefore required for sample collection and
preparation and for analysis. Atomic absorption spectrometry, electrochemical methods
such as anodic stripping voltammetry and pulse polarography, neutron activation, X-ray
microanalysis and spark source emission spectroscopy are used for the determination of
cadmium in various media.

In general, the techniques available for measuring cadmium in the environment and in
biological materials cannot differentiate between different compounds. With special
separation techniques, cadmium-containing proteins can be isolated and identified. In most
studies to date, the concentration or amount of cadmium in water, air, soil, plants and other
environmental or biological material has been determined as the element.

The most commonly used methods, atomic absorption spectrometry and polarography,
were discussed in detail in WHO (1992b). Atomic absorption spectrometry is the most
reliable and practicable method, especially for the biological monitoring of exposure to
cadmium. The sensitivity of flame atomic absorption spectrometry is about 10 pg/L; with
graphite furnace atomic absorption spectroscopy, cadmium concentrations of about 0.1 ug/L
can be determined in urine and blood. Standardized methods for the determination of
cadmium in blood and urine have been published (Stoeppler & Brandt, 1980; Angerer &
Schaller, 1985, 1988).

The precision and accuracy of the results are strongly influenced by the pre-analytical
phase, so that special care must be taken to avoid contamination during sampling, transport
and storage of specimens, particularly liquid samples. Contamination of biological samples
by sampling devices, containers and sample preparations has been reported (WHO, 1992b).
It is strongly recommended that analysis of cadmium be accompanied by an adequate
internal and external quality assurance programme. Quality control materials are available
for daily use in intralaboratory control and in national and international intercomparison
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programmes for the determination of cadmium in blood and urine (Herber ez al., 1990a,b;
Schaller et al., 1991; Brown, 1992; WHO, 1992b).

A noninvasive technique for determination of cadmium in liver and kidney in vivo has
been developed, which is based on the principle of neutron activation analysis and takes
advantage of the very large cross-sectional area for capture of thermal neutrons of one of the
naturally occurring stable isotopes of cadmium, '3Cd (Ellis ef al., 1981; Roels e al., 198 1).
The lowest detection limits for ‘field work’ techniques currently in use are about 1.5 mg/kg in
liver and 2.2 mg/kg in kidney (Ellis et al., 1981). An alternative method for determination of
cadmium concentrations in kidney cortex in vivo involves X-ray-generated atomic fluo-
rescence (Ahlgren & Mattsson, 1981; Christoffersson & Mattsson, 1983). Skerfving et al.
(1987) found the limit of detection of this method to be 17 mg/kg in kidney cortex. The
analytical validity of these in-vivo techniques has not been studied sufficiently (WHO, 1992b;
see also section 4.1).

1.2 Production and use

1.2.1 Production

(@) Cadmium metal

Cadmium is often considered to be a metal of the twentieth century: Unlike some other
heavy metals, such as lead and mercury which have been used since ancient times, cadmium
has been refined and used only relatively recently, and over 65% of the cumulative world
production has taken place in the last few decades. After its discovery by Strohmeyer in 1817
as an impurity in zinc carbonate, more than a century elapsed. before the metal or its
compounds were used to any significant extent, and only in the last 40-50 years have
production and consumption risen (Hollander & Carapella, 1978; Schulte-Schrepping &
Piscator, 1985). Cadmium is a relatively rare element and is not found in the pure state in
nature. Cadmium minerals do not occur in concentrations or quantities sufficient to justify
mining them in their own right, and cadmium is almost invariably recovered as a by-product
from the processing of sulfide ores of zinc, lead (see IARC, 1987b) and copper (Cadmium
Association/Cadmium Council, 1991; WHO, 1992b).

Because cadmium is primarily a by-product of zinc processing, the level of cadmium
output has closely followed the pattern of zinc production, little being produced prior to the
early 1920s. The subsequent rapid increase corresponded to the commercial development of
cadmium electroplating. Worldwide production reached a plateau in the 1970s, but appeared
to be increasing again in the 1980s (Table 4). Canada is the largest source of cadmium
concentrate; other major suppliers are Australia, Europe, Japan, Mexico, Peru and the USA.
Outside of the former USSR (for which only estimates of production are available), Japan is
the largest producer of primary refined cadmium, as it treats concentrates from South
America and Australia as well as from its own mines. Australia, Belgium, Canada, China,
Germany, Italy, Mexico and the USA are also major producers of refined cadmium. An
important source of cadmium is the recycling of secondary raw materials, including
cadmium-containing products which have become unusable, such as nickel-cadmium
batteries (for the monograph on nickel, see IARC, 1990a); cadmium-containing by-products,
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such as steel industry dust and electroplating sludges; and other types of materials the
reprocessing of which has become economically feasible or required by law (Forstner, 1984;
Cadmium Association/Cadmium Council, 1991; WHO, 1992b).

Table 4. World production of refined cadmium (tonnes)

Country or region 1980 1981 1982 1983 1984 1987 1988 1989 1990 1991

Algeria 60 65 65 50 50 102 55 46 65 65
Argentina 18 NR 21 19 20 46 46 54 48 50
Australia 1012 1031 1010 1100 1200 944 855 696 638 800
Austria 36 55 48 46 45 26 26 49 4 22
Belgium 1524 1176 996 800 850 1308 1836 1761 195 1800
Brazil 41 45 73 189 180 214 161 197 200 200
Bulgaria 210 210 200 200 200 250 300 350 309 300
Canada 1303 1298 809 1107 1200 1571 1694 1620 1437 1 400
China 250 270 300 300 300 680 750 800 1000 1200
Democratic People’s 140 140 100 100 100 100 100 100 100 100
Republic of Korea
Finland 581 621 566 616 600 690 703 612 568 593
France 789 663 793 540 500 457 558 790 780 700
Germany 1210 1208 1046 1111 1116 1143 1189 1 234 990 1105
India 89 113 131 131 120 214 237 275 277 280
Italy 568 489 475 450 400 320 705 770 665 734
Japan 2173 1977 2034 2214 2400 2450 2614 2 694 2451 2889
Mexico 778 590 607 642 650 935 1117 976 882 900
Namibia 69 NR 110 25 25 51 106 88 75 75
Netherlands 455 518 497 521 525 517 563 505 590 549
Norway 130 117 104 117 110 147 169 206 286 236
Peru 172 307 421 451 460 351 303 352 265 350
Poland 698 580 570 570 570 620 642 485 373 350
Republic of Korea 365 300 320 320 300 NR 490 500 500 450
Romania 85 85 80 80 80 75 75 70 62 60
Spain 309 303 286 278 250 297 438 361 355 350
United Kingdom 375 278 354 340 340 498 399 395 438 449
USA 1578 1603 1007 1052 168 1515 1885 1 550 1678 1676
Former USSR 2850 2900 2900 3000 3000 3000 3000 3000 2800 2500
Former Yugoslavia 201 208 174 48 100 305 405 471 362 280
Zaire 168 230 281 308 310 299 281 224 213 120
Total? 18238 17381 16378 16725 17687 19169 21761 21 325 20493 20673

From Plunkert (1985) for 1980--84; Llewellyn (1992) for 1987-91; some figures are estimates. NR, notreported
“Totals do not add up because they have been revised.

Figure 1 summarizes the individual steps in the process and their combination for the
production of cadmium metal. The flue dust on which volatile cadmium collects when zinc,
copper and lead ores are heated in air is the primary starting material for cadmium recovery
and refining. This dust must usually be recirculated in order to obtain high concentrations of
cadmium. If the primary flue dust is reduced in a rotary oven, lead and zinc remain, while the
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cadmium is volatilized and enriched in the secondary flue dust (Schulte-Schrepping &
Piscator, 1985).

Fig. 1. Processes for the production of cadmium metal

Pyrometallurgical Pyrometallurgical Hydrometallurgical
lead-copper smelters zinc smelters zinc plants
Flue dust
Y ¥
Cadmium Carbonate Cadmium
sludge sludge

Cadmium sponge

Smelting Raw metal Electrolytic metal

Vacuum distiliation

- -~ ccmec e aanaano

Pure metal Pure metal Pure metal

From Schulte-Schrepping & Piscator (1985)
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Zinc metal can be produced by either pyrometallurgical or electrolytic processes, and
cadmium is recovered and refined at a number of stages. In one type of pyrometallurgical
process, complex lead-zinc ores are refined by the Imperial smelting process. When the
concentrate is roasted at 700-1200 °C in sintering furnaces, cadmium-containing flue dust
and fume are produced. This is leached in a sulfuric acid solution, and the cadmium is
subsequently precipitated as cadmium carbonate, which is dried and refined by distillation to
cadmium metal. The cadmium in secondary raw materials, after enrichment in a special
furnace, can be added to the concentrate and processed at the same time (Schulte-
Schrepping & Piscator, 1985; Cadmium Association/Cadmium Council, 1991).

In hydrometallurgical zinc refining, cadmium-containing zinc concentrate is leached
with sulfuric acid, and cadmium is removed from the solution together with copper by
reduction with zinc dust, to give a metallic sludge. These cadmium sludges are the most

important starting materials for cadmium refining today (Schulte-Schrepping & Piscator,
1985).

In electrolytic processes, the zinc concentrate is also roasted under oxidizing conditions
to remove the sulfur, usually in fluidized bed roasters which produce a fine calcine suitable
for acid leaching. The calcine is dissolved in sulfuric acid in a leaching plant, then neutralized
to precipitate any iron. The bulk of the cadmium is precipitated from the sulfate solution
during the second zinc dust stage and the remainder in the third stage. The cadmium
precipitate is filtered and forms a cake containing about 25% cadmium, 50% zinc and small
amounts of copper and lead; the cake is redissolved in sulfuric acid. A reasonably pure
cadmium sponge is produced after two additional acid solution/zinc dust precipitation
stages. The sponge is again dissolved in sulfuric acid, and the solution is passed into
electrolytic cells where the cadmium is deposited on cathodes. The cathodes are then
removed and stripped, and the cadmium is melted and cast into required shapes; it is typically
99.99% pure (Cadmium Association/Cadmium Council, 1991).

(b) Cadmium alloys

Cadmium can be combined with a number of other nonferrous metals to form alloys
with useful commercial properties. Typically, metallic cadmium is added to the molten
metal(s) with which it is to be alloyed and, after thorough mixing, the resultant alloy is cast
into the desired form (ingot, wire, rod). Depending on the alloy and its application, the
cadmium content ranges from < 0.1 to 15%. To facilitate mixing, a master alloy containing
much higher levels of cadmium may be prepared first and added to the molten alloying metal
(Hollander & Carapella, 1978; Holden, 1982).

(¢) Cadmium acetate

Cadmium acetate is produced by the reaction of acetic acid with cadmium metal or
oxide, or by treating cadmium nitrate with acetic anhydride. The dihydrate is obtained by
dissolving cadmium metal or oxide in acetic acid, followed by crystallization. Calcination of
the dihydrate can be controlled to yield cadmium acetate monohydrate and the anhydrous
acetate (Parker, 1978; Budavari, 1989).
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(d) Cadmium chloride

Cadmium chloride is produced by reacting molten cadmium with chlorine gasat 600 °C
or by dissolving cadmium metal or the oxide, carbonate, sulfide or hydroxide in hydrochloric
acid (see IARC, 1992), and subsequently vaporizing the solution to produce a hydrated
crystal. In order to prepare the anhydrous salt, the hydrate is refluxed with thionyl chloride or
calcined in a hydrogen chloride atmosphere. It may also be obtained by the addition of dry
cadmium acetate to a mixture of glacial acetic acid and acetyl chloride or by distillation from
a mixture of cadmium nitrate tetrahydrate in hot concentrated hydrochloric acid (Parker,
1978; Schulte-Schrepping & Piscator, 1985; Sax & Lewis, 1987).

(e) Cadmium hydroxide

Cadmium hydroxide has been prepared by the addition of a solution of cadmium nitrate
to boiling sodium or potassium hydroxide (Parker, 1978). 1t has also been produced by the
action of sodium hydroxide on a cadmium salt solution (Sax & Lewis, 1987).

()  Cadmium nitrate

Cadmium nitrate has been produced by the action of nitric acid on cadmium metal or
cadmium oxide, hydroxide or carbonate (Parker, 1978; Schulte-Schrepping & Piscator, 1985:
Sax & Lewis, 1987).

(&) Cadmium oxide

Cadmium oxide is produced by the reaction of cadmium metal vapour with air. Pure
cadmium metal is melted in a cast-iron or steel kettle and pumped to a heated chamber,
where it is vaporized. The vapour is conducted to a reactor, and air is blown through,
oxidizing the cadmium and carrying the reaction product into a ‘baghouse’. Finer or coarser
particles are produced, depending on the ratio of air to cadmium vapour. Cadmium oxide can
also be obtained by thermal decomposition of cadmium nitrate or carbonate or by oxidation
of molten cadmium by an oxidizing agent (Parker, 1978; Schulte-Schrepping & Piscator,
1985). Cadmium oxide is generated as either a dust or fume, depending on how it is
produced.

(h) Cadmium stearate

Cadmium stearate, one of the cadmium alkanoate salts used as polyvinyl chloride
stabilizers, is prepared by the addition of sodium stearate to a solution of cadmium chloride.
The cadmium salt precipitates from solution and is filtered, washed and dried. Other salts
(laurate, myristate, palmitate) are prepared in analogous reactions (Parker, 1978).

(i) Cadmium sulfate

The principal cadmium sulfates are CdSOy, CdSO4.H,O [13477-20-8] and
3CdSO4.8H,0 [7790-84-3]. They are crystallized from cadmium sulfate solutions or can be
precipitated by addition of ethanol. Anhydrous cadmium sulfate 1s prepared by oxidation of
the sulfide or sulfite at elevated temperatures, or by the action of dimethyl sulfate on finely
powdered cadmium nitrate, halides, oxide or carbonate. Solutions are prepared by dissolving
cadmium metal, oxide, sulfide, hydroxide or carbonate in sulfuric acid. Anhydrous cadmium
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sulfate is also produced by melting cadmium with ammonium or sodium peroxodisulfate.
Cadmium sulfate monohydrate, which is the form usually marketed, is produced by
evaporating a cadmium sulfate solution above 41.5 °C (Parker, 1978; Schulte-Schrepping &
Piscator, 1985).

() Cadmium sulfide

Cadmium sulfide can be prepared by the reaction between hydrogen sulfide and
cadmium vapour at 800 °C, or by heating a mixture of cadmium or cadmium oxide with
sulfur. Usually, the sulfides are precipitated from aqueous solutions of cadmium salts by
adding hydrogen sulfide or a soluble sulfide such as sodium sulfide. Cadmium sulfide can also
be prepared by passing hydrogen sulfide gas into a solution of a cadmium salt acidified with
hydrochloric acid; the precipitate is filtered and dried. It also occurs naturally as the mineral
greenockite. The dimorphicsulfide, CdS, is the most widely used cadmium compound. The
form can be transformed to the « form by heating at 750 °C in a sulfur atmosphere. Both
forms can be prepared in colours ranging from lemon-yellow through orange and red,
depending on the method of preparation and particle size (Parker, 1978; Sax & Lewis, 1987).

1.2.2 Use

Typical use patterns for cadmium and its compounds and alloys in several industrialized
countries are presented in Table 5.

Table 5. Patterns of use of cadmium in several industrialized
countries (%)

Use category 1970 19732 1976% 1979® 19822 1990
Coating and plating 37 30 36.5 34 29 8
Batteries 8 15 21.5 23 28,5 55
Pigments 24 30 25 27 24 20
Stabilizers for PVC 23 17 12 12 12 10
Alloys and other uses 8 8 5 4 6.5 7

“From Schulte-Schrepping & Piscator (1985); figures are based on
totals of published statistics for Germany, Japan, the United Kingdom and
the USA.

’From Cadmium Association/Cadmium Council (1991); figures are for
Belgium, France, Germany, Japan, the United Kingdom and the USA.

(@) Cadmium

Cadmium has a limited number of principal applications, but within the range the metal,
its alloys and compounds are used in a large variety of consumer and industrial materials. The
principal applications of cadmium fall into five categories: active electrode material in
nickel-cadmium batteries; pigments used mainly in plastics, ceramics and glasses; to stabilize
polyvinyl chloride (PVC) against heat and light; engineering coatings on steel and some
nonferrous metals; and as a component of various specialized alloys. Detailed statistics on
use are available for only a limited number of countries, but these indicate that the pattern of
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use varies considerably from country to country (Cadmium Association/Cadmium Council,
1991; WHO, 1992a).

Japan is by far the largest user of cadmium, followed by the USA, Belgium, the United
Kingdom, France and Germany. Worldwide consumption of cadmium for all uses in 1990
was estimated to have been 18 500 tonnes. The cadmium compounds of greatest commercial
importance are cadmium oxide and cadmium sulfide; other important compounds are the
hydroxide, chloride, nitrate, sulfate and stearate (adapted from Cadmium Association/-
Cadmium Council, 1991).

Examination of the reported trends in cadmium consumption over the last 25 years
reveals considerable change in the relative importance of the major applications. The use of
cadmium for engineering coatings and electroplating represents the most striking decrease;
in 1960, this sector accounted for over half the cadmium consumed worldwide, butin 1985 its
share was less than 25%. The decline is usually linked to the widespread introduction of
progressively more stringent limits on effluents from plating works and, more recently, to the
introduction of restrictions on certain cadmium products in some European countries. In
contrast, the use of cadmium in batteries has shown considerable growth in recent years,
from only 8% of the total market in 1970 to 37% by 1985. The use of cadmium in batteries is
particularly important in Japan, where it represented over 75% of total consumption in 1985
(WHO, 1992b).

Of the remaining applications of cadmium, pigments and stabilizers are the most
important, accounting for 22 and 12%, respectively, of total world consumption in 1985. The
share of the market represented by cadmium pigments remained relatively stable between
1970 and 1985, but use of the metal in stabilizers during the period showed a considerable
decline, largely as a result of economic factors. The use of cadmium as a constituent of alloys
is relatively small and has also declined in importance in recent years: it accounted for about
4% of total cadmium use in 1985 (WHO, 1992b).

(b) Cadmium alloys (from Cadmium Association/Cadmium Council, 1991,
unless otherwise specified)

Cadmium forms many binary and more complex alloys, which have useful properties for
many commercial applications. Most commercial alloys containing cadmium fall into two
major groups, where:

(1) the presence of cadmium improves some feature of the alloy. Small amounts of
cadmium can improve hardness and wear resistance, mechanical strength,
fatigue strength, castability and electrochemical properties. Cadmium is
added principally to alloys based on copper, tin, lead and zinc, although several
others benefit from its presence.

(i) lower melting-points are obtained. Such alloys range from low-melting-point
eutectic (‘fusible’) alloys to high-melting-point non-eutectic alloys used in
metal joining.

Cadmium~—copper alloys, which have almost twice the mechanical strength and wear
resistance of pure copper yet still retain 90% of its conductivity, contain 0.8-1.2% cadmium.
The major uses of such alloys are in telephone wires, wiring for railway overhead electri-
fication, conductors for flexible telephone cords, special cables for military and aerospace
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uses and electrical components such as contact strips and electric blanket and heating-pad
elements (Ricksecker, 1979).

Zinc alloys containing 0.1% cadmium improve the mechanical properties of rolled,
drawn or extruded zinc. Zinc alloys containing cadmium in the range of 0.025 to 0.15% are
used in anodes to protect structural steelwork immersed in seawater against corrosion.

Lead alloys with up to 0.075% cadmium are sometimes used as sheaths for cables subject
to cyclic stress.

Tin-based white metal-bearing alloys with up to 1% cadmium have adequate tensile and
fatigue strength for use in marine engines and gearboxes.

Precious metal alloys for jewellery incorporate cadmium for improved hardness and
strength. Levels of up to 5% cadmium in gold-silver-copper alloys make Greek gold, a
greenish-tinged gold.

Silver electric contacts incorporating 10-15% cadmium or cadmium oxide are useful in
many heavy duty electrical applications, such as relays, switches and thermostats.

A tin-lead-bismuth—cadmium alloy, which melts at 70 °C, is more commonly known as
Woods metal and is used in the bonding of metallized ceramic and glass components to metal
frames and chassis, where higher soldering temperatures are not possible. The presence of
Woods metal in water sprinkler valves automatically activates the water supply when the
local temperature exceeds 70 °C, when it melts.

Cadmium alloyed with silver, zinc or tin makes excellent solders, with tensile strengths two
to three times greater than most common solders in the same temperature range. Cadmium
is an important component in quaternary alloys with silver, copper and zinc in the lower
temperature range of brazing alloys.

The low melting-points and rapid fusing or solidifying characteristics of low-temperature
fusible alloys containing cadmium lead to a variety of uses. Heat-sensitive fusible links in fire
safety devices or kilns and ovens can activate control mechanisms when they melt at specific
temperatures. The alloys are used to mount glass lenses firmly during grinding operations.

(c) Cadmium acetate

Cadmium acetate is the starting material for cadmium halides and is a colourant in glass,
ceramics (iridescent glazes) and textiles. It is also used in electroplating baths, as a laboratory
reagent and in the separation of mercaptans from crude oils and gasolines (Greene, 1974;
Parker, 1978; Sax & Lewis, 1987).

(d) Cadmium chloride

Cadmium chloride is used in electroplating. The significance of cadmium chloride as a
commercial product is declining; however, it occurs as an intermediate in the production of
cadmium-containing stabilizers and pigments, which are often obtained from cadmium
chloride solutions, themselves obtained from cadmium metal, oxide, hydroxide or
carbonate. It is also used in the preparation of cadmium sulfide, in analytical chemistry, in
photography, in dyeing and calico printing, in the manufacture of special mirrors and of
cadmium yellow, in the vacuum tube industry and as a lubricant (Schulte-Schrepping &
Piscator, 1985; Sax & Lewis, 1987; Budavari, 1989).
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(e) Cadmium hydroxide

Cadmium hydroxide is a component of cadmium-nickel and silver-cadmium batteries.
It often replaces the oxide as the starting material for other cadmium compounds (Parker,
1978; Schulte-Schrepping & Piscator, 1985; Cadmium Association/Cadmium Council,
1991).

(H Cadmium nitrate

Cadmium nitrate is the preferred starting material for cadmium hydroxide; it is also used
in photographic emulsions (Budavari, 1989; Parker, 1978) and in colouring glass and
porcelain (Schulte-Schrepping & Piscator, 1985; Sax & Lewis, 1987).

(® Cadmium stearate

Cadmium stearate is commonly used in combination with other salts to retard the
degradation processes which occur in PVC and related polymers on exposure to heat and
ultraviolet light (sunlight). The stabilizers consist of mixtures of barium, lead and organic
cadmium salts, usually cadmium stearate or cadmium laurate, which are incorporated into
the PVC before processing and which arrest any degradation reactions as soon as they occur.
They ensure that PVC develops good initial colour and clarity and allow high processing
temperatures to be employed; they also ensure longer service life.

Barium-cadmium stabilizers typically contain 1-15% cadmium and usually constitute
about 0.5-2.5% of the final PVC compound. They are incorporated into PVC used, for
example, in rigid profiles for window and door frames, water and drain pipes, hoses and
electrical insulation (Parker, 1978; Cadmium Association/Cadmium Council, 1991).

(h) Cadmium sulfate

Cadmium sulfate is used in electroplating and as a starting material for pigments,
stabilizers and other cadmium compounds that can be precipitated from aqueous solution. It
is also used to produce fluorescent materials, in analytical chemistry and as a nematocide.
Cadmium sulfate solution is a component of Weston cells (portable standards for electro-
magnetic frequency) (Schulte-Schrepping & Piscator, 1985; Sax & Lewis, 1987; Budavari,
1989).

() Cadmium sulfide

The main use of cadmium sulfide is for pigments. Pure yellow cadmium sulfides are
formulated with red cadmium selenides in varying proportions to make chemically pure
toners ranging from yellows and oranges with a low selenium content to reds and maroons
with a high selenium content. Cadmium colourants are used in special paints (especially
artists’ colours, such as cadmium yellow), for colouring textiles, paper, rubber, plastics,
glasses and ceramic glazes and in fireworks. Red and yellow cadmium sulfide-zinc sulfide
fluorescent and phosphorescent pigments are also produced. Cadmium sulfide is used in the
conversion of solar energy to electrical power. Its photoconductive and electroluminescent
properties have been applied not only in photocells but also in a wide variety of phosphors,
light amplifiers, radiation detectors, thin film transistors and diodes, electron beam-pumped
lasers and household smoke detectors (Parker, 1978; Sax & Lewis, 1987; Budavari, 1989).
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() Cadmium oxide

The main use of cadmium oxide is in the manufacture of nickel-cadmium batteries. In
the first step in the preparation of negative electrodes (paste preparation), cadmium oxide is
hydrated to form a paste of cadmium hydroxide. The dried paste is then mixed with graphite,
iron oxide and paraffin, milled and finally compacted between rollers (Malcolm, 1983:
Adams, 1992).

Cadmium oxide is used as a starting material for PVC heat stabilizers and for other
inorganic cadmium compounds. It is also used as a catalyst in oxidation-reduction reactions,
dehydrogenation, cleavage, polymerization, the production of saturated alcohols, hydro-
genation of unsaturated fatty acids and as a mixed catalyst component to produce methanol
from carbon monoxide and water. Further uses are in resistant enamels, metal coatings for
plastics, heat-resistant plastics and selenium ruby glass. Cadmium oxide combined with an
alkali-metal cyanide is the salt mixture used in baths for cadmium electroplating. High-purity
cadmium oxide is used as a second depolarizer (in addition to silver oxide) in silver-zinc
storage batteries. It is temperature resistant and, together with silver, useful in heavy-duty
electrical contacts. In veterinary medicine, it has been used as a nematocide, vermicide and
ascaricide in swine (Parker, 1978; Schulte-Schrepping & Piscator, 1985; Sax & Lewis, 1987,
Budavari, 1989; Cadmium Association/Cadmium Council, 1991).

Other cadmium compounds used industrially include: cadmium cyanide (electro-
plating), cadmium carbonate (starting material for pigments), cadmium arsenides (electronic
devices), cadmium selenide (photocells, luminous paints, colourant in glass), cadmium
telluride (photocells, infra-red optics) and cadmium tungstate (X-ray screens, phosphors)
(Parker, 1978; Schulte-Schrepping & Piscator, 1985).

1.3 Occurrence

1.3.1 MNatural occurrence

Cadmium is widely but sparsely distributed over the Earth’s surface; it is found most
commonly as the mineral greenockite (cadmium sulfide) and in weathered ores such as
otavite (cadmium carbonate). Other minerals that contain cadmium are hawleyite (cadmium
sulfide), xanthocroite (cadmium sulfide hydrate), cadmoselite (cadmium selenide) and
monteponite (cadmium oxide). It occurs in nature associated mainly with zinc but also with
lead or copper; in minerals and ores, cadmium and zinc are present typically in a ratio of
1:100 to 1:1000 (Fairbridge, 1974; Alessio ef al., 1983: Forstner, 1984).

Cadmium is a relatively rare element, comprising about 0.1-0.5 mg/kg of the Earth’s
crust; however, higher concentrations (15 mg/kg) are present in some sedimentary rocks.
Trace quantities of cadmium can also be found in fossil fuels and oils (Bowen, 1966; WHO,
1992a,b).

1.3.2  Occupational exposure

Workers may be exposed to cadmium and cadmium compounds in a variety of occu-
pational settings (Table 6). The major sources of such exposure are smelting and refining of
zinc, lead and copper ores, electroplating, manufacture of cadmium alloys and of pigments
and plastic stabilizers, production of nickel-cadmium batteries and welding.
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Table 6. Occupations in which there is potential exposure
to cadmium and cadmium compounds

Alloy production®

Battery production®

Brazing

Coating

Diamond cutting

Dry colour formulation
Electroplating

Electrical contacts production
Enamelling

Engraving

Glasswork

Laser cutting

Metallizing

Paint production and use
Pesticide production and use
Phosphorus production
Pigment production and use®
Plastics production?

Plating

Printing

Semiconductor and superconductor production
Sensors production

Smelting and refining?

Solar cells production
Soldering

Stabilizer production

Textile printing

Thin film production
Transistors production
Welding®

#Activities in which risk is highest because atmospheric concentrations
of cadmium can be high and because the number of workers employed
is relevant (modified from Odone ef al., 1983)

It has been estimated that about 510 000 workers in the USA are exposed to cadmium
(Thun ef al., 1991). In 1987, an estimated 210 000 workers were exposed to concentrations
equal to or greater than 1 pg/m3; 65% were exposed to concentrations of 1-39 pg/md, 21%
to 40-99 pg/m3 and 14% to concentrations greater than 100 pg/m? (US National Toxicology
Program, 1991). Airborne concentrations of cadmium found in occupational settings vary
considerably according to the type of industry and to specific working conditions. Cadmium
oxide fumes are generated at high temperatures (US Occupational Safety and Health
Administration, 1992) and can be absorbed very efficiently through the lung, while
deposition and absorption of dust of different cadmium compounds depends on particle size
(Alessio et al., 1983; Thun et al., 1991). Improvements in occupational hygiene have led to a
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progressive reduction in the concentrations of cadmium in occupational environments, and
5-20 pg/m?3 can now be achieved (Hassler et al., 1983; Friberger al., 1986a; US Occupational
Safety and Health Administration, 1992).

Data on exposure to cadmium and cadmium compounds and the results of biological
monitoring in different occupational situations are summarized below. Occupational
exposure to cadmium can be assessed both by ambient air monitoring (‘external dose’) and
by biological monitoring (‘internal dose’). Individual external doses can be measured only by
personal sampling of ambient air; individual uptake is estimated by biological monitoring of
cadmium in blood and urine (Alessio et al., 1983;: Ghezzi et al., 1985; see also section 4.1).

(@) Cadmium production and refining

Smith e al. (1980) made a detailed assessment of exposures to cadmium in a production
facility in the USA where cadmium metal had been refined and cadmium compounds, such as
cadmium oxide and yellow cadmium pigment, had been produced since 1925. An epidemio-
logical study carried out at the plant (Thunet al., 1985) is described on pp. 152-153. Exposure
to cadmium oxide dusts occurred during sampling, loading and transport of dust between the
roasting, mixing and calcining operations and during loading of purified oxide. Exposure to
cadmium oxide fume occurred in roaster, calcining, retort and foundry operations. Exposure
to cadmium sulfate mist occurred during solution and tankhouse operations. The
concentrations of cadmium differed substantially between the departments and with time.
The highest exposures (1500 pug/m3) were estimated to have occurred in the mixing and retort
areas prior to 1950 and in the calcining area prior to 1960. Estimates of exposures by
inhalation, based on historical data derived from area monitoring and adjusted to reflect
actual exposures of workers wearing respirators, were 200-1500 ug/m? before 1950 and
40-600 pg/m* during 1965-76. In 1946, an average concentration of 18 900 pg/m3 was
reported during grinding of cadmium sulfide and 31 300 pg/m? in the cadmium sulfide
packaging room (Princi, 1947); cadmium concentrations in the solution room were
approximately 3000 ug/m? before 1955, 1500 pg/m3 in 195564 and 150 pg/m?3 subsequently
(Thun et al., 1985; Commission of the European Communities, 1991a,b).

At a zinc-lead-cadmium smelter in the United Kingdom, mean airborne cadmium
concentrations were 80 ug/m3 in the cadmium plant and 200 pg/m? in the sintering plant
before 1970, whereas a mean level of 15 pg/m? was measured in each department in 1977.
These assessments were considered to be accurate within a factor of 2-5. Urinary cadmium
concentrations ranged from a geometric mean of 2.5 nmol/mmol creatinine [2.5 pg/g
creatinine] for workers in the sinter area to 6.3 nmol/mmol creatinine (6.3 ng/g creatinine)
for workers in the cadmium plant. [Some of the workers were exposed to cadmium sulfate
and cadmium sulfide, but cadmium oxide is the compound to which they were most likely to
have been exposed predominantly.] Copper and, from time to time, arsenic had also been
refined in the plant (Kazantzis & Armstrong, 1983; Ades & Kazantzis, 1988). Epidemio-
logical studies at the smelter are described on pp. 154-156.

Concentrations of cadmium were measured in the blood and urine of workers employed
at two cadmium-producing factories and at a nickel-cadmium battery plant in Belgium. The
cadmium content of the airborne respirable dust was usually below 90 pug/m3. In 96 workers
without kidney damage, the mean urinary concentration of cadmium was 163 + 1.7
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(SE) ng/g creatinine and that in blood was 21.4 + 1.9 pg/L. In 25 workers with kidney lesions,
the levels were 48.2 4 8.5 pg/g creatinine and 38.8 + 7.7 ng/L, respectively (Lauwerys et al.,
1976).

Airborne cadmium concentrations of 2500-6500 pg/m3 in the crushing and roasting
area, 10 800~23 300 pg/m3 in the dry smelting area, 10-160 pg/m3 in the cadmium melting
area and 2800-4700 pg/m3 in the ingot making area were measured in 1988 at a Chinese
plant which employed about 10 000 workers: 358 were employed in those areas (Nomiyama
et al., 1992).

As part of an epidemiological study of Chinese smelter workers (see p. 156), Ding et al.
(1987) reported a mean air concentration of 186 pg/m3 in the cadmium shop, where workers
were exposed to cadmium oxide, and 14 pg/m? in the sintering shop. The concentrations in
the cadmium shop were reported to have been much higher (535 ug/m’) prior to 1980.

(b) Cadmium—copper and silver-cadmium alloy production

In two plants for the production of cadmium-copper alloys in the United Kingdom,
mean exposure concentrations of cadmium oxide as cadmium were 38-106 pg/m3 in 1953 in
one factory (Bonnell ef al., 1959) and 13-89 ug/m?3 in the rocker furnace area in the other
factory (King, 1955). Concentrations of cadmium oxide were reported to have been at least
1000 pg/m? prior to 1953, up to 150 pg/m3 between 1953 and 1957 and approximately
50 pg/m? subsequently (Holden, 1980a,b). Similar levels (mean, 130 pg/m3) were reported in
the 1960s at a Japanese silver-cadmium alloy factory (Tsuchiya, 1967).

In an Italian cadmium alloy plant in 1982, mean concentrations of 67 pg/m3 and
28 pg/m3 were detected using personal samplers in two foundries in the same factory; during
alloy processing, 3 ug/m? were measured. Atmospheric concentrations of cadmium of up to
1500 pg/m3 were measured with area samplers in 1975 (Ghezzi et al., 1985).

As part of an epidemiological study of copper—-cadmium alloy workers in Sweden (see
pp. 151-152), the concentration of cadmium in cadmium oxide fumes was reported to be
100-400 pg/m3 during the 1960s and 50 pg/m3 during the 1970s (Kjellstrém et al., 1979).

(c) Battery manufacture

Although the oxide is the form of cadmium used as the raw material in the manufacture
of nickel-cadmium batteries, it is converted to cadmium hydroxide during the process. No
information was available in the studies described below about which species of cadmium
workers were actually exposed to. Exposures to nickel during the manufacture of nickel-
cadmium batteries were described in a previous monograph (IARC, 1990a).

In a nickel-cadmium battery factory in Singapore, atmospheric, urinary and blood
concentrations of cadmium were measured. The highest geometric mean atmospheric
concentration (870 pg/m?®) was detected during spot welding; measurements during the
period 1973-80 showed levels of 31-2900 pg/m3. The geometric mean concentration of
cadmium in blood was 75.2 pg/L for 41 women and 40.4 pg/L for six men; the geometric
means in urine were 66.0 and 22.9 ug/g creatinine, respectively. The highest concentrations
were detected in the subgroup of spot welders (Chan et al., 1982).

The average concentrations of cadmium in a battery factory in the United Kingdom in
1957 were 500 pg/m’ in the plate-making department and 100 pg/m? in the assembly
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department (Adams ef al., 1969). In a nickel-cadmium battery factory in the United
Kingdom, in which an epidemiological stdy was conducted (see pp. 149-150), the air
concentration of cadmium in plate-making and assembly shops was 600-2800 pg/m3in 1949,
After installation of local exhaust ventilation in 1950, concentrations were reduced to less
than 500 pg/m?3 in most parts of the factory. After further improvements in the ventilation
systems and the building of new departments in 1975, the levels were below 50 pg/m3
(Sorahan & Waterhouse, 1983).

In a Swedish nickel-cadmium battery factory, where a series of epidemiological studies
were carried out (see pp. 150~151), the concentration of cadmium was about 1000 pg/m3
before 1947 but decreased gradually thereafter, to about 300 pg/m3 in 1947-62 and 50
ug/m’ in 1962-74. After 1975, 20 pg/m? was seldom exceeded (Adamsson, 1979; Elinder ef
al., 1985). In 1977 in the same factory, the arithmetic mean concentration of cadmium in
workroom air, based on 181 observations, was 7.6 pg/m3; the arithmetic mean concentration
in samples from 18 workers was 14.1 pg/L in blood and 4.9 ug/g creatinine in urine (Hassler
et al., 1983).

(d) Polyvinyl chloride compounding

A study was carried out in eight PVC production factories in Singapore where cadmium
compounds were used as thermal stabilizers in liquid form or as cadmium stearate powder.
A geometric mean concentration of 100 pg/m3 cadmium was measured in the mixing area of
one plant, where maintenance and work practices were poor; and < 10 pg/m? in the other
seven plants. Geometric mean concentrations in samples from 53 male workers were 0.78
+ 2.9 pg/g creatinine in urine and 2.25 + 2.51 pg/L in blood (Chan ef al., 1982).

(e) Pigment manufacture

Concentrations of cadmium in respirable dust were measured in 1976 and 1977 in a
small Australian plant producing cadmium selenosulfide and cadmium sulfide pigments;
exposure to cadmium carbonate also occurred. All time-weighted average exposures in the
furnace, crushing—cleaning and general duties areas were greater than 1000 pg/m3 in 1977;
about 50% of the dust particles were in the respirable range. Biological monitoring of nine
workers was begun in 1976: concentrations of < 0.5-32 ng/L were found for urinary
cadmium and 6-54 ug/L for blood cadmium (De Silva & Donnan, 1981).

In a Japanese factory for the manufacture of cadmium pigments, cadmium sulfide and
cadmium selenide, the arithmetic mean atmospheric concentrations of cadmium in seven
areas of the plant in 1986 ranged from 3 to 350 pug/m?3; the highest values were found in the
canning area. The geometric mean urinary cadmium concentrations in nine subjects who
worked in the canning area were 1.7 (0.5-5.8) ug/g creatinine in April 1986 and 2.3 (1.3-4.1)
ug/g creatinine in September 1986 (Kawada e al., 1989).

(H Soldering

One limited investigation in the United Kingdom indicated air concentrations of
cadmium in excess of 50 pg/m?3 in five firms involved in the small specialized trade for both
the manufacture and repair of metal frames (jigs), which entails soldering with
cadmium-containing electrodes in small workrooms without exhaust ventilation. All 32
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workers with more than five years of exposure and 11 of 21 with fewer than five years of
exposure had ‘raised’ blood and urinary concentrations of cadmium; 30 had urinary cadmium
concentrations in excess of 10 nmol/mmol (g/g) creatinine (Smith et al., 1986).

(8) Other

A biological monitoring programme was conducted between 1980 and 1989, involving
919 workers employed in 16 different cadmium-processing industries in The Netherlands.
The main industrial processes included in the survey were metal recycling, alloy production,
enamelling, printing, production of coloured plastics, stabilizers, paints and pigments,
electroplating and manufacture of cathode-ray tubes. The cadmium compounds to which
workers were exposed included the oxide, chloride, carbonate, laurate, cyanide, sulfate and
phosphate. Urinary cadmium concentrations ranged from 0 to 60.4 pg/g creatinine and those
in blood from 0 to 48.4 pg/L.. The highest concentrations were measured in workers using
silver—cadmium solder (Zwennis & Franssen, 1992).

1.3.3 Air

Most of the cadmium that occurs in air is associated with particulate matter in the
respirable range. Cadmium oxide is presumed to constitute a large proportion of airborne
cadmium, but, in principle, other cadmium salts, such as cadmium chloride, used as
stabilizers and pigments in plastics, could enter the environment, especially during
incineration. Atmospheric emissions of cadmium from man-made sources exceed those of
natural origin by one order of magnitude (UNEP, 1984, 1992). Traditional municipal solid-
waste incinerators may make a significant contribution to the concentration of cadmium in
ambient air and to its deposition rates. The rates of emission of cadmium from incinerators in
Europe, Canada and the USA ranged from 20 to 2000 pg/m? from the stacks of traditional
incinerators and from 10 to 40 pg/m> from advanced incinerators. Such emissions could
result in deposition rates of 1-40 and 0.02-0.8 pg/m? per day, respectively (WHO, 1988).
Cadmium sulfate also occurs in atmospheric emissions from thermal processes involving
cadmium (IARC, 1976; Friberg et al., 1985, 1986b).

Estimated emissions of cadmium to the atmosphere from natural and human sources are
shown in Table 7. In both the European Economic Community and worldwide, 10-15% of
total airborne emissions arise from natural processes, volcanic action being one of the major
sources (WHO, 1992a,b). Mean global emission rates were estimated in 1983 to be 1000
tonnes cadmium per year from natural sources and 7570 tonnes from human sources (Nriagu
& Pacyna, 1988).

In many countries, cadmium concentrations in the atmosphere are monitored regularly.
In European countries, average values were 0.001-0.005 pg/m3in rural areas, 0.005-0.015 in
urban areas and up to 0.05 pg/m3 in industrialized areas. Concentrations of 0.003-0.023
pg/m? were found in urban areas of the USA, and 0.003-0.0063 pg/m? cadmium have been
measured in urban areas in Japan (Friberg et al., 1974, 1985, 1986b; WHO, 1992b). Higher
concentrations of cadmium have been detected in areas close to atmospheric sources of the
metal, such as cadmium-related industries. The nonferrous metal industry accounts for the
largest fraction of cadmium emitted (Nriagu & Pacyna, 1988). Fluctuations in the data occur
as a result of changing emission characteristics and weather conditions (WHO, 1992b).
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Table 7. Estimated atmospheric emissions of cadmium
(tonnes/year) from natural and human sources

Source European Worldwide
Economic
Community

Natural source 20 800
Nonferrous metal production

Mining NR 0.6-3

Zinc and cadmium 20 920-4600

Copper 6 17003400

Lead 7 39-195
Secondary production NR 23-3.6
Iron and steel production 34 28-284
Fossil fuel combustion

Coal 6 176-882

Oil 0.5 41-246
Refuse incineration 31 56-1400
Sewage sludge incineration 2 3-36
Phosphate fertilizer manufacture NR 68-274
Cement manufacture NR 8.9-534
Wood combustion NR 60-180
Total 130 3900-12 800

Modified from WHO (1992a,b). NR, not reported

In Sweden, weekly mean levels of 0.3 pg/m? were recorded 500 m from a factory where
cadmium-copper alloys were used. In Japan, a mean level of 0.2 pg/m3 was recorded 400 m
from a zinc smelter (Friberg ef al., 1971). In Colorado (USA), the mean annual airborne
concentration of cadmium in an area about 1 km from a zinc smelter was 0.023 pg/m3
(Wysowski ef al., 1978).

1.3.4 Water

Cadmium enters the aquatic environment from numerous diffuse and point sources and
by different routes. At the global level, the smelting of nonferrous metal ores has been
estimated to be the largest human source of cadmium released into the aquatic environment
(Nriagu & Pacyna, 1988). The cadmium content of ore bodies, mine management policies
and climatic and geographical conditions all influence the quantities of cadmium released
from individual sites. Contamination can arise from entry into aquifers of mine drainage
water, wastewater, overflow from tailing ponds and rainwater run-off from mine areas
(WHO, 1992a).

Other human sources are spent solutions from plating operations and phosphate
fertilizers, which are known to contain cadmium: cadmium constitutes up to 255 mg/kg of
phosphorus pentoxide in West Africa and up to 35 mg/kg in the USA (WHO, 1992a,b).
Atmospheric fall-out of cadmium to water courses and marine waters represents the major
worldwide source of cadmium in the environment (Nriagu & Pacyna, 1988). Acidification of
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soils and lakes may result in mobilization of the metal from soils and sediments toward
surface and groundwaters (Impens et al., 1989; WHO, 1992b). Other point sources are
mining residue dumps, solid-waste deposits and wastewater of both municipal and industrial
origin (Muntau & Baudo, 1992). Cadmium salts such as cadmium carbonate, cadmium
chloride and cadmium sulfate may also contaminate surface waters as a result of run-off from
industrial processes (IARC, 1976). In polluted rivers, high concentrations can be found in
bottom sediments (Muntau & Baudo, 1992).

The concentration of cadmium dissolved in surface waters of the open ocean is less than
0.005 pg/L (WHO, 1992b). Ice samples from the Arctic contained an average of 5 ng/kg,
while those from the Antarctic contained 0.3 ng/kg (Wolff & Peel, 1985).

The concentration of cadmium in drinking-water is generally less than 1 pg/L, but it may
increase up to 10 ug/L as a result of industrial discharge and leaching from metal or plastic
pipes (Friberg et al., 1971).

1.3.5 Soil and plants

The sources of cadmium in soil are nonferrous metal mines and smelters, agricultural
application of phosphate fertilizers, use of batteries, PVC stabilizers, pigments and alloys,
sewage-sludge landfill, sewage-sludge and solid-waste incineration, and application of
municipal sewage sludge to agricultural soil (UNEP, 1984, 1992; WHO, 1992a,b). The
concentration of cadmium in soil can vary widely. In non-polluted areas, concentrations are
usually below 1 mg/kg (Friberg et al., 1971, 1974), whereas in polluted areas levels of up to
800 mg/kg have been detected (Friberg et al., 1985; 1986b; WHO, 1992b). With increasing
acidification of soils due to acid rain and the use of fertilizers (and sewage sludge), increased
uptake of cadmium from soil may occur (UNEP, 1984; 1992; WHO, 1992b).

Plants may be contaminated with cadmium via two routes: (i) soil-plant transfer, due to
absorption of mobile forms of cadmium by the roots: increased soil content of cadmium
results in increased plant uptake of the metal; the long-term availability of cadmium to plants
is uncertain; (ii) air-plant transfer, due to deposition of cadmium particles and to
precipitation of soluble forms on the epigeal parts of plants (Impens et al., 1989). Cadmium
residues in plants are normally less than 1 mg/kg (Friberg et al., 1986a); however, plants
growing in soil contaminated with cadmium may contain significantly higher levels (UNEP,
1984, 1992; WHO, 1992b).

1.3.6 Cigarette smoke

Tobacco plants naturally accumulate relatively high concentrations of cadmium in the
leaves. The cadmium content of cigarette tobacco is generally 1-2 pg per cigarette, although
the concentrations differ among regions. A smoker who smokes 20 cigarettes per day has an
estimated daily uptake of 2-4 pg and accumulates 0.5 mg cadmium in one year (Lewis et al.,
1972; UNEP, 1984; Friberg et al., 1985; IARC, 1986a; UNEP, 1992; WHO, 1992b).

1.3.7 Food

Food is the main source of cadmium for non-occupationally exposed people, although
uptake (gastrointestinal absorption) from food is generally much less efficient than from
water or air, as cadmium binds tc food constituents. Cadmium is present in most foods, and
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an extremely wide range of concentrations in foodstuffs has been reported from different
countries (Friberg et al., 1986a,b; WHO, 1992b). While average dietary concentrations are
usually below the provisional tolerable weekly intake of 7 ug/kg bw proposed by FAO/WHO
(1989), they are exceeded in some population groups (UNEP, 1984, 1992).

Meat, eggs, fish and milk products generally contain little cadmium —less than 0.01 ng/g
wet weight—whereas internal organs, especially liver and kidney, may contain much more:
concentrations of up to 1 ug/g wet weight have been reported in animal organs. Even higher
concentrations have been detected in oysters (up to 8 ug/g) and salmon flesh (3 ng/g)
(Friberg et al., 1974); internal organs of fish and shellfish may also contain high amounts of
the metal (Banat et al., 1972; WHO, 1992b).

In general, vegetable products contain more cadmium than animal products. Two
important dietary staples, rice and wheat, accumulate high amounts of the metal, depending
on the season (Nordberg & N ordberg, 1988). In unpolluted areas, concentrations of
0.01-0.1 pg/g have been reported in rice and wheat, whereas in J apan and some other Asian
countries the cadmium content may be higher (Friberg et al., 1985; Watanabe ef al., 1989;
Rivai et al., 1990). An analysis of the cadmium content of 207 samples of common rice and
glutinous rice collected in various areas of Asia showed no difference; the geometric mean
cadmium concentration was about 20 ng/g dry wt (range, 0.8-259.3) (Watanabe et al., 1989).

The average daily intake of cadmium varies among countries, and large individual
variations occur. In unpolluted areas, intake is estimated to be 10-60 pg/day; values tend to
be lower in Europe and North America than in J apan. In areas of Japan that are considered
to be unpolluted, average daily intakes are generally 15-50 ug, whereas in polluted areas
values as high as 500 pg have been reported (Friberg et al., 1974; Kowal et al., 1979; Friberg
et al., 1985; Watanabe et al., 1985; Louekari et al., 1991; Watanabe et al., 1992; WHO,
1992b).

1.3.8 Animal tissues (some of which may be used as food)

High levels of cadmium have been found particularly in seabirds and sea mammals;
much of the cadmium occurs in the kidney and liver. Typical concentrations are in the range
0.1-2 mg/kg wet weight in liver and 1-10 mg/kg wet weight in kidney (Elinder, 1992; WHO,
1992b).

Long-lived terrestrial mammals, such as horses and moose, can also have remarkable
burdens of cadmium in liver and kidney; concentrations of up to 200 mg/kg have been
reported in kidney cortex samples of old horses (Elinder, 1992; WHO, 1992a). In small
mammals living in polluted areas, cadmium also accumulates in the liver and kidney:
concentrations ranged from 1.5 to 280 mg/kg dry weight in liver and from 7.4 to 193 mg/kg in
kidney. In animals from unpolluted sites, concentrations in liver ranged from 0.5 to 25 mg/kg
and those in kidney from 1.5 to 26 mg/kg (WHO, 1992a).

1.3.9 Human tissues and secretions

Cadmium accumulates in the body. The total body burden of non-occupationally
exposed adult subjects has been estimated to range from 9.5 to 40 mg in the USA and
Europe. The International Register of Potentially Toxic Chemicals (UNEP, 1984, 1992)
considered that the body burden of a proportion of the population is already approaching the
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critical value of 10-15 pg, which is the amount that must be retained daily to result in
impaired kidney function after 50 years. Cadmium deposition increases with age and is
greater in smokers then nonsmokers (Alessio et al., 1983). Concentrations of 1-3 mg/kg wet
weight have been detected in liver and 15-50 mg/kg in kidney cortex. Concentrations are
usually higher in the Japanese; average concentrations in kidney cortex ranging from about
50 to 100 mg/kg were detected in people 50 years of age (Friberg ef al., 1985).

After long-term exposure to low levels, 40-80% of the retained cadmium (mainly bound
to metallothionein) was found in liver and kidneys and about one-third in kidneys alone.
Concentrations of 100-450 mg/kg wet weight were measured in kidney cortex of cadmium-
exposed subjects who showed no renal changes or only slight changes in tubular function.
The lungs of non-occupationally exposed subjects contained about 2% of the cadmium body
burden (Alessio ef al., 1983; WHO, 1992b). In unselected autopsies in Germany, the mean
concentrations of cadmium in lungs were found to be 1.48 + 1.22 pg/g dry weight in the age
group 20-45, 1.73 + 1.42 pg/g in the age group 45-65 and 1.18 + 1.27 pg/g for people aged
> 65 (Kollmeier et al., 1990). Placentas from nonsmokers contained 13.7 + 6.4 ng/g
cadmium, and those from smokers contained 18.1 & 7.3 ng/g (Kuhnert et al., 1982).

Concentrations of cadmium in urine and blood of subjects non-occupationally exposed
to the metal have been reported in only a few studies, most of which were not desi gned for the
definition of reference values but involved control groups for toxicological and epidemio-
logical investigations (Alessio ef al., 1992). Mean urinary cadmium concentrations measured
in several countries in Europe, Japan and the USA ranged from about 0.4 to 4 pg/L. Urinary
cadmium concentrations are significantly higher in smokers than in nonsmokers; on a group
basis, they increase with age in nonsmokers. Mean blood concentrations ranged from about
0.2 to 4 ug/L; they were significantly higher in smokers and were influenced by age (Kowal
et al.,1979; Bruauxet al., 1983; Elinder et al., 1983: Fribergetal., 1985; Watanabe et al., 1985;
Abe et al., 1986; Pocock et al., 1988; Alessio et al., 1990; Buchet et al., 1990; Alessio et al.,
1992; Kawada et al., 1992).

1.4 Regulations and guidelines

Occupational exposure limits and guidelines, whether legally binding or not, established
in different parts of the world are given in Table 8. Separate engineering control air limits for
cadmium in selected industries in the USA are shown in Table 9. WHO (1980, 1987, 1988)
estimated the hazards to human health of lifetime exposure to different levels of cadmium in
air and concluded that the concentration of cadmium in respirable dust should be well below
20 pg/m?>, and short-term exposures to cadmium oxide fumes and respirable dust should not
exceed 250 pg/m?3,

In Sweden, an 8-h time-weighted average concentration of 0.01 mg/m? became
applicable for respirable dust of cadmium and cadmium compounds in new and renovated
plants as of 1 July 1991 (UNEP, 1993).

The American Conference of Governmental Industrial Hygienists (1992) adopted a
biological exposure index of 10 ug/g creatinine for cadmium in urine and 10 ng/L for
cadmium in blood. They have also proposed a reduction in these values to 5 pg/g creatinine
in urine and 5 pg/L in blood, in agreement with the health-based biological limits
recommended by WHO (1980).



Table 8. Occupational exposure limits and guidelines for cadmium and cadmium compounds

Country or region Year  Concentration Substances affected Interpretation®
valid  (mg/m3)
Argentina 1991 0.0 Cadmium and cadmium salts (as Cd) TWA, potential carcinogen
Australia 1990  0.05 Cadmium, cadmium compounds (as Cd), TWA, probable human carcinogen
cadmium oxide, fumes
Austria 1982  0.05 Cadmium dusts and salts (as Cd) TWA
Belgium 1990  0.05 Cadmium, cadmium compounds (as Cd), TWA
cadmium oxide
0.05 Cadmium oxide, fumes Ceiling
Bulgaria 1984 0.1 Cadmium oxide, fumes (as Cd) TWA
China 1979 0.1 Cadmium oxide, fumes (as Cd) TWA
Denmark 1990 0.01 Cadmium, cadmium oxide, fumes TWA
0.01 ‘ Inorganic cadmium compounds (as Cd) TWA, suspected carcinogen
Finland 1990  0.02 Cadmium, cadmium compounds (as Cd) ~ TWA, suspected of having carcinogenic
potential
0.01 Cadmium oxide, fumes TWA, suspected of having carcinogenic
potential
0 Cadmium (respirable dust), cadmium Suspected of having carcinogenic
chloride, inorganic cadmium compounds  potential
(as Cd), inorganic cadmium compounds
(respirable dust) (as Cd)
France 1990  0.05 Cadmium oxide TWA
0.05 Cadmium oxide, fumes STEL
0 Cadmium chloride Suspected carcinogen
Germany 1992 0 Cadmium, cadmium compounds (as Cd), A2
cadmium oxide, cadmium chloride, cad-
‘mium sulfate, cadmium sulfide
Hungary 1983  0.05 Cadmium oxide, fumes (as Cd) TWA _
0.1 Cadmium oxide, fumes (as Cd) STEL (twice during one work shift)
Indonesia 1978 0.2 Cadmium dusts and salts (as Cd) TWA
0.2 Cadmium oxide, fumes (as Cd) Ceiling
Italy 1978  0.05 Cadmium dusts and salts (as Cd) TWA
0.01 Cadmium oxide, fumes (as Cd) TWA
Japan 1990  0.05 Cadmium, cadmium compounds (as Cd) TWA
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Table 8 (contd)

Country or region Year  Concentration Substances affected Interpretation?
valid  (mg/m3)
Mexico 1984  0.05 Cadmium dusts and salts (as Cd); cad- TWA
mium oxide, fumes (as Cd); cadmium
oxide, production (as Cd)
0.2 Cadmium dusts and salts (as Cd); cad- STEL (15 min four times a day)
mium oxide, fumes (as Cd); cadmium
oxide, production (as Cd)
Netherlands 1986  0.02 Cadmium and cadmium compounds (as TWA, suspected carcinogen
Cd)
0.05 Cadmium oxide, fumes (as Cd) TWA
Poland 1984 0.1 Cadmium oxide, fumes (as Cd) TWA
Romania 1975 0.2 Cadmium oxide, fumes (as Cd) STEL
Sweden 1991  0.05 Cadmium (total dust), inorganic cadmium TWA, suspected of having carcinogenic
compounds (as Cd) (total dust) potential
0.02 Cadmium (respirable dust), inorganic cad- TWA, suspected of having carcinogenic
mium compounds (respirable dust) potential
Switzerland 1984  0.05 Cadmium dusts and salts (as Cd), cad- TWA
mium choride
0.05 Cadmium oxide, fumes (as Cd) Ceiling
Taiwan 1981 0.1 Cadmium dusts and salts (as Cd) TWA
United Kingdom? 1992 0.05 Cadmium and cadmium compounds (dusts TWA, MEL
and fumes) (as Cd) (except cadmium ox-
ide fumes and cadmium sulfide pigments),
cadmium oxide fumes (as Cd)
0.05 Cadmium oxide fumes (as Cd) STEL, MEL (10 min)
0.04 Cadmium sulfide pigments (respirable TWA
dust) (as Cd)
USA
OSHA 1992 0.005 Cadmium TWA, PEL
0.015-0.050 Cadmium SECAL (see Table 9)
ACGIH¢ 1992 0.05 Cadmium dusts and salts (as Cd), cad- TWA, TLV
mium oxide production
0.05 Cadmium oxide fumes (as Cd) Ceiling
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Table 8 (contd)

Country or region ~ Year  Concentration Substances affected Interpretation®
valid  (mg/m3)
Venezuela 1978  0.05 Cadmium dusts and salts (as Cd) TWA
0.15 Cadmium dusts and salts (as Cd), cad- Ceiling
mium compounds (as Cd)
0.05 Cadmium oxide, fumes (as Cd) Ceiling

From Arbeidsinspectie (1986); Cook (1987); International Labour Office (1991); American Conference of Governmental Industrial
Hygienists (ACGIH) (1992); Deutsche Forschungsgemeinschaft (1992); Health and Safety Executive (1992); US Occupational Safety
and Health Administration (OSHA) (1992); UNEP (1993)

“The concentrations given may or may not have regulatory or legal status in the various countries; for interpretation of the values, the
original references or other authoritative sources should be consulted. TWA, time-weighted average; STEL, short-term exposure limit;
MEL, maximal exposure limit; PEL, permissible exposure limit; SECAL, separate engineering control air limit; TLV, threshold limit
value; A2, compounds which in the Commission’s opinion have proven so far to be unmistakably carcinogenic in animal experimentation
only; namely under conditions which are comparable to those for possible exposure of a human being at the work place, or from which
such comparability can be deduced.

bNew maximal exposure limits have been proposed, to take effect from 1J anuary 1994: 0.04 mg/m3for cadmium sulfide and its pigments,
and 0.025 mg/m?3 for cadmium and other cadmium compounds (Anon., 1992).

€A change has been proposed in the ‘adopted’ values: to 0.01 mg/m3 for total dust or particulates of cadmium and cadmium compounds,
and 0.002 mg/m? for the respirable fraction of dust (respirable particulate mass), considered to be suspected human carcinogens.
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Table 9. Separate engineering control air limits (SECALS ) for cadmium processes
in selected US industries

Industry Process SECAL
(mg/m3)
Nickel-cadmium battery Plate-making, plate preparation 0.050
All other processes 0.015
Zinc and cadmium refining®  Cadmium refining, casting, melting, oxide production, 0.050
sinter plant
Pigment manufacture Calcining, crushing, milling, blending 0.050
All other processes 0.015
Stabilizer manufacture® Cadmium oxide charging, crushing, drying, blending 0.050
Lead smelting?® Sinter plant, blast furnace, baghouse, yard area 0.050
Plating® Mechanical plating 0.015

From US Occupational Safety and Health Administration (1992)

“Processes used in these industries that are not specified in the table must achieve the permissible ex-
posure limit by using engineering controls and changing work practices. Industries that are not listed
must meet the permissible exposure limit of 0.005 mg/m3 (see Table 8).

In Sweden, cadmium workers are required to undergo a medical examination twice a
year. Workers who have blood cadmium concentrations exceeding 150 nmol/L (16.5 pg/L)
are removed from exposure and are not allowed to return until the concentration is below
100 nmol (11 pg/L) (Arbetarskyddsstyrelsens, 1989).

The guideline for all forms of cadmium in drinking-water recommended by WHO (1984,
1992c¢) is 3 ug/L. The maximal level of cadmium in drinking-water and the permissible level
in bottled water in the USA is 10 pg/L (US Environmental Protection Agency, 1991; US
Food and Drug Administration, 1992).

The Joint FAO/WHO Expert Committee of Food Additives (WHO, 1989) proposed a
provisional tolerable weekly intake for cadmium of 7 ug/kg body weight. The provisional
guidelines set by the Japanese Ministry of Health and Welfare are 0.4 mg/kg inrice and up to
10 pg/L in drinking-water (Forstner, 1984).

Cadmium and cadmium compounds are not permitted in cosmetic products in the
countries of the European Economic Community (Commission of the European
Communities, 1990, 1991c). A Directive has been adopted aimed at restricting the
manufacture and use of certain cadmium-bearing pigments, stabilizers and plating and the
discharge of cadmium into the environment (Commission of the European Communities,
1983, 1991d,¢; Shagarofsky-Tummers, 1992). In Sweden, cadmium is not allowed for use as a
pigment, for surface coatings or as a stabilizer (Svensk Forfattningssamling, 1979, 1980).

The International Register of Potentially Toxic Chemicals of UNEP included cadmium
together with lead and mercury in its listing of environmentally dangerous chemical
substances and processes of global significance (UNEP, 1984, 1992).
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2. Studies of Cancer in Humans

The occupations covered in the studies reviewed below involve recovery of cadmium
from zinc refining, manufacture of cadmium oxide, alloys and pigment and production of
nickel-cadmium batteries. The Working Group did not review studies of other occupations,
such as electroplating, welding (see IARC, 1990b), painting (see IARC, 1989) and glass-
making (see p. 347), in which exposure to cadmium occurs, but which involve lower or more
sporadic exposures. The use of cadmium was noted to be increasing in the production of
nickel-cadmium batteries (US Occupational Safety and Health Administration, 1992) but
decreasing in other applications. In general, the maximal concentrations of cadmium in
work-place air decreased by up to 100 times since the 1940s in the work sites studied. Given
the long latency of cancer, the health effects noted among long-term workers may reflect
former rather than current conditions of exposure.

The Working Group considered other occupational respiratory carcinogens, such as
nickel (see IARC, 1990a) in nickel-cadmium battery plants and arsenic (see IARC, 1987¢) in
localized areas of metallurgical plants, that might introduce a spurious association between
exposure to cadmium and lung cancer. Potential confounding by occupational exposures to
other substances was not considered in the studies of prostatic cancer.

2.1 Descriptive studies

Shigematsu et al. (1982) assessed mortality in four pairs of populations in
cadmium-polluted and unpolluted areas of four prefectures of Japan during 1948-77, when
exposure to cadmium in the polluted areas occurred through ingestion of cadmium-
contaminated rice. Average concentrations ranged from 0.2 to 0.7 ppm in the polluted area
and from 0.02 to 0.1 ppm in the unpolluted areas. No difference was seen between the two
areas in the rate of mortality from cancers at all sites or from cancers of the stomach or liver.
The rate of mortality from prostatic cancer was significantly higher (standardized mortality
ratio [SMR], 1.66) in the polluted than in the unpolluted area of one prefecture, as was the
incidence of hyperplasia of the prostate. Figures for respiratory cancer were not reported.

Bako et al. (1982) studied age-adjusted incidence rates for prostatic cancer in various
census divisions of Alberta, Canada, in relation to the occurrence of cadmium in the
environment, i.e. in samples of flowing fresh water, municipal waste water, soil, and wheat
and barley stems. Significantly high and low incidence rates were seen: the city with high
incidence, 53.2 cases per 100 000 population, had consistently higher cadmium concen-
trations in the samples taken (0.006 ppm in waste water, 0.27 in soil, 0.004 in flowing water);
and the city with the lowest incidence, 10.6 cases per 100 000 population, had consistently low
concentrations (< 0.001, 0.19 and 0.001 ppm, respectively). Other environmental
parameters also differed.

Campbell ez al. (1990) reported analyses of a comprehensive cross-sectional survey of
possible risk factors for primary liver cancer in 48 counties in China. County mortality rates
were correlated positively with mean daily cadmium intake (0-90 pg/day) from foods of plant
origin, as estimated by dietary surveys.
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2.2 Cohort studies (see Tables 10 and 11, pp. 157 et seq.)

The relation between exposure to cadmium and cancers of the lung and prostate has
been studied in six occupational cohorts in Europe and the USA, most of which covered
overlapping populations, and in one in China. The cohorts are generally small, particularly
when restricted to long-term, highly exposed workers with prolonged follow-up. Recent
studies have expanded the number of subjects by including many short-term, minimally
exposed or recently hired workers, so that the need for subanalyses by dose and latency is
increased. In order to facilitate interpretation, the studies are grouped according to plant; the
published data on cancer of the lung are summarized in Table 10 and those for prostatic
cancer in Table 11.

22.1 Nickel-cadmium battery manufacture, United Kingdom

Workers from two nickel-cadmium battery plants in the United Kingdom, one of which
operated from 1923 to 1947 and the other from 1937 to the present, were the subject of a
series of studies. The plants were amalgamated in 1947. The concentrations of cadmium in
cadmium oxide (hydroxide) dust in high-exposure jobs (plate-making and assembly shops)
were 0.6-2.8 mg/m3 [236 mg/m? in the negative active material department where cadmium
oxide is prepared (Potts, 1965)] in 1949, < 0.5 mg/m?> between 1950 (when extensive local
exhaust ventilation was installed) and 1967 (when a new plate-making department was built),
< 0.2 mg/m’ from 1968 to 1975 and < 0.05 mg cadmium/m?3 after 1975 (Sorahan &
Waterhouse, 1983). [The Working Group noted that the process was probably similar to
those in the Swedish study described below, where exposure to nickel hydroxide dust was
reported to be higher than that to cadmium oxide.]

Potts (1965) identified three deaths from cancer of the prostate and one from lung
cancer out of eight deaths among 74 men who had been exposed to cadmium oxide dust in the
plant for at least 10 years before 1965. No referent rates were used to compute the expected
number of fatal cancers. [The Working Group had no information on the completeness of
ascertainment and whether, therefore, the 74 men were representative of the exposed
population.]

Kipling and Waterhouse (1967) assembled a cohort of 248 men with at least one year of
exposure to cadmium oxide at the same plants, including the 74 men reported by Potts
(1965). [The Working Group had no published information on exposure levels in these jobs;
however, in subsequent studies of the same plants, these job titles were classified as involving
high exposure.] They compared cancer incidence rates through 1966 with regional rates
from the local cancer registry. One new case of prostatic cancer was detected. This case,
combined with the three deaths reported by Potts (1965), exceeded the 0.58 expected
(standardized incidence ratio [SIR], 6.90 [95% confidence interval (CI), 1.86-17.66]). The
incidence of lung cancer was not significantly elevated (5 observed, 4.4 expected; SIR, 1.14
[95% CI, 0.37-2.65]). [The Working Group noted that there was no analysis of incidence by
latency or duration of exposure.]

Sorahan and Waterhouse (1983) enlarged the cohort to include 3025 people (2559 men)
first employed at the plants between 1923 and 1975 for a minimum of one month. An initial
study of mortality from prostatic cancer reported eight deaths between January 1946 and
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January 1981, whereas 6.6 were expected on the basis of mortality rates in the general
population of England and Wales (relative risk [RR], 1.21 [95% CI, 0.52-2.39]). In a later
study, Sorahan and Waterhouse (1985) identified 15 incident cases of prostatic cancer
entered into the Birmingham Regional Cancer Registry between 1950 and 1980; comparison
with the 11.0 cases expected from regional rates gave an RR of 1.36 [95% ClI, 0.76-2.25].
Eight of the cases occurred in a subgroup of 458 workers who had been employed for at least
one year in jobs entailing high exposure to cadmium oxide dust (8 observed, 1.99 expected;
RR, 4.02 [95% CI, 1.73-7.92]). Four of the eight cases were additional to those reported by
Kipling and Waterhouse (1967); this number was greater than that expected but not
significant (4 observed, 1.78 expected; RR, 2.25 [95% CI, 0.60-5.75)).

Sorahan (1987) examined lung cancer mortality between 1946 and 1984 in the same
workforce of 3025 workers. Overall, 110 deaths from lung cancer were observed, while 84.5
were expected (RR, 1.30 [95% CI, 1.07-1.57]). The RRs for lung cancer in high-exposure
Jobs were slightly greater (1.3-1.5) than that for workers with no or minimal exposure but did
not increase with years of employment in high-exposure jobs (Table 10). [The Working
Group noted that the analysis did not incorporate exposure measurements, nor was the
intensity of exposure considered simultaneously with duration. Tobacco smoking was
controlled for indirectly in internal dose-response comparisons. Exposure to nickel
hydroxide could not be controlled for, since few workers were exposed to cadmium in the
absence of nickel.]

2.2.2  Nickel-cadmium battery manufacture, Sweden

Concentrations of cadmium in air containing cadmium oxide dust at a single nickel-
cadmium battery plant in Sweden, where a series of studies was done, averaged about
1 mg/m3 before 1947, 0.3 mg/m? between 1947 and 1962, 0.05 mg/m> between 1962 and
1974 and 0.02 mg/m? after 1975 (Elinder et al., 1985). Exposures to nickel hydroxide dust
were reported to have been 2-10 times higher than those to cadmium oxide, although no
measurements were reported (Kjellstrom et al., 1977).

Kjellstrom et al. (1979) studied 228 men who had been employed at the plant for five or
more years between 1940 and 1959, who were followed up from 1959 to 1975. Incident
cancers among the workers were identified from the Swedish National Cancer Registry,
which started in 1959, and were compared with national rates of incidence. The numbers
of new cases were as follows: lung, 2 observed, 1.35 expected (RR, 1.48[95% CI, 0.17-5.35]),
prostate, 2 observed, 1.2 expected (RR, 1.67 [95% CI, 0.19-6.02]) and nasopharynx,
2 observed, 0.20 expected (RR, 10.0 [95% CI, 1.23-36.1]). [The Working Group noted that
cancers of the nasal cavity and sinuses and not nasopharyngeal cancers are associated with
exposure to nickel, and that only cases of cancers that occurred after 1959 were included.]

Andersson et al. (1984) and Elinder et al. (1985) extended the cohort to include 522 male
workers who had been exposed to cadmium for at least one year between 1940 and 1980, and
who were still alive in 1951; follow-up was from 1951 to 1983. In that period, there were eight
deaths from lung cancer (6.01 expected; RR, 1.33 [95% CI, 0.57-2.62]), four from prostatic
cancer (3.70 expected; RR, 1.08 [95% CI, 0.29-2.77]) and one from cancer of the
nasopharynx (expected near 0). Seven of the eight cases of lung cancer occurred among
workers with five or more years of exposure and 20 years’ latency (7 observed, 4.0 expected;
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RR, 1.75 [95% CI, 0.70-3.61]). [The Working Group noted that the small number of cases
precluded a dose-response analysis.]

2.2.3 Copper—cadmium alloy plants, United Kingdom

Holden (1980a,b) described cadmium exposures at two plants, in rural and urban
locations in the United Kingdom, where copper-cadmium alloy was produced from 1922 to
1966 and from 1925 to the present, respectively. The numbers of workers in each plant were
not given; a total of 347 workers at the two plants had been employed for at least one year.
Exposure to cadmium fume at the urban plant exceeded 1 mg/m?3 before 1953, witha peak of
3.6 mg/m®, was < 0.15 mg/m® from 1953 to 1957 and was < 0.05 mg/m3 thereafter.
Although air concentrations at the rural plant were not described, proteinuria was common
in workers at both plants before 1950, indicating high exposures to cadmium (Holden,
1980b).

Mortality from respiratory cancer, followed from 1921 to 1978, was higher among urban
cadmium workers [number not given] than in the general population of England and Wales
(8 observed, 4.50 expected; RR, 1.78 [95% CI,0.77-3.50]) but was significantly lower among
the rural workers [number not given] (2 observed, 7.85 expected; RR, 0.25 [95% CI,
0.03-0.92]). One death from prostatic cancer was observed in the combined workforce (1.58
expected; RR, 0.63 [95% CI, 0.01-3.52]). In the same study, 624 ‘vicinity’ workers from the
urban plant, who produced arsenical copper and other alloys in the same workshop, were
followed up. Their mean cadmium exposures were low (< 0.07 mg/m?; King, 1955), but their
arsenic exposures were high [figures not given]. These workers had significantly higher
mortality rates from both respiratory (36 observed, 26.08 expected; RR, 1.38 [95% CI,
0.97-1.91]) and prostatic cancer (8 observed, 3.0 expected; RR, 2.67 [95% CI, 1.15-5.26])
than the general population of England and Wales (Holden, 1980a,b). [The Working Group
noted that no regional comparison was made, and it is unclear whether the general
population is comparable with the rural population with respect to smoking. It is unlikely,
however, that urban-rural differences would completely explain the low risk for lung cancer
in the rural workers.]

Kazantzis et al. (1989) reported briefly the results of a nested case—control study of
cancer of the lung in the same copper-cadmium alloy cohort described above. Long-term
employees were reported also to have been exposed to arsenic in the production of arsenical
copper. An analysis in which 50 lung cancer deaths were compared with 158 controls
matched on age and year at hire showed a stronger association between lung cancer and
exposure to arsenic (odds ratio, 2.15; 90% CI, 1.22-3.79) than with exposure to cadmium
(odds ratio, 1.27; 90% CI, 0.61-2.51). [The Working Group found the report difficult to
interpret with respect to cadmium, because it lacks information on exposure classification
and no statement is made about control for urban versus rural location or simultaneous
control of exposure to cadmium and arsenic in the analysis.]

2.2.4 Copper-cadmium alloy plants, Sweden

Kjellstrom et al. (1979) investigated the incidence of prostatic cancer among 94 workers
employed for five or more years between 1940 and 1978 ata cadmium-copper alloy plant in
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Sweden. Production of the alloy was begun in the 1930s. The levels of cadmium oxide fume
in air were 0.1-0.4 mg/m3 in the 1960s and about 0.05 mg/m? in the 1970s. Mortality from
prostatic cancer between 1940 and 1975 was above that expected from national rates
(4 observed, 2.69 expected; RR, 1.49 [95% CI, 0.40-3.81]). A reference group of
328 workers not exposed to cadmium had lower mortality from prostatic cancer than
expected (4 observed, 6.42 expected; RR, 0.62 [95% CI, 0.17-1.60]).

2.2.5 Cadmium recovery plant in the USA

Several mortality studies have been conducted at a US plant where cadmium oxide,
sulfide and metal were made from cadmium oxide dust recovered from the waste of
nonferrous smelters since 1926 (especially zinc smelters). Estimated average air
concentrations of cadmium in dust and fumes in high-exposure departments were 1.16
mg/m? before 1950, 0.50 mg/m? in 1950-59, 0.34 mg/m? in 1960-64 and 0.26 mg/m3 in
1965-76 (Smith et al., 1980). As extensive measurements had been made throughout the
plant since 1943, mortality could be analysed by both intensity and duration of exposure to
cadmium. Other metals, such as lead, arsenic, indium and thallium, had been produced
intermittently in localized areas of the plant, and the facility had been an arsenic smelter in
1918-25 and a lead smelter from 1886 to 1918. Some contamination of incoming feed
material with arsenic persisted after 1926: The proportion of arsenic in feedstock was >50%
before 1926, about 7% in 1926-27, 1.5-5.6% in 1928-33, 1.9-3.7% in 1934-40 and
1.0-2.0% after 1940 (Thun et al., 1985, 1986). In 1973, arsenic was present at 0.3-1.1 pg/m3
in the pre-melt department and 1.4 ug/m? in the retort department; the respective values for
cadmium were 74.8-90.3 and 1105 pg/m3. Bulk samples of preprocessed ore contained 70%
cadmium, 6.0% zinc, 4.3% lead and 0.3% arsenic; after initial roasting, bulk samples
contained 42.2% cadmium, 3.53% zinc, no lead and 0.02% arsenic. Additional refining steps
reduced the levels of impurities further, so that exposure of workers to trace metals other
than cadmium was considered to be insignificant (Lemen et al., 1976).

Lemen et al. (1976) studied 292 white male hourly workers exposed for two or more
years between 1940 and 1969 and followed from 1940 through to 1973. There were four
deaths from cancer of the prostate (1.15 expected; RR, 3.48; [95% CI, 0.94-8.91]). Mortality
from this cancer was significantly increased in workers with > 20 years latency (4 observed,
0.88 expected [RR, 4.55; 95% CI, 1.22-11.64]). The number of deaths from respiratory
cancer also exceeded that expected (12 observed, 5.11 expected; RR, 2.35 [95% CI,
1.21-4.10]). [The Working Group noted that the association with lung cancer was not
examined in relation to cumulative exposure to cadmium or exposure to other work-related
exposures, including arsenic.]

Thun ef al. (1985) expanded the cohort to a total of 602 white men who had been
employed in cadmium production between 1940 and 1969 for at least six months. Estimates
of exposure based on air measurements over time were combined with work exposure
categories to estimate cumulative exposures to cadmium. No additional death from prostatic
cancer had occurred during the extended follow-up from 1974 to 1978. As the cohort was
limited to cadmium production workers, one of the four prostatic cancer deaths observed by
Lemen ef al. (1976) was excluded from the analysis. The remaining three deaths from
prostatic cancer occurred among workers with two or more years of employment and 20 or
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more years of latency (3 observed, 1.41 expected; RR, 2.13; 95% CI, 0.44-6.22). [The
Working Group noted that increased screening for prostatic cancer could result in early
detection and therefore greater survival, thus biasing the results of mortality studies of this
cancer.]

Lung cancer mortality was examined first through 1978 (Thun et al., 1985) and later
through 1984 (Stayner er al., 1992). All analyses of lung cancer mortality in relation to
exposure to cadmium were restricted to 576 men who were first employed after 1 January
1926, when the plant ceased arsenic smelting, although (as noted above) some arsenic
remained in the material being processed, decreasing with time. Death rates from lung
cancer in the overall cohort through 1984 were slightly greater than those expected from US
white male rates (24 observed, 16.07 expected; RR, 1.49 [95% CI, 0.96-2.22]), and the RR
increased with estimated cumulative exposure to cadmium: 0.34, 1.63, 2.17 and 2.72 in
workers with cumulative exposures of < 584, 585-1460, 1461-2920 and > 2920 mg/m3-days
(Table 10). The mortality rates for lung cancer among the workers were compared with
Colorado State rates for white men for the follow-up period through 1978. The RRs were
higher for this follow-up period when compared with local rather than national rates: The RR
in the most highly exposed group was 3.87 when compared to State rates (7 observed, 1.81
expected [95% CI, 1.55-7.97]) and 2.80 when national rates were used for comparison(Thun
et al., 1986).

Several authors have examined whether exposure to cigarette smoking or arsenic could
account for the excess mortality from lung cancer at the US plant. Nearly half of the cadmium
workers were men of Mexican-American descent, who in the 1980s smoked fewer cigarettes
per day on average and had less than half the incidence of lung cancer of other US white
males (US National Cancer Institute, 1986). Lower rates from lung cancer among
Mexican-Americans as compared with other whites were also reported in earlier years in
Denver, where the plant is located: The RR was about 0.3 in 1969-71 and 0.7 in 1979-81,
when men with Latino surnames were compared with other whites (Savitz, 1986). Stayner
et al. (1992) showed that the excess mortality from lung cancer at the US plant is confined to
non-Mexican-American cadmium workers when compared to US white males (21 observed,
9.95 expected; RR, 2.11[95% CI, 1.3 1-3.23]), and no excess was seen in Mexican—American
workers (3 observed, 6.12 expected; RR, 0.49 [95% CI, 0.10-1.43}). Comparisons with the
US population, however, result in overestimates of the expected number of deaths among
Mexican-Americans and underestimates of the effect of occupation. The tobacco smoking
habits of the non-Mexican-American workers were similar to those of all US white males, yet
11 excess deaths from lung cancer were observed (RR, 2.11; p < 0.01) (US Occupational
Safety and Health Administration, 1992). [The Working Group noted that confounding by
cigarette smoking is unlikely to explain a dose-response relationship and strength of
association of this magnitude in an occupational cohort study (Axelson, 1978; Siemiatycki et
al., 1988).]

Asecond extraneous factor that could contribute to mortality from lung cancer at the US
plant is arsenic. Three studies were designed to isolate the effect of cadmium from that of
arsenic in the cohort by using year of hire before or after 1940 as a proxy for exposure to
arsenic. These analyses are based on identical exposure data and overlapping study
populations.
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Lamm et al. (1992) performed a nested case-control analysis in which 25 cases of fatal
lung cancer diagnosed through 1982 were each matched with three controls on year of hire;
no association was found between exposure to cadmium and risk for lung cancer. The mean
cumulative exposure of the cases (9.24 mg/m3-year) was not different from that of the
controls (mean, 9.29 mg/m3-year). [The Working Group found the results difficult to
interpret, in that exposure data identical to those for the full cohort were used and therefore
the same results as in the full cohort should have been obtained. One possible explanation is
that matching was done on year of hire, but no matched analysis was done, thereby
potentially biasing the results.]

In further analyses, Stayner et al. (1992) categorized the 576 cadmium workers employed
after January 1926 into pre-1940 and post-1940 and included this variable in Poisson and
proportional hazards analyses of lung cancer rates. Dose-response relationships between
exposure to cadmium remained significant in nearly all multivariate analyses after
controlling for age, Mexican-American ethnicity (a proxy for lighter tobacco use) and period
of hire.

As noted by Doll (1992), part of the explanation for the differences between the results
of Lamm et al. (1992) and Stayner et al. (1992) could be that the two studies had only 21 cases
in common. Lamm’s series also included four cases hired before 1926, which were excluded
by Stayner et al. Three cases included by Stayner et al. died of lung cancer between 1982 and
1984 and were therefore not reported by Lamm et al. [The Working Group noted that the
methodological differences between the studies of Lamm et al. and Stayner et al. may account
for the contradictory results reported.] :

In a subsequent analysis, Stayner ef al. (1993) conducted a nested case-control analysis
using approximately 50 controls per case. The odds ratio increased with increasing cumu-
lative exposure to cadmium, as in the full cohort. They also presented an odds ratio analysis
of workers hired after 1940, when arsenic exposures were low. For non-Mexican-Americans,
the odds ratio was 0.32 [95% CI, 0.0-1.78] at < 584 mg/m3-days, 2.81 [1.02-6.10] at
585-1460 mg/m3-days and 4.70 [1.51-10.97] at 1461-2920 mg/m3-days. No lung cancer
death was observed in the highest exposure category (> 2920 mg/m?>-days), but only 0.6 were
expected. [The Working Group noted that the dose-response pattern was stronger in
workers hired after 1940, indicating that the result was not likely to be due to exposure to
arsenic.]

Thun ef al. (1986) addressed the question of the extent to which exposure to arsenic
could be held responsible for the excess of lung cancer observed in the cohort. They
estimated average cumulative exposure to arsenic in relation to a potency estimate for
exposure to arsenic and lung cancer used by the US Occupational Safety and Health
Administration and concluded that 0.77 lung cancer deaths could be attributed to arsenic. In
a more detailed analysis, the US Occupational Safety and Health Administration (1992)
estimated that exposure to arsenic would have resulted in 0.52-0.97 lung cancer deaths in the
cohort.

2.2.6 Cadmium processing plants in the United Kingdom

Armstrong and Kazantzis (1983) and Kazantzis ef al. (1988) studied mortality among
workers at 17 plants in the United Kingdom where cadmium is produced or used, including
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primary production, copper—cadmium alloy production, silver—-cadmium alloy production,
pigments and oxide production and stabilizer production. The cohort comprised 6958 men
born before 1940 and employed for more than one year on or near a cadmium process
between 1942 and 1970. The plants at which nickel-cadmium batteries and copper-
cadmium alloys were produced and which were described by Sorahan (1987) and Holden
(1980b) were excluded. Jobs were assessed for each relevant year as involving high, medium
or low exposure to cadmium on the basis of discussions with hygienists and others with
knowledge of past working procedures, taking into account available results of biological or
environmental monitoring. The years at risk of the study population were divided on the
basis of these categories and recorded job histories into three groups; ‘ever high’ (minimum
one year), ‘ever medium’ (minimum one year) and ‘always low’. A total of 198 workers (3%;
Kazantzis et al., 1992) were classified as having had ‘ever high’ exposure, 17% were
considered to have had ‘ever medium’ exposure, and the exposures of 80% were classified as
‘always low’ (Armstrong & Kazantzis, 1983). Kazantzis et al. (1992) stated that in these
epidemiological studies consideration should be given to concomitant exposure to other
potential carcinogens, in particular to arsenic, but also to beryllium (see p. 41), nickel (see
IARC, 1990a), chromium (see IARC, 1990c) and emissions from a variety of heated mineral
oils (see IARC, 1987d) in the various plants.

Kazantzis et al. (1988) described mortality from 1943 to 1984 in this cohort, and
Kazantzis and Blanks (1992) and Kazantzis et al. (1992) extended follow-up through 1989 for
6910 workers. No increased risk for death from prostatic cancer was observed in the overall
cohort (37 observed, 49.5 expected; RR, 0.75;95% CI, 0.53-1.03). One death from prostatic
cancer was seen in the ‘ever high’ exposure group (1.0 expected; RR, 0.97), but none was
observed in the ‘ever medium’ group (6.2 expected; RR, 0; 95% CI, 0-0.59). Mortality from
lung cancer was significantly increased in the overall cohort (339 observed, 304.1 expected;
RR, 1.12; 95% CI, 1.00-1.24), with some evidence of a trend across exposure categories;
these do not, however, attain significance (low: 270 observed, 249.9 expected; RR, 1.08;95%
CI, 0.96-1.22; medium: 55 observed, 45.6 expected; RR, 1.21; 95% CI, 0.91-1.57; high: 14
observed, 8.6 expected; RR, 1.62; 95% CI, 0.89-2.73). With regard to duration of exposure,
mortality from lung cancer was significantly raised for men employed for 20-29 years in the
cohort as a whole (65 observed, 49.6 expected; RR, 1.31; 95% CI, 1.01-1.67) and in the
low-exposure category (54 observed, 38.4 expected; RR, 1.41; 95% CI, 1.06-1.84). In the
‘ever high’ exposure category, mortality from lung cancer was significantly increased among
men first employed between 1930 and 1939 (4 observed, 1.0 expected; RR, 3.81; 95% CI,
1.03-9.76). There is suggestive evidence of a relationship with both intensity of exposure and
duration of employment for workers employed before 1940, but no such pattern was seen for
workers who started work after 1950. A si gnificantly increased risk was observed for stomach
cancer in the cohort as a whole (106 observed, 85.3 expected; RR, 1.24:95% CI, 1.02-1.50),
but this was not related to intensity of exposure, with 91 of the deaths occurring in the
low-exposure group (71.4 expected; RR, 1.28: 95% CI 1.03-1.57). Asin the earlier studies of
this cohort, an increased risk significantly related to intensity of exposure was observed only
for bronchitis.

Ades and Kazantzis (1988) reported separately on the experience of 4393 men who had
been employed for at least one year at a lead-zinc smelter that comprised 64% of the entire
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United Kingdom cadmium cohort and at which no exposure was classified as ‘ever high’.
There was excess mortality from lung cancer overall when compared with regional rates (182
observed, 146.2 expected; RR, 1.25; 95% CI, 1.07-1.44) and when updated by Kazantzis et al.
(1992): 237 observed, 194.3 expected; RR, 1.22, 95% CI, 1.02-1.39. A significant trend in
SMR was seen with increasing duration of employment. A nested case-control analysis and
matched logistic regression were used to compare 174 fatal cases of lung cancer with 2717
controls matched to the cases on year of birth, date of starting work (within three years) and
length of follow-up (at least 10 years). The odds ratio for lung cancer increased by 1.23 fold
per mg/m>-years of exposure to cadmium, but the trend was not significant. The trend in RR
was significant for exposure to arsenic and lead. Only 21 (12%) cases had ever worked in the
two departments (sinter and cadmium plant) where exposures to cadmium generally
exceeded 0.010 mg/m3,

2.2.7 Smelter in China

Cancer mortality among male workers employed for at least one year in a smelter in
China was followed from 1972 to 1985 and compared with rates for the city in which the
smelter was located (Dinget al., 1987). When the plant was divided into five areas, industrial
hygiene sampling indicated that exposures to cadmium were highest in the cadmium shop
and the sintering shop, with mean air concentrations of 0.186 and 0.014 mg/m3, respectively.
The levels in the cadmium shop were reported to have been much higher prior to 1980
(0.535 mg/m3). Exposure tc arsenic was also reported to have occurred in the sintering area
(0.196 mg/m3 As,O3). One case of lung cancer (0.15 expected, SMR, 6.65) and two of liver
cancer (0.11 expected, SMR, 17.9) were observed among cadmium shop workers. Four lung
cancers (0.24 expected, SMR, 16.8; p < 0.05), one stomach cancer (0.31, SMR, 3.18) and
three liver cancers (0.18 expected, SMR, 17.0) were observed among sintering shop workers.
The men who died of cancer were reported to have had 10-30 years of exposure. Mortality
from lung cancer was also increased in the other three areas. The authors stated that there
was no obvious association with smoking. [The Working Group noted that the numbers of
workers employed were not given.]

2.3 Case—control studies

Abd Elghany et al. (1990) conducted a population-based case—control study of exposure
to cadmium based on 358 cases of prostatic cancer newly diagnosed in 1984-85 and 679
controls in four urban Utah (USA) counties. Analyses were also conducted for the subgroup
of cases classified as aggressive tumours, in order to differentiate more clearly the cases from
the controls (which may have included some latent prostatic tumours). In general, there was
little evidence of an increased risk for prostatic cancer associated with occupations with
potential exposure to cadmium (odds ratio, 0.9; 95% CI, 0.7-1.2), with cigarette smoking
(odds ratio, 1.1; 95% CI, 0.8-1.4) or with diet (odds ratio, 1.4; 95% CI, 1.0-2.1). A composite
measure of potentially high exposure to cadmium from any source was not associated with
prostatic cancer in general (odds ratio, 1.0; 95% CI, 0.7-1.3) but was associated with
aggressive tumours (odds ratio, 1.7; 95% CI, 1.0-3.1).

A hypothesis-generating case—control study of 20 cancer sites was conducted in the
Montréal (Canada) metropolitan area (Siemiatycki, 1991) and is described in detail in the



Table 10. Cohort studies of lung cancer in workers exposed to cadmium

Type of plant, country Population Lung cancers Exposure level Cadmium levels Relative risk Comment
(reference) (duration of  (obs/exp) (95% CI1¢)
exposure) Years Estimated levels
(mg/m3)
Nickel-cadmium battery
(cadmium oxide)
United Kingdom
Potts (1965) 74 men 1/NR Overall Cannot be calculated Mortality through 1965
(= 10 years) No referent group
Kipling & Waterhouse 248 men 5/4.40 Overall 1949 0.6-2.8 (Sorahan & 1.14 [0.37-2.65] Incidence through 1966
(1967) (=1 year) Waterhouse, at same plant as Potts
1983) (1965)
Sorahan (1987) 3025 men and 110/84.5 Overall 195067 < 0.5 (Sorahan & 1.30 {1.07-1.57} Mortality 1946-84
women None? 1968-75 <02 Waterhouse 1.0 Dose-response based on
(=1 month) < 2years > 1975 < 0.05 (1983) 14 years employed in high-
- 13 exposure jobs. Trend not
5- 1.3 significant
=15 1.5
Sweden
Kjellstrom er al. (1979) 228 men 2/1.35 Overall <1547 1 (Elinder e al.  1.48 (0.17-5.35) Incidence 1959-75
(= 5§ years) 1985)
Elinder er al. (1985) 522 men 8/6.01 Overall 1947-62 0.3 (Elinder et al., 1.33 [0.57-2.62] Mortality 1940-80 at
(> 1year) > 5years 1962-74  0.05 1985) 1.75 {0.70-3.61) same plant
and = 20 > 1975 0.02
years latency
Copper-cadmium alloy
United Kingdom
Holden (1980a) Urban 8/4.50 Overall < 1953 1 1.78 [0.77-3.50] Mortality, number of
=1 year workers not stated
Rural 2/7.85 Overall 1953-57 < 0.15 0.26 [0.03-0.92) Expected deaths based
=1 year on national rates
624 vicinity 36/26.08 Overall > 1957 < 0.05 1.38 [0.97-1.91) Vicinity workers also
21 year exposed to arsenic
Cadmium recovery
USA (personal) (ambient)
Lemen et al. (1976) 292 men 12/5.11 <1950 116 1-45 (Smitheral,  2.35[1.21-4.10) Mortality 1940~73
(=2 years) 1950-59  0.50 0.1-20 1980)
Stayner ez al. (1992) 579 men 24/16.07 Overall 1960-64 034 0.4-0.5 1.49 (0.95-2.21) Mortality 1940-84
(= 6 months) = 584¢ 1965-76  0.26 0.05-0.6 0.34 Excludes workers hired
585-1460 1.63 before 1 January 1926
1461-2920 2.17 Test for trend significant
> 2920 2.72
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Table 10 (contd)

Type of plant, country Population Lung cancers Exposure level Cadmium levels Relative risk Comment
(reference) (duration of  (obs/exp) (95% CI14)
exposure) Years Estimated levels
(mg/m?)
Cadmium recovery (contd) Odds ratio

USA (contd) Subgroup of < 584
Stayner et al. (1993) cohort of 584-1460
Stayner ef al. 1461-2920
(1992) hired > 2920
after 1940
Cadmium processing
United Kingdom
Kazantzis et al. (1992); 6910 men 339/304.1 Overall
Kazantzis & Blanks > 1year 270 Always low
(1992) 55 Ever medium

14 Ever high

Non-Mexican-
American (no.)

Mexican-American

(no.)

0.32 (1)
2.81(6)
470 (5)
0 (0.6 exp.)

1.12 (1.00-1.24)
1.08 (0.96-1.22)
1.21 (0.91-1.57)
1.62 (0.89-2.73)

0.42 (1)
0 (0 exp.)
0.82 (1)
2.46 (2)

Mortality 1943-89; 17
plants; 3% of workers
had ever high exposure.

NR, not reported

aApproximate 95% confidence intervals caiculated by the Working Group are given in square brackets.
bReferent group includes jobs with no or ‘minimal’ exposure to cadmium.

“Units are mg/m3-days
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Table 11. Cohort studies of prostatic cancer in cadmium workers

Type of plant, country Population Prostatic Exposure level  Relative risk Comment
(reference) (duration of  cancers 95% C19)
exposure) (obs/exp)
Nickel-cadmium battery
(cadmium oxide)
United Kingdom
Potts (1965) 74 men 3/NR Overall Cannot be calculated Mortality through 1965
( =10 years) No referent group
Kipling & Waterhouse 248 men 4/0.58 Overall 6.90 [1.86~17.66] Incidence through 1966
1967) ( =21year) includes three deaths
from Potts (1965).
Sorahan & Waterhouse 2559 men 8/6.6 Overall 1.21 [0.52-2.39] Mortality 1946-80
(1983) ( 21 month)
Sorahan & Waterhouse 2559 men 15/11.02 Overall 1.36 [0.76-2.25] Incidence 1950-80
(1985) ( 21 month) > 1year 4.02 [1.73-7.92] including 4 cases from
and Kipling & Waterhouse
high (1967)
Sweden
Kjellstrom et al. (1979) 228 men 2/1.2 Overall 1.67 [0.19-6.02] Incidence 1959-75
( 25 years)
Elinder et al. (1985) 522 men 4/3.70 Overall 1.08 [0.29-2.77] Mortality 1951-83
(> 1year) > 5 years 1.48 [0.40-3.79]
and = 20
years’ latency
Copper-cadmium alloy
United Kingdom
Holden (1980a) 347 male 1/1.58 Exposed 0.63 [0.01-3.52] Mortality
cadmium
workers
(21year)
624 vicinity 8/3.0 Less exposed 2.67 [1.15-5.26]
workers
( =1 year)
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Table 11 (contd)

Type of plant, country Population

Lung cancers Exposure level

Relative risk

Comment

(reference) (duration of  (obs/exp) 95% CI1¢)
exposure)
Copper-cadmium alloy
(contd)
Sweden
Kjellstrom ef al. (1979) 94 men 4/2.69 Exposed 1.49 [0.40-3.81] Mortality 1940-75. Data
(= 5 years) described as preliminary
328 controls  4/6.42 Unexposed 0.62 [0.17-1.60]
Cadmium recovery
USA
Lemen et al. (1976) 292 men 4/1.15 Overall 3.48 [0.94-8.91] Mortality 1940-73
( = 2 years) 2 20 years’ [4.55 (1.22-11.64)]
latency
Thun et al. (1985) 602 men 3/1.41 2 2 years’ 2.13 (0.44-6.22) Mortality 1940-78
( = 6 months) employment
and = 20

Cadmium processing

United Kingdom
Kazantzis et al. (1992); 6910 men
Kazantzis & Blanks (> 1year)
(1992)

years’ latency

37/49.3 Overall

36 Always low
0 Ever medium
1 Ever high

0.75 (0.53-1.03)
0.85 (0.60-1.18)
0 (0.0-0.59)

0.97 (0.01-5.40)

Mortality 1943-89
Regional adjustment

NR, not reported

2Approximate 95% confidence intervals calculated by the Working Group are given in square brackets.
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monograph on exposures in the glass manufacturing industry (p. 347). The prevalence of
exposure to cadmium compounds was 1%. Bladder was the only cancer site to be associated
with exposure to cadmium compounds (six exposed cases; odds ratio, 1.6; 90% CI, 0.7-3.8).
When the analysis was restricted to substantial exposure, only four cases of bladder cancer
had been exposed (odds ratio, 4.9: 90% CI, 1.2-19.6). No association was found with cancers
of the lung or prostate.

3. Studies of Cancer in Experimental Animals

The carcinogenic and toxicological effects of cadmium have been reviewed
(Oberdorster, 1986; Peters et al., 1986; Kazantzis, 1987; Oberdoérster, 1989; Waalkes &
Oberdorster, 1990; Heinrich, 1992; Nordberg ef al., 1992; Waalkes ef al., 1992a).

3.1 Oral administration
3.1.1 Mouse

A group of 48 male and 39 female weanling Swiss mice (Charles River strain) received
5 ppm [5 mg/L] cadmium as cadmium acetate in the drinking-water for life. A group of 44
male and 60 female control mice were given ‘metal-free’ drinking-water. Body weight was
generally similar in treated and control animals. Cadmium treatment did not result in an
increased incidence of any type of tumour, and the incidence of lung tumours in treated males
was reduced compared to controls (0/48 versus 8/44; P < 0.01, x? test); no such effect was
observed in females (5/39 vs 9/60) (Schroeder et al., 1964). [The Working Group considered
that the single exposure level used was too low for an evaluation of carcinogenicity. ]

Groups of 50 eight-week-old male specified pathogen-free (SPF) Swiss mice were
administered 0.44, 0.88 or 1.75 mg/kg bw cadmium as cadmium sulfate (3 CdSO4.8H;0) in
distilled-water by gavage once a week for 18 months, at which time the experiment was
terminated. A control group of 150 male mice received distilled-water alone. No difference
in survival or weight gain was observed between cadmium-treated mice and controls. Among
the mice surviving after 18 months of treatment, groups of 20 animals were selected at.
random from the high-dose group and from the control group for histological analysis of
selected tissues, including urogenital tract, stomach, lung, liver and kidney, while only
macroscopically abnormal tissues were examined from other animals. Tumour incidence was
no different in treated and control animals. Special attention was paid to the prostate, but no
neoplastic or preneoplastic lesion was observed in this organ (Levy et al., 1975). [The
Working Group noted the low dose levels used and the limited histopathological
examination in terms of numbers of animals and tissues.]

3.1.2 Rat

Groups of 69 male and 58 female weanling Long-Evans rats received 0 or 5 ppm
[5 mg/L] cadmium as cadmium acetate in the drinking-water until death. Body weights and
survival did not differ significantly among treated and control groups; about 50% of test and
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control animals survived more than 24 months. Histopathology was performed on gross
lesions. Tumour incidences in various organs in the 48 treated male and 36 treated female
rats examined were similar to those in the 35 male and 35 female controls examined
(Schroeder et al., 1965). [The Working Group noted that the single exposure level used was
too low for an evaluation of carcinogenicity.]

A group of 47 weanling Long-Evans rats [sex distribution unspecified] received 5 ppm
[mg/L] cadmium as cadmium acetate in the drinking-water for life. A control group of 34 rats
received drinking-water alone. Growth rate and survival were similar. Only macroscopically
visible tumours were sectioned for histological analysis. Tumour incidence (as analysed by x2)
in the cadmium-treated animals was similar to that in the control group (Schroeder ef al.,
1963; Kanisawa & Schroeder, 1969). [The Working Group noted the single, low exposure
level, the lack of sex-specific data and that histopathology was performed only on
macroscopic lesions.]

Three groups of 30 male SPF CB hooded rats, 12 weeks of age, received weekly gastric
instillations of 0.09, 0.18 and 0.35 mg/kg bw cadmium as cadmium sulfate (3CdSO4.8H,0)
dissolved in sterile distilled-water for 104 weeks, at which time surviving animals were killed.
A control group of 90 rats received weekly gastric instillations of sterile distilled-water.
Histopathological examination was performed on all animals. There was no difference in
body weights or survival. Tumour incidence was similar in cadmium-exposed animals and
controls (Levy & Clack, 1975). [The Working Group noted the low doses used and that the
spontaneous incidence of interstitial-cell tumours of the testis (seen in 75% of animals) may
have obscured any cadmium-induced effects within that tissue.]

Groups of 50 male and 50 female Wistar (W74) rats, four to five weeks of age, were fed
diets containing 1, 3, 10 or 50 ppm (mg/kg diet) Cd®>* as cadmium chloride (CdCl,.H,0) for
a period of 104 weeks. Control groups of 100 rats of each sex were used. Survival was not
affected by cadmium treatment, and body weights were significantly reduced only in high-
dose males [exact extent or time point not given]. Histological examination was performed
on all animals, and tumour incidence data were tested by the Fisher exact test. The incidences
of testicular and prostatic tumours and of other tumour types were similar in treated groups
and controls (Loser, 1980a).

Groups of 30 male Wistar (TNO/W74) rats, 13-16 weeks old, received a single intra-
gastric dose of 50 mg/kg bw or 10 weekly doses of 5 mg/kg bw cadmium as cadmium chloride
(CdClp.Hy0) in distilled-water. Two groups of 10 controls received vehicle only. Five
animals in each group of treated animals and two or three animals of each group of control
animals were killed at 12 and 18 months, and the remaining animals were killed at 133 weeks.
Survival was similar in all groups. Following the single administration of 50 mg/kg bw, growth
was slightly retarded [data not shown, extent or time point not given]. Testis, epididymis,
seminal vesicles, prostates and gross lesions were examined histologically. Rats treated with
cadmium did not have an increased incidence of testicular tumours or of tumours at other
sites (Bomhard et al., 1987). [The Working Group noted the short duration of exposure. |

In a study on the effect of chronic dietary deficiency of zinc on the carcinogenicity of
orally administered cadmium, groups of 28 male Wistar (WF/NCr) rats, eight weeks of age,
were fed diets containing either adequate zinc (60 ppm [60 mg/kg diet]) or a zinc concen-
tration (7 ppm [7 mg/kg diet]) that produced a significant reduction (40%) in serum zinc in
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the absence of overt toxicity. Starting two weeks later, these diets were fed together with
cadmium at 0, 25, 50, 100 or 200 (maximum-tolerated dose) ppm [mg/kg diet] as cadmium
chloride hemipentahydrate, for 77 weeks, at which time the study was terminated. Histo-
logical examination was performed on all animals and lesions. Zinc deficiency alone did not
affect food consumption, weight gain or survival; cadmium did not affect survival or food
consumption, and body weight was consistently reduced only at the highest doses (100 and
200 mg/kg diet), by 10% and 12-17%, respectively. At the two hi ghest doses of cadmium, rats
fed zinc-deficient diets had a significantly increased food consumption when compared with
zinc-deficient controls. The combined incidence of prostatic proliferative lesions (hyper-
plasia and adenoma), but not those of the lesions separately, was significantly (p < 0.05;
Fisher exact test) greater in rats given zinc-adequate diets containing 50 ppm cadmium (5/22;
22.7%) than in controls (1/28; 3.6%), and in rats receiving zinc-deficient diets (4/26; 15.4%)
than in controls (0/26). At higher doses of cadmium (100 and 200 ppm), an increased
incidence of prostatic atrophy was observed in the rats receiving zinc-deficient diets, which
may have been responsible for the lower incidence of prostatic lesions seen in rats fed
zinc-deficient diets. Cadmium treatment resulted in a dose-related (Cochran-Armitage
trend tests) increase in the incidence of leukaemia in rats fed zinc-deficient diets throughout
the dose range and in rats fed zinc-adequate diets receiving up to and including 100 ppm. The
highest incidence of leukaemia occurred in rats receiving 200 ppm cadmium and the
zinc-deficient diet (7/25; 28%), when compared with controls (2.27; 7.4%). Exposure to
cadmium at a concentration of 200 ppm in conjunction with the zinc-adequate diet also
induced a significant increase in testicular interstitial-cell tumours (6/27, 22.2% compared
with controls, 1/28, 3.6%) (Waalkes & Rehm, 1992).

3.2 Inhalation exposure!

3.2.1 Mouse

Groups of 48 female Han:NMRI mice [age unspecified] were exposed to cadmium at 30
or 90 pg/m3 as cadmium chloride, 30 or 90 pg/m? as cadmium sulfate, 90,270 or 1000 pg/m3
as cadmium sulfide, 10, 30, 90 or 270 yg/m? as cadmium oxide dust or 10, 30 or 90 pg/m? as
cadmium oxide fume. The mass median aerodynamic diameter of all compounds was 0.2-0.6
um [geometric standard deviation, 1.6]. For each treated group, a control group of 48
animals receiving filtered air was available. Exposure was for 19 or 8 h per day for five days a
week, and the exposure time ranged from six to 69 weeks; exposure was terminated in some
groups when the mortality rats started to increase. The duration of the study was 71-107
weeks; controls were followed for about 106 weeks. Histological examination was performed
on all animals. Survival was reduced in 12 of the 19 experimental groups; survival was similar
to that of controls in groups exposed to 90 or 270 pg/m3 as cadmium sulfide, to 10, 30 or
90 pg/m’ as cadmium oxide fume and to 10 or 270 pg/m? as cadmium oxide dust. The
incidence of lung tumours was significantly increased in the groups receiving 30 and 90 pg/m3

1The Working Group was aware of a study by inhalation in progress in rats and mice (Ghess ef al.,
1992).
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as cadmium oxide fumes and 10 pg/m3 as cadmium oxide dust, but not in the group given
270 pg/m3 as cadmium oxide (see Table 12). In six other groups receiving cadmium oxide
dust at various concentrations, survival was significantly decreased, but the probability of
dying with a lung tumour was greater than in the controls (by life-table analysis) (Heinrich et
al., 1989; Heinrich, 1992). [The Working Group noted the variable spontaneous lung tumour
rate and that the histopathological types of tumours were not reported.]

322 Rat

Four groups of 40 male SPF Wistar (TNO/W75) rats, six weeks old, were exposed to
12.5, 25 or 50 pg/m?® cadmium as cadmium chloride aerosol (mass median aerodynamic
diameter, 0.55 pm; geometric standard deviation, 1.8) for 23 h a day on seven days a week for
18 months. Animals were observed for an additional 13 months, at which time the
experiment was ended. A group of 41 rats exposed to filtered air served as controls.
Histological examination was performed on all animals. Body weights and survival were not
affected by cadmium treatment. A dose-related increase in the incidence of malignant
pulmonary tumours (mostly adenocarcinomas) was observed in cadmium chloride-treated
rats (12.5 pg/m’, 6/39 [15%]; 25 pg/m3, 20/38 [53%]; 50 pg/m3, 25/35[71%]) compared with
controls (0/38). Multiple pulmonary tumours were observed frequently; several tumours
showed metastases or were regionally invasive. The incidence of adenomatous hyperplasia
was also increased by cadmium treatment (Takenaka et al., 1983).

Groups of 20-40 male and 20 female Wistar (BOR-WISW) [formerly called TNO/W75]
SPF rats, nine weeks of age, were exposed to aerosols of cadmium chloride, cadmium
sulfate, cadmium sulfide, cadmium oxide dust or cadmium oxide fume (for all compounds,
mass median aerodynamic diameter, 0.2-0.5 pm; geometric standard deviation, 1.6) for up
to 18 months and observed for up to an additional 13 months (see Table 13). Two additional
groups received both zinc oxide dust and cadmium oxide dust at two different levels.
Exposure was generally for 22 h a day for seven days a week, although some groups received
continuous exposure for 6 months or discontinuous exposure for 40 h per week for 6 months.
Inhalation and observation periods were terminated when mortality reached > 25% or
> 75%, respectively, or at 31 months. Histological examination was performed on all rats.
Mortality rates were generally greater in rats treated with the high dose of cadmium [body
weights not given]. Generally, all forms of cadmium appeared to increase the incidence of
primary pulmonary tumours over that in controls [statistical analysis not performed], to a
maximum of 90% (cadmium sulfate in females) compared to 0 in controls; in general, no
male:female difference was observed. Except in males exposed to 90 pg/m3 cadmium oxide
and 900 pg/m? zinc oxide, zinc oxide reduced the carcinogenicity of cadmium oxide at that
dose. The tumours observed were mostly adenomas and adenocarcinomas, but a few rats had
bronchioloalveolar adenomas and squamous-cell carcinomas (Glaser et al., 1990). [The
Working Group noted that the groups exposed to cadmium oxide fume had significantly
lower lung tumour incidences than the groups exposed to the other cadmium compounds
(p < 0.0001; likelihood ratio by x2 test). Animals exposed to cadmium oxide fume, however,
had only about half the cadmium content in their lungs as animals exposed to the same
concentration of the other cadmium compounds over the same period, which was attributed



Table 12. Percentages of animals bearing lung tumours among mice exposed to cadmium with no reduction
in mean survival time

Cadmium compound Concentration Exposure time 50% survival Experimental % Tumour-
(ng/m3 Cd) (weeks) (weeks) time (weeks)  bearing animals
h/day = Weeks Treated Controls Treated Controls
Cadmium sulfide 90 19 64 76 70 98 21.1 14.6
270 8 26 78 80 101 25 36.9
Cadmium oxide fume 10 19 55 75 71 98 20.9 20.0
30 19 50 68 71 93 29.6* 20.0
90 8 64 74 70 105 34.0* 14.5
Cadmium oxide dust 10 19 64 76 70 105 26.1* 14.6
270 8 59 66 89 107 25.5 217

Modified from Heinrich (1992)
*» < 0.05 (x2 test)
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Table 13. Lung tumour incidence in animals with long-term exposure to
cadmium by inhalation

Group Cadmium  Duration (months)® Animals bearing
aerosol primary lung
(ng/m3) Exposure  Study tumours/animals
examined
Males
Control 0 0 31 0/40
Cadmium chloride 30 18 30 15/20
90 6 30 11/20
Cadmium sulfate 90 14 31 11/20
Cadmium sulfide 90 18 30 17/20
270 16 30 14/20
810 7 30 11/20
2430 4 30 7/16
2700 6 27 3/20
Cadmium oxide dust 30 18 31 28/39
9% 7 31 12/39
90b 6 31 4/20
30¢ 18 29 25/38
Cadmium oxide fume 10 18 31 0/40
30 18 31 8/38
Cadmium oxide/zinc oxide 30/300 18 31 0/20
90/900 18 31 8/20
Females
Control 0 0 31 0/20
Cadmium chloride 30 18 31 13/18
90 6 29 3/18
Cadmium sulfate 90 18 29 18/20
Cadmium sulfide 90 18 31 15/20
270 16 30 16/19
810 10 29 13/20
2430 3 31 6/19
270° 6 29 3/20
Cadmium oxide dust 30 18 31 15/20
90 11 31 14/19
90 6 31 3/20
Cadmium oxide/zinc oxide 30/300 18 31 0/20
90/900 18 31 7/20

Modified from Glaser et al. (1990)

“Exposure was stopped when 25% mortality had occurred, and the study was terminated
when 75% of the animals had died.

bDiscontinuous exposure for 40 h per week
“Rats maintained on a zinc-deficient (24 ppm) diet
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to a lower pulmonary deposition (Oberdorster & Cox, 1990) of the chain-like electric
arc-generated fume particles. The Working Group was also aware of the fact that the
generation of cadmium sulfide aerosols in this study from an aqueous suspension had
resulted in the generation of a cadmium sulfate:cadmium sulfide mixture (50:50), due to
photo-oxidation of cadmium sulfide, which may have confounded the number of tumours
induced by cadmium sulfide (Glaser et al., 1992; K6ni getal., 1992; Oberdorster & Cherian,
1992)].

3.2.3 Hamster

Groups of 24 male and 24 female Syrian golden [Hoe:SYHK] hamsters [age un-
specified] were exposed to cadmium at 30 or 90 pg/m3 as cadmium chloride, 30 or 90 pg/m3
as cadmium sulfate, 90, 270 or 1000 pg/m3 as cadmium sulfide, 10, 30, 90 or 270 pg/m3 as
cadmium oxide dust or 10, 30 or 90 pg/m3 as cadmium oxide fume (mass median aero-
dynamic diameter, 0.2-0.6 um [geometric standard deviation, 1.6]) for 19 or 8 h per day on
five days a week; the exposure time ranged from 13 to 65 weeks and the total experimental
time from 60 to 113 weeks. Control groups received filtered air. Exposure was terminated
earlier when mortality started to increase; the experimental time was 61-87 weeks for
exposed females and 60-113 weeks for males, as increased mortality occurred earlier in
females than in males. Survival was reduced in 12 of the 19 groups of exposed male hamsters,
but none showed an increased incidence of lung tumours. Histological examination was
performed on all animals. In only six of the exposed groups (males and females combined)
was there one or, in one case, two animals with a papilloma or a polypoid adenoma of the
trachea; one papilloma was also found in the control group (Heinrich et al., 1989; Heinrich,
1992). [The Working Group noted the limited reporting of the data on tumours and the
insensitivity of the hamster to induction of tumours of the lung in studies by long-term
inhalation.]

3.3 Intratracheal administration

Rat: Groups of male Fischer 344 rats received either a single intratracheal instillation of
25 pg cadmium oxide (median diameter, 0.5 pm) suspended in saline at 70 days of age
(48 rats), one instillation at both 70 and 100 days of age (total dose, 50 pg/rat; 46 rats) or one
instillation at 70, 100 and 130 days of age (total dose, 75 pg/rat; 50 rats) and were compared
with 46 rats receiving intratracheal instillations of saline only. [The dose of 25 pg/rat was
approximately 75% of the single intratracheal LDso.] Animals were observed for up to
880 days, and all were examined histologically. Cadmium treatment did not affect survival
[body weights not given]. Two pulmonary adenocarcinomas were seen in rats given 50 pg
(nonsignificant; x?) but none in other groups. Increased incidences of mammary gland
fibroadenomas were reported in all groups receiving cadmium oxide: 25 ng/rat, 7/44 (16%);
50 pg/rat, 5/41 (12%); 75 ug/rat, 11/48 (23%); controls, 3/45 (7%). No other significant
difference in tumour incidence was seen (Sanders & Mabhaffey, 1984). [The Working Group
noted that the mammary tumours that occurred in treated groups had to be pooled in order
to reach statistical significance.]

Groups of about 40 female Wistar (WU/KiBlegg) rats, 11 weeks of age, received 20
weekly intratracheal instillations in saline of 1 or 3 ug or 15 weekly instillations of 9 pg
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cadmium as cadmium chloride hydrate (purity, 99%) or cadmium oxide [purity not given]
(total doses, 20, 60 or 135 pg/rat for both compounds) or 10 weekly instillations of 63, 250 or
1000 pg cadmium as cadmium sulfide (> 99.9% pure; total doses, 630, 2500 or 10 000
pg/rat) and were observed for up to 124 weeks. Concurrent controls received saline only.
[Body weights were not given.] Only the lungs and trachea were examined histologically.
Cadmium chloride induced moderate, dose-related increases in the incidence of lung
tumours: controls, 0/40; 20 pg/rat, 0/38; 60 ug/rat, 3/40 (7.5%); 135 pg/rat, 2/36 (5.6%)
[p < 0.01; trend test]. Cadmium oxide also induced some lung tumours: 20 pg/rat, 2/37
(5.4%); 60 pg/rat,2/40 (5.0%); 135 pg/rat, 0/39 (not significant). Cadmium sulfide induced a
dose-related increase in the incidence of lung tumours: 2/39 (5.1%) at 630 ug/rat, 8/36
(22.2%) at 2500 pg/ratand 7/36 (19.4%) at 10 000 pg/rat [p < 0.005; trend test]. The authors
reported that mortality was increased at the highest dose. The lung tumours induced were
primarily adenocarcinomas, although a few adenomas and squamous-cell carcinomas were
also observed (Pott et al., 1987). [The Working Group noted that the cadmium sulfide
particles had been administered in an aqueous suspension, which may have resulted in
photo-oxidation of some fraction of the cadmium sulfide to cadmium sulfate; however, even
under the assumption of worst-case conditions—24-h exposure of cadmium sulfide
suspension to light—the amount of cadmium sulfate should not have exceeded 3% of the
total cadmium in the middle dose (Oberdorster & Cherian, 1992). Therefore, photo-
decomposition of cadmium sulfide to cadmium sulfate could not have accounted for the
carcinogenic response observed.]

3.4 Subcutaneous and/or intramuscular administration

3.4.1 Mouse

In a study to examine the effect of zinc on the carcinogenicity of cadmium, a group of
26 male Charles River mice, eight weeks of age, received a single subcutaneous injection of
0.03 mmol/kg bw (5.5 mg/kg bw) cadmium chloride [vehicle unspecified] in the interscapular
region and were observed for 14 months. Control groups consisted of 25 untreated mice and
25 mice that received a single subcutaneous injection of 0.03 mmol/kg bw cadmium chloride
and three concurrent subcutaneous injections of 1.0 mmol/kg zinc acetate (total dose,
3.0 mmol/kg; 550 mg/kg bw) at three different sites over a period of 25 h before and after the
cadmium injection. No injection-site tumour was reported. Only testes were examined
histologically [weight gains and survival not reported]. Of the mice that received cadmium
alone, 77% (20/26) had interstitial-cell tumours of the testis; none occurred in cadmium-zinc
treated animals or in untreated controls. Zinc also prevented the induction by cadmium of
non-neoplastic lesions of the testes in almost all of the animals (Gunn ef al., 1961, 1963).

A group of 20 male CB mice, six to seven weeks of age, received 11 weekly subcutaneous
injections of 0.05 mg cadmium sulfate tetrahydrate in 0.2 ml sterile distilled-water into the
right flank (total dose of cadmium, 0.22 mg). A group of 20 untreated animals served as
controls [body weights not reported]. Only gross and testicular lesions were taken for
histological analysis. None of the cadmium-treated mice developed tumours at the site of
injection, and the incidence of tumours at other sites did not exceed control rates [statistical
analysis not given]; however, non-neoplastic changes typical of cadmium treatment, such as
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testicular degeneration and interstitial-cell hyperplasia, were observed in 6/16 [17 in table]
animals that survived for eight months or more and in none of 15 control mice surviving at
least to the same time point. [The Working Group noted the short duration of the study.] Ina
separate study, 10 six-week-old male CB mice received three weekly subcutaneous injections
of 5 mg cadmium sulfate-precipitated rat ferritin into the right flank, followed six weeks later
by 12 weekly injections of 0.5 mg of the same preparation (total dose, 0.36 mg cadmium). No
tumour was observed at the site of injection during the following 20 months (Haddow et al.,
1964; Roe et al., 1964).

3.4.2 Rat

The earliest suspicion that cadmium might be carcinogenic came from a brief report by
Haddow et al. (1961), who detected malignant tumours at the injection site (subcutaneous or
intramuscular) of ferritin prepared from rat liver by cadmium precipitation in 8/20 male rats
[strain unspecified]. Additionally, 10/20 of these rats had interstitial-cell tumours of the
testes.

Groups of 10 female hooded rats, two to three months old, received a single intra-
muscular injection of 14 or 28 mg cadmium metal powder (dimensions: 1.7 um diameter for
spheres, 85 pm x 50 pum for ellipsoids and rods and 220 pm x 50 pm x 50 pm for other
shapes) suspended in 0.4 ml fowl serum into the thigh muscle. The total duration of the study
was 84 weeks. [Weight gain was not determined and necropsy protocol was not stated.] Two
of the rats receiving 28 mg cadmium powder were killed within two week of injection in order

“to study acute local reactions. Malignant tumours developed at the site of injection in
9/10 rats given 14 mg and in 6/8 rats given 28 mg cadmium powder. Most of the tumours were
rhabdomyosarcomas; some fibrosarcomas were seen which metastasized to lymph nodes
(Heath ef al., 1962; Heath & Daniel, 1964). [The Working Group noted that, while the
authors stated that zinc or tungsten metal powders did not induce local sarcomas at the
injection site, no details were reported.] g

A group of 25 male Wistar rats, 12 weeks of age, received a single subcutaneousinjection
of 0.03 mmol/kg bw [5.5 mg/kg bw] cadmium chloride [vehicle unspecified] in the inter-
scapular region and were observed for 11 months. Control groups consisted of 20 untreated
rats and 17 rats that received a single subcutaneous injection of 0.03 mmol/kg bw cadmium
chloride and three concurrent subcutaneous injections of 1.0 mmol/kg zinc acetate (total
dose, 3.0 mmol/kg; 550 mg/kg bw] in the lumbosacral area over a period of 25 h before and
after the cadmium injection. Only testes were examined histologically. [Weight gains and
survival were not stated.] Of the rats that received cadmium alone, 17/25 (68%) had
interstitial-cell tumours of the testes; 2/17 occurred in cadmium-zinc treated animals, and
0/20 occurred in controls (Gunn et al., 1961, 1963, 1965).

Ten six-month-old female Wistar CB rats received subcutaneous injections of 25 mg
cadmium sulfide (diameter, 0.5 um; equivalent to 20 mg cadmium) suspended in 0.25 ml
saline into both sides of the dorsal midiine. Ten three-month-old rats received subcutaneous
injections of 0.25 ml saline and served as controls. [Body weights and necropsy protocol were
not stated.] Over the following 12 months, 6/10 treated rats and none of the controls
developed fibrosarcomas (Kazantzis, 1963). In a further study, 15 male and 15 female Wistar
CB rats, nine months of age, received subcutaneous injections of 25 mg cadmium sulfide
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suspended in 0.25 ml saline into both sides of the dorsal midline. Of the 26 rats that survived
for more than six months, six developed sarcomas at the site of injection. In a separate
experiment, seven male and seven female rats, eight months old, were given a single intra-
muscular injection of 50 mg cadmium sulfide suspended in 0.5 ml saline into the thigh. [Body
weights and necropsy protocol not stated.] Four animals died during the first nine months
after injection. Sarcomas at the site of injection developed in 6/14 rats over a 17-month
period. In a further study, 10 three-month-old female rats received subcutaneous injections
of 25 mg cadmium oxide suspended in 0.25 ml saline into both sides of the dorsal midline;
8/10 developed fibrosarcomas at the site of injection within one year (Kazantzis & Hanbury,
1966).

A group of 22 four-month-old male Wistar rats received single subcutaneous injections
of 0.03 mmol/kg bw [5.5 mg/kg bw] cadmium chloride (equivalent to 1.35 mg cadmium
[vehicle not stated]) into the interscapular region and were observed for 10 months. Only
testes and subcutaneous tumours at the site of injection were examined histologically.
Sarcomas developed at the site of injection in 9/22 rats, while 21/22 rats developed
interstitial-cell tumours of the testis. A group of 17 rats received the same treatment with
cadmium chloride and subcutaneous injections of 1 mmol/kg bw (183.5 mg/kg bw) zinc
acetate in the lumbosacral area; the zinc acetate treatment resulted in lower incidences of
sarcomas at the site of injection (2/17) and of testicular tumours (3/ 17) than those induced by
cadmium. No interstitial-cell tumour of the testis developed in 18 untreated controls (Gunn
et al., 1964).

A group of 20 male CB rats, three weeks of age, received an initial subcutaneous
injection of 20 mg cadmium sulfate-precipitated rat liver ferritin [vehicle unspecified] into
the right flank followed by another injection of 20 mg 46 days later and then 2 mg once a
week for eight weeks, all in approximately the same area. A group of 16 untreated rats served
as controls. Only gross lesions were taken for histological examination. Of the cadmium-
ferritin-treated rats, 7/20 (35%) developed injection-site sarcomas and 11/15 (73%)
examined developed interstitial-cell tumours of the testis over the total observation period of
28 months. No such lesion was observed in 15 control rats that survived to a similar time
(Haddow et al., 1964; Roe et al., 1964). In a subsequent study, no tumour at the site of
injection and no testicular tumour was induced in CB Wistar rats by cadmium-free ferritin
(Roe et al., 1968). A separate group of 20 male CB rats, six to seven weeks old, received
10 weekly subcutaneous injections into the right flank of 0.5 mg cadmium sulfate tetra-
hydrate in 0.1 ml sterile distilled-water. By 20 months, 14/20 rats had developed sarcomas at
the site of injection (Haddow et al., 1964), while 10/18 examined had developed interstitial-
cell tumours of the testis (Roe ef al., 1964).

A group of 49 male Wistar rats, four months of age, received a single injection of 1.8 mg
cadmium as cadmium chloride [vehicle unspecified] either subcutaneously into the
interscapular region (23 rats) or intramuscularly into the thigh (26 rats) and were observed
for 14 months. No concurrent controls were available [body weights and necropsy protocol
not given]. More sarcomas occurred at the site of injection when cadmium was injected
subcutaneously (10/23; 43.5%) than intramuscularly (3/26; 11.5%) (Gunn et al., 1967).

Six male Sprague-Dawley rats, three months of age, received a single subcutaneous
injection of 10 mg/kg cadmium chloride [site and vehicle unspecified] and were observed for
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a further 13 months. A group of 16 untreated rats of the same age served as controls. All six
cadmium-treated rats developed interstitial-cell tumours of the testis. Baseline urinary
testosterone concentrations in cadmium-treated rats bearing tumours were 26-29% those of
control animals (Favino et al., 1968). [The Working Group noted the limited reporting of the
study.]

Eighty 12-week-old male Wistar rats received a a single subcutaneous injection of
0.03 mmol/kg bw [5.5 mg/kg bw] cadmium chloride as the dihydrate (3.4 mg/kg bw
cadmium) dissolved in sterile distilled-water into the hip area and were observed for up to
two years. Twenty untreated rats served as controls. Animals were examined grossly and
histologically [body weights not stated]. Dermal atrophy, ulcerative necrosis, acute and
chronic inflammation, fibrosis and mineralization were observed at the site of injection
during the two months following administration of cadmium. Of the rats that survived to
seven months (the time of appearance of the first sarcoma at the site of injection), 6/45 had
local spindle-cell sarcomas after 18 months (Knorre, 1970a,b). In a second experiment with
104 male rats treated by the same schedule, interstitial-cell tumours of the testis were found
by 698 days in 10/25 rats still alive at 355 days (when the first tumour of the testis appeared)
(Knorre, 1971). One sarcoma at the site of injection metastasized to the peritoneum [possibly
invasion], and several others metastasized to regional lymph nodes (Knorre, 1970a). Asingle
cadmium-induced histologically confirmed testicular interstitial-cell tumour metastasized to
the colon and liver [a rare event]. No interstitial-cell tumour of the testis was seen in
32 control animals (Knorre, 1971).

A group of 15 male Wistar rats weighing 100-300 g received single subcutaneous
injections [site unspecified] of 0.02-0.03 mmol/kg bw [3.7-5.5 mg/kg bw] cadmium chloride
and were observed for 11 months. Interstitial-cell tumours of the testis developed in 13/13
rats still alive at 11 months, and two rats developed pleomorphic sarcomas at the site of
injection (Lucis ef al., 1972) .

Three groups of 25 male SPF CB hooded rats, 12 weeks of age, received weekly
subcutaneous injections of 0.05, 0.1 or 0.2 mg cadmium sulfate (3 CdSO4.8 H,0:; 0.02-0.09
mg Cd) dissolved in sterile distilled-water into alternate flanks over a period of two years.
The control group consisted of 75 animals that received weekly injections of distilled-water
alone. Extensive macroscopic and microscopic examinations were performed, with special
attention to the genital gland complex. Body weights were suppressed (p < 0.001) [test
unspecified; data not shown; extent not stated] in the high-dose group after two years.
Sarcomas at the site of injection were found in 1/25 rats given the low dose, 1/25 given the
medium dose and 4/25 given the high dose. No neoplastic change was seen in any other
tissue, including the prostate. All groups, including controls, had high incidences of testicular
interstitial-cell tumours (67-77%) [which may have obscured any effect of cadmium on that
tissue]. The concentration of cadmium in the kidney in the highest dose group was about
500 pg/g tissue [analysed polarographically after dithizone extraction] (Levy et al., 1973).

Twenty male Fischer 344 rats, four to five weeks old, received a single subcutaneous
injection of 0.03 mmol/kg bw cadmium chleride [5.5 mg/kg bw], and 10 control rats received
subcutaneous injections of saline [body weight, survival data and necropsy protocol not
given]. Interstitial-cell tumours of the testis (11 bilateral) developed in 16/20 treated rats
over the one-year observation period, while none developed in control rats (Reddy et al.,
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1973). [The Working Group noted that the Fischer 344 strain generally has a > 80%
spontaneous incidence of interstitial-cell tumours of the testis by two years of age.]

In a 110-week study to examine the potential effects of calcium and magnesium salts on
the carcinogenicity of cadmium, groups of 25 male Wistar rats weighing 120-150 g were kept
for two weeks and then given subcutaneous injections of 0.02 or 0.04 mmol/kg bw [3.67 or
7.34 mg/kg bw] cadmium chloride hemipentahydrate into the nape of the neck. Rats
received either no further treatment or treatment with calcium acetate or magnesium
acetate, either in the diet (3%) two weeks prior and two weeks after cadmium chloride
treatment or by three separate subcutaneous injections (calcium acetate, 0.16 mmol/kg bw
[25.3 mg/kg bw]; magnesium acetate, 4.0 mmol/kg bw [570 mg/kg bw]) in the same area as
the cadmium chloride 24 h before, at the same time as and 24 h after cadmium chloride
injection. Control rats received saline injections instead of cadmium chloride. All animals
were examined histologically. The highest dose of cadmium chloride caused slight weight
suppression but only up to 12 weeks after injection. Survival was not affected by any of the
treatments. Tumours at the site of injection (predominantly fibrosarcomas) occurred to a
similar extent (approximately 33% of rats at risk) in all groups receiving cadmium chloride,
regardless of the dose or of other treatments, with the exception of injected magnesium
acetate which significantly reduced (to 0; p < 0.02; x2) the response to cadmium at the
injection site. Both levels of cadmium chloride increased the incidence of testicular
interstitial-cell tumours (approximately 85%) over that in controls (30%); the increase was
generally unchanged by other treatments, with the exception of dietary calcium acetate,
which resulted in a lower incidence than in animals receiving cadmium chloride alone, but
only at the high dose. When all groups receiving cadmium chloride were considered together,
a significantly (p < 0.02) higher incidence of pancreatic islet-cell tumours (mainly
adenomas) occurred (22/258 rats; 8.5%) when compared with rats not receiving cadmium
chloride (3/137; 2.2%) (Poirier et al., 1983).

Groups of 30 male Wistar Crl:(WI)BR rats, six weeks of age, received a single sub-
cutaneous injection of 1.0, 2.5, 5.0, 10.0, 20.0 or 40.0 pmol’kg bw [0.18-7.3 mg/kg bw]
cadmium chloride dissolved in saline into the dorsal thoracic midline area and were observed
for two years. Other groups received either four separate subcutaneous injections of
5 umol/kg cadmium chloride on days 0, 2, 4 and 7 or a subcutaneous injection of 5 pmol/kg
[0.9 mg/kg] cadmium chloride followed two days later by a dose of 10 or 20 [1.8 or 3.6]
umol/kg bw. A group of 45 controls received subcutaneous injections of saline alone. All
animals were examined histologically. Cadmium chloride did not modify survival in any
group. The highest dose (40 umol/kg) reduced body weight by about 5-10%. The incidences
of sarcomas at the site of injection were found to depend on accumulated dosage at the site
and approached 45% incidence at the highest dose of cadmium. The incidences of testicular
tumours (mostly interstitial-cell tumours) were correlated with the extent of testicular
degeneration induced by cadmium and showed a positive dose-dependence with single doses
of cadmium: 83% at 40 pmol/kg and 72% at 20 umol/kg, as compared with 18% in controls
(p < 0.05; Cochran-Armitage test). The 5-umol/kg and 20-pumol/kg doses did not increase
the incidence of testicular tumours. Prostatic tumour incidence was significantly elevated at
the 2.5 umol/kg dose (8/26; 31%; p < 0.05, Fisher exact test) compared with controls (5/44;
11%), and a positive dose-effect relationship was seen between 0 and 2.5 pmol/kg in both
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tumour incidence and multiplicity (p < 0.05; Cochran-Armitage test). A reduction to the
control level in the tumour response of the prostate to higher doses of cadmium
(= 5.0 pmol/kg) was attributed by the authors to testicular degeneration and consequent
loss of androgenic support. Cadmium chloride suppressed the induction of tumours of the
pancreas (both islet-cell and acinar-cell) from 60% in controls to 20% in animals receiving
40 pmol/kg cadmium, with a negative dose dependence (p < 0.05, Cochran-Armitage test)
(Waalkes et al., 1988a).

Groups of 30 male Wistar Crl:(WI)BR rats, six weeks of age, received a single
subcutaneous injection of 30 pmol/kg bw (5.5 mg/kg bw) cadmium chloride dissolved in
saline into the dorsal thoracic midline area and three subcutaneous injections of 0.1, 0.3 or
1.0 mmol/kg [18.4, 55.1 or 183.5 mg/kg bw] zinc acetate in saline into the right, left and
midline lumbosacrum 6 h before, at the same time as and 18 h after the cadmium treatment.
Animals were observed for up to two years. Two other groups of 30 rats received either
30 pmol/kg cadmium chloride intramuscularly plus 1.0 mmol/kg zinc subcutaneously into
the right, left and midline lumbosacrum 4 h before, at the same time as and 18 h after the
cadmium treatment or 30 pmol/kg cadmium chloride subcutaneously and, starting two
weeks previously, 100 ppm [100 mg/L] zinc as zinc acetate in the drinking-water for the
duration of the study. A control group of 84 rats received saline injections and tap water. All
animals were examined histologically. The treatments did not modify survival in any group.
Injection-site sarcomas occurred in 12/30 rats given only the subcutaneous injection of
cadmium, and the incidence was significantly (p < 0.05; Fisher exact test) reduced by the
highest subcutaneous dose of zinc (6/29) and by administration of zinc in the drinking-water
(1/30). Intramuscular injection of cadmium produced sarcomas at the site of injection in
3/29 rats given cadmium alone and in 1/29 rats also given zinc subcutaneously. Testicular
tumours (mostly interstitial-cell tumours) were observed in 22/30 (73 %) rats given only the
subcutaneous injection of cadmium chloride and in 3/28 (11%) rats receiving both cadmium
chloride subcutaneously and three subcutaneous doses of 1 mmol/kg zinc; 9/83 (11%) were
observed in saline control rats. The incidence of testicular tumours overall showed a negative
dependence on the subcutaneous dose of zinc (p < 0.05; Cochran-Armitage test), although
zin¢ in the drinking-water had no effect on induction by subcutaneous cadmium chloride
(25/30 rats, 83%). Subcutaneous administration of cadmium caused extensive testicular
degeneration, which was prevented in a dose-related fashion by subcutaneous zinc.
Intramuscular administration of cadmium did not increase the incidence of tumours of the
testis. Prostatic adenoma incidence was elevated in the groups receiving cadmium sub-
cutaneously and the high dose of zinc (8/27; 30%; p < 0.05, Fisher exact test), intramuscular
cadmium (11/26; 42%; p < 0.05) or intramuscular cadmium and subcutaneous zinc (7/28;
25%; p < 0.05), compared with controls (8/83; 10%). The tumour response of the prostate to
cadmium in animals given the highest dose of zinc was attributed by the authors to prevention
of cadmium-induced testicular degeneration and consequent loss of androgenic support
(Waalkes et al., 1989).

A group of 70 male Fischer F344/NCr rats, eight weeks old, received a single
subcutanous injection of 30.0 pmol/kg bw [5.5 mg/kg bw] cadmium chloride hemipenta-
hydrate dissolved in saline into the dorsal thoracic midline area and were observed for
90 weeks. Fifty control animals received a single subcutaneous injection of saline only. In the
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33 animals still alive at the time of appearance of the first tumour (32 weeks), cadmium
chloride reduced survival but not body weight. Cadmium chloride induced sarcomas
(primarily fibrosarcomas) at the site of injection in 21/32 rats (1/50 in controls). The
incidence of testicular interstitial-cell tumours was 97% in cadmium chloride-treated rats
and 84% in controls. The incidence of large granular lymphocytic leukaemia (2/31) was
reduced (p = 0.028) by cadmium chloride from that in controls (12/47) (Waalkes et al.,
1991a).

Groups of 28 male Wistar Hsd:(WI)BR rats, eight weeks of age, were fed diets either
adequate in zinc (60 ppm [60 mg/kg diet]) or marginally zinc-deficient (7 ppm [7 mg/kg
diet]), as defined by significant reductions (40%) in serum zinc in the absence of overt weight
suppression. The diets were given for two weeks prior to a single subcutaneous injection of
0, 5.0, 10.0 or 30.0 pmol/kg bw (0.92-5.5 mg/kg bw) cadmium chloride hemipentahydrate
dissolved in saline into the dorsal thoracic midline area. Animals were observed for the next
92 weeks. All animals were examined histologically. Zinc deficiency alone did not affect food
consumption, weight gain or survival. Cadmium chloride affected weight gain only at the
highest dose (30 umol/kg), at which body wei ght was reduced approximately 15%, only for
the first 10 weeks after injection; thereafter, weights were not different from those of
controls. Survival was reduced in rats fed zinc-adequate diets and given the highest dose of
cadmium chloride (p < 0.05). Injection-site sarcomas occurred in 7/25 rats receiving 30 pmol
cadmium chloride and zinc-deficient diets (p < 0.05), in 3/24 rats given 30 pmol cadmium
chloride and zinc-adequate diets and in 0/49 controls. Dietary zinc level did not affect the
incidence of cadmium-induced interstitial-cell tumours of the testis, and a dose-response
relationship in tumour incidence occurred with cadmium up to a maximum incidence of
approximately 70% (control, < 10%) at both levels of dietary zinc. Rats receiving zinc-

deficient diets showed an increased multiplicity of testicular interstitial-cell tumours
(Waalkes et al., 1991b).

3.5 Other routes of administration
3.5.1 Mouse

In a screening study based on the accelerated induction of lung adenomas in a strain
highly susceptible to development of this neoplasm, groups of 20 male and female strain
A/Strong mice, six to eight weeks old, received thrice weekly intraperitoneal injections of
cadmium acetate in saline for a total of 23 injections, while controls received a total of
24 injections of saline alone. The total doses of cadmium acetate were designed to be 7, 14
and 28 mg/kg bw. All mice given 28 mg/kg bw died prior to completion of the study
(30 weeks). Lung adenomas occurred in 6/14 (43%) animals given 7 mg/kg bw and in 3/10
(30%) animals given 14 mg/kg bw, compared with 37% of controls. The average number of
lung tumours per mouse was unaltered by treatment (p > 0.05; Student’sf test) (Stoner et al.,
1976).

3.5.2 Rat

A group of 207 male Wistar rats, six weeks of age, received injections of (.15 ml of a
1-mol [sic] solution of cadmium chloride [16.86 mg/rat; 241 mg/kg bw] in saline directly into



CADMIUM AND CADMIUM COMPOUNDS 175

the prostate. A further group of 50 rats received one to five subcutaneous injections of
0.05 ml of the 1-mol solution of cadmium chloride [5.62-28.1 mg/rat; 80-401 mg/kg bw] in
saline [site unspecified]. Concurrent controls were not included [body weights, survival,
necropsy protocol and observation time not specified]. Prostatic tumours, generally
carcinomas, developed in 17/207 (8.2%) rats given injections directly into the prostate. In the
animals given cadmium chloride subcutaneously, a possible early adenocarcinoma of the
prostate was observed (Scott & Aughey, 1978). [The Working Group noted that the absence
of concurrent controls makes these data difficult to interpret. ]

A group of 125 inbred male rats of the Okamoto-toki strain, 12 months of age, were
anaesthetized and injected with 0.44 mg cadmium (1.2 mg/kg bw) as cadmium chloride in
saline into the right lobe of the ventral prostate. Twenty saline-injected rats of the same age
served as controls. Animals were observed for 270 days after cadmium chloride injection
[body weights and survival not given). Lesions of the prostate were classified as hyperplasia,
atypical hyperplasia, carcinoma in situ (Hoffmann et al., 1985a) [modified to atypical
hyperplasia with severe dysplasia by Hoffmann et al., 1985b] and invasive carcinoma. The
first case of invasive prostatic carcinoma was detected 56 days after treatment, and a total of
five cases occurred in 100 rats examined in this group. Other prostatic changes induced by
cadmium chloride treatment included ‘carcinoma in situ’ in 11 rats (Hoffmann et al., 1985a),
atypical hyperplasia in 29 rats and simple hyperplasia in 38. Of the 20 controls examined, five
had simple hyperplasia and one had atypical hyperplasia (Hoffmann ef al., 1985a,b). [The
Working Group noted the small number of controls and the short obervation period.]

Female Wistar WU/Kilegg rats [number not given], 12 weeks of age, each received a
single intraperitoneal injection of 50 mg cadmium as cadmium sulfide (81 rats examined) or
two weekly intraperitoneal injections of 0.125 mg cadmium as cadmium oxide (47 rats
examined) dissolved in saline. Animals were observed for up to 123 weeks. No concurrent
controls were reported. Only gross lesions of the peritoneal cavity were examined
histologically. Three of the rats given cadmium oxide and 54/81 given cadmium sulfide had
peritoneal cavity tumours, described as sarcomas, mesotheliomas and carcinomas of the
abdominal cavity [no further details reported]. In the 204 rats injected with saline alone
(combined controls), five intraperitoneal tumours (one carcinoma, one mesothelioma and
three sarcomas) were observed (Pott ef al., 1987).

Groups of male Okamoto-aoki rats, 12 months of age, were injected twice with
2.25 mg/kg bw (10 rats) or three times with 3.35 mg/kg bw (20 rats) cadmium chloride [time
course and vehicle unspecified] into the right lobe of the ventral prostate. No concurrent
controls were used. Animals were killed after 170 or 240 days, respectively. Prostatic
carcinomas occurred in 2/8 rats receiving the lower dose of cadmium and in 9/15 rats given
the higher dose (Hoffmann ef al., 1988). [The Working Group noted that the absence of a
control group makes this study difficult to interpret.]

3.6 Administration with known carcinogens
3.6.1 Mouse

Groups of 25 three-week-old female Swiss mice received 5, 10 or 50 ppm [mg/L]
cadmium as cadmium chloride in deionized water or drinking-water alone (controls) for
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15 weeks. After three weeks of exposure, all mice received an intraperitoneal injection of
1.5 mg/g bw [1.5 g/kg bw] urethane in saline. At the end of the 15-week exposure period, all
mice were killed. Treatment did not affect average body weight gain or water consumption.
Only lungs were examined histologically. Cadmium did not modify the size or number of
pulmonary adenomas induced by urethane per animal (Blakley, 1986).

A group of 100 female hybrid CBA x C57Bl/6 mice, weighing 10-12 g, received
0.01 mg/L. cadmium chloride together with 10 ppm [mg/L] N-nitrosodimethylamine
(NDMA) in the drinking-water ad libitum for nine months, at which time the experiment was
terminated. A positive control group of 50 mice received NDMA alone. The total dose of
cadmium chloride received from drinking-water was stated to be 0.007 mg. Survival was
similar in both groups [body weights not given]. All animals were examined histologically.
Treatment with cadmium chloride plus NDMA significantly increased (p < 0.05, x?) the
proportion of animals with tumours of any type (95.3%) over that of mice given NDMA alone
(80.0%) among animals that survived to the time of appearance of the first tumour. The
tumours were primarily pulmonary adenomas, renal adenomas and hepatic haemangiomas
and haemangioendotheliomas (Litvinov et al., 1986). [The Working Group noted the high
incidence of tumours in the group given NDMA alone and the absence of a concurrent
untreated control group and of a group receiving cadmium chloride alone.]

In a study of promotion, groups of 50 male B6C3F1 mice, five weeks of age, were given a
single intraperitoneal injection of 90 mg/kg bw N-nitrosodiethylamine (NDEA) in tricaprylin
or vehicle alone followed two weeks later by administration of 0, 500 or 1000 ppm [mg/L]
cadmium chloride hemipentahydrate in drinking-water. Groups of 10 mice were killed at 16,
24 and 36 weeks, and the remainder were killed at 52 weeks. Cadmium chloride markedly
suppressed body weight gain in the group given 1000 mg/L. All animals were examined
histologically. Cadmium chloride was not associated with an increased incidence of tumours,
regardless of NDEA treatment, and animals treated with cadmium chloride had a dose-
related reduction in NDEA-induced pulmonary adenomas of alveolar-cell origin and liver
tumours (typically basophilic adenomas) (Waalkes et al., 1991c).

In a study of initiation, groups of male B6C3F1 mice, five weeks of age, were given a
single subcutaneous injection of vehicle (30 mice) or cadmium at 20.0 (30 mice) or 22.5
(60 mice) umol/kg bw (2.25 or 2.53 mg/kg bw) as cadmium chloride hemipentahydrate in
saline, followed two weeks later by administration of water or 500 ppm [mg/L] sodium
barbital in the drinking-water (540 mice in all). Both doses of cadmium chloride caused focal
hepatocellular necrosis; the 20.0 pmol/kg dose caused 8% (5/60) mortality and 22.5 umol/kg
caused 39% (47/120) mortality within the first two days (all treated groups combined). Final
body weights were similar in animals that survived the acute toxicity. Groups of 10 mice were
killed 40 weeks after cadmium injection, and the remainder were killed at 92 weeks.
Histological examination was performed, with special empbhasis on liver lesions. Cadmium
chloride treatment was not associated with increases in the incidence of any tumours; it
reduced (p < 0.05) liver tumour incidence and the numbers of tumours/liver, but not tumour
size (Waalkes et al., 1991¢).
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3.6.2 Rat

Groups of 15 male Fischer 344 rats, seven weeks old, were administered 500 mg/L
N-nitrosoethyl-N-hydroxyethylamine in drinking-water for two weeks followed by 100 mg/L
cadmium chloride hemipentahydrate for 25 weeks. Cadmium chloride did not affect bo
weight or survival. Only kidneys and liver were examined histologically. Cadmium chloride
did not increase the kidney tumour incidence significantly but it significantly (p < 0.05;
Student’s ¢ test) increased the mean number of renal dysplastic foci/cm? of tissue (0.69
+ 0.32) in comparison with nitrosamine-treated controls (0.23 + 0.28) (Kurokawa et al.,
1985, 1989). [The Working Group noted the short duration of the study.]

Groups of 40 male Wistar (Sim:Wistar) rats, nine weeks of age, were treated with
estimated daily dietary doses of 50 mg/kg of diet [ppm] cyproterone acetate for three weeks
followed by three daily subcutaneous injections of 25 mg testosterone propionate and then a
single intravenous injection of 50 mg/kg bw N-methyl-N-nitrosourea (MNU). One group
then received 100 ppm (100 mg/L) cadmium chloride in the drinking-water, and another
received standard drinking-water and served as controls. Survival and body weight were not
affected by cadmium, and the mean survival time was 58 weeks. All animals were examined
histologically. One intraductal carcinoma of the prostate occurred in a cadmium-treated rat,
but none occurred in controls. The incidences of tumours at other sites were not affected by
cadmium (Nakao, 1986). [The Working Group noted the short duration of the study, the
minimal effect of MNU alone and the absence of concurrent untreated controls or controls
receiving cadmium chloride alone.]

Groups of 20 male Wistar rats [age at onset unspecified] were given 100 ppm [mg/L]
N-methyl-N’-nitro-N-nitrosoguanidine in their drinking-water and fed a diet supplemented
with 10% sodium chloride for eight weeks to initiate stomach tumour formation. Cadmium
chloride was then given in the drinking-water at a concentration of 100 ppm [mg/L] for the
following 32 weeks. A group of 28 rats received the nitrosamine then distilled drinking-water
and served as controls. Cadmium chloride did not modify the incidence of gastroduodenal
tumours or preneoplastic lesions (Kurokawa ef al., 1989).

Groups of 20 male Fischer 344 rats [age at onset unspecified] were given 50 ppm [mg/L]
NDEA in the drinking-water for four weeks followed by 100 ppm [mg/L] cadmium chloride
in the drinking-water for the following 30 weeks. Controls received NDEA followed by
drinking-water. Cadmium chloride significantly (p < 0.01) reduced the incidence of
hepatocellular carcinomas induced by NDEA (Kurokawa et al., 1989).

Groups of 42-58 female hooded rats, 10-12 weeks of age, were given one treatment of
either crocidolite alone (1.82 mg/rat suspended in Tyrode’s solution by intratracheal
instillation), crocidolite plus cadmium (0.18 mg cadmium/rat as powdered cadmium metal
suspended in Tyrode’s solution by intratracheal instillation), crocidolite plus cadmium plus
N-nitrosoheptamethyleneimine (NHMI; 1 mg/rat dissolved in saline given subcutaneously
into the dorsal thoracic area six weeks after intratracheal instillation of crocidolite and
cadmium for 12 weeks) or NHMI alone. Survival was similar in all the cadmium-treated
groups. The overall lung tumour incidence in animals receiving crocidolite, cadmium and
NHMI (14/45) was significantly (p < 0.05) higher than that in groups receiving NHMI alone
(10/58), crocidolite and cadmium (2/5 1) or crocidolite and NMHI (7/42). The tumours were
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primarily squamous-cell carcinomas (Harrison & Heath, 1986). [The Working Group noted
that concurrent untreated controls and groups treated with cadmium metal only were not
available.]

Groups of male Wistar Cr1:[WI]BR rats, 22 weeks old, were given a single intra-
peritoneal injection of 18 mg/kg bw NDMA followed 4 h and four days later by intramuscular
injections of cadmium chloride into the thigh (total doses of cadmium, 1.5 mg/kg bw [20rats]
or 3.0 mg/kg bw [30 rats]) or no further treatment (20 rats). Two other groups of 20 rats were
given cadmium alone, and a group of five untreated rats served as controls. The animals were
observed for 52 weeks. Cadmium chloride alone was not acutely lethal; NDMA alone caused
5% mortality, low-dose cadmium plus NDMA induced 10% mortality and high-dose
cadmium plus NDMA induced 30% mortality. All treatments markedly reduced body weight
[extent not stated] within one week of exposure, but by the end of the experiment the weights
were similar to those of untreated controls. Only rats surviving to week 30 were included in
the tumour analysis. Cadmium chloride increased (p < 0.05, Fisher exact test) the incidence
of renal tumours induced by NDMA (NDMA alone, 2/18 rats examined; NDMA plus
low-dose cadmium chloride, 10/18; NDM A plus high-dose cadmium chloride, 1 1/21) but did
not induce significant numbers when given alone (low-dose, 1/20; high-dose, 0/20).
Cadmium chloride also increased the incidence of hepatocellular adenoma (NDMA alone,
1/18; NDMA plus pooled cadmium chloride groups, 9/39). In a second experiment, 30 rats
(same strain, six weeks old) were given intramuscular injections of cadmium as cadmium
chloride at a dose of 1 mg/kg bw into the thigh on days 0, 4, 5 and 6 and of 2 mg/kg bw on day
12; one day later, the animals received an intraperitoneal injection of 18 mg/kg bw NDMA.
Further groups received NDMA alone (20 rats), cadmium chloride alone (20 rats) or
remained untreated (four rats). Survival and body weights were similar in all groups.
Cadmium chloride increased (p < 0.05, Fisher exact test) the incidence of NDMA-induced
renal tumours (NDMA alone, 2/19; NDMA plus cadmium chloride, 15/26) but did not
induce any renal tumours when given alone (0/20). The incidences of hepatocellular
adenomas were: NDMA alone, 3/19; NDMA plus cadmium chloride, 0/26; cadmium
chloride alone, 1/20 (Wade et al., 1987).

4. Other Relevant Data

The extensive literature on cadmium has been reviewed (Friberg ef al., 1985, 1986b;
Nordberg & Nordberg, 1988; Nordberg ef al., 1992; US Occupational Safety and Health
Administration, 1992; WHO, 1992b). The following summary comprises illustrative studies
only.

4.1 Absorption, distribution, metabolism and excretion

4.1.1 Humans

Cadmium may enter the body by ingestion, inhalation and, to a very limited extent, by
passage through the skin, but few studies have examined fractional absorption of cadmium in
humans. In one study, rice was cultured in a nutrient solution containing cadmium-115
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[compound unspecified] and then cooked and administered to a healthy male subject.
Whole-body counting for three days and counting in faeces and urine suggested that 5% of
the cadmium had been absorbed. When cadmium-115 was administered in an acid solution
[presumably on an empty stomach], the absorption was almost 30% (Yamagata et al., 1975).
In another study, faecal elimination of cadmium-115 was detected up to 20-30 days after oral
intake of the tracer as the chloride, probably reflecting sloughing of mucosal cells containing
cadmium; the remaining whole-body retention averaged 4.6% (McLellan er al., 1978).
A higher absorption rate has been seen in women, in whom fractional absorption of 115Cd-
cadmium chloride was correlated inversely with serum ferritin concentration (Flanaganetal.,
1978).

The extent of deposition in the lungs depends on particle size and shape, ventilatory
parameters and airway geometry. The fact that smokers have higher cadmium levels in the
body shows that cadmium is absorbed in the lungs (see section 1.3.9). In a study of autopsy
specimens, lower pulmonary concentrations of cadmium were observed in ex-smokers than
in smokers. A half-time for pulmonary cadmium of 9.4 years was calculated from these data
(Padkko et al., 1989).

Low excretion rates of cadmium lead to efficient retention in the body. Analysis of
cadmium in autopsied organs shows that most of the body burden is retained in the kidneys
and liver. The biological half-time in kidneys was estimated to be 1220 years (Elinder et al.,
1976; Tsuchiya et al., 1976; Kjellstrom & Nordberg, 1978; Roels et al., 1981; WHO, 1992b)
and that in the liver somewhat shorter (Tsuchiya et al., 1976; Kjellstrom & Nordberg, 1978).
Neutron activation analysis has been used to determine cadmium concentrations in liver and
kidney of cadmium-exposed workers in vivo. In workers without kidney dysfunction, the
cadmium concentrations in the two organs correlated well, and both correlated well with
urinary cadmium excretion (Roelset al., 1981). As also reflected in other studies (Lauweryset
al., 1980), urinary cadmium excretion can be regarded as a measure of the body burden of
this metal in individuals with normal kidney function. In 64 active and retired smelter
workers without kidney dysfunction, urinary excretion of metallothionein also correlated
well with the cadmium burdens of liver and kidneys (Shaikh et al., 1990). In workers with
cadmium-induced kidney dysfunction, urinary cadmium excretion is higher, and kidney
burdens tend to decrease relative to the concentrations in the liver (Roels er al., 1981).

The concentration of cadmium in the blood depends mainly on recent absorption of the
metal and tends to stabilize within a few months after a change in exposure (Lauwerys et al.,
1980). The concentrations of cadmium in blood were measured over more than 10 years in
five workers in a copper-cadmium alloy factory who had had high exposures to cadmium in
the past. The data fitted a two-compartment model, with a first mean half-time of 75-128
days and a second of 7.4-16 years. Two workers with proteinuria had shorter half-times than
workers without kidney dysfunction (Jarup ez al., 1983).

Urinary excretion of absorbed cadmium is the major route of elimination, but it is also
excreted in the bile (Friberg et al., 1986b). In an autopsy study of deceased smelter workers,
increased lung concentrations of cadmium were found. High concentrations were related
particularly to tobacco smoking (Gerhardsson et al., 1986).

Cadmium concentrations in the prostate (50-500 ng/g wet weight) were < 1% of those
found in the kidneys (8000-39 000 ng/g wet weight) in five men aged 61-76 years, but within
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the prostate the concentrations varied considerably, with the highest concentrations at the
base (Lindegaard e al., 1990).

A placental barrier seems to exist: at delivery, cadmium concentrations in umbilical cord
blood were about half of those occurring in maternal blood, and cadmium concentrations in
human placenta reached a level about 10-fold higher than that seen in maternal blood
(Hubermont et al., 1978). Placental transfer was also demonstrated in more recent studies
(Kuhnert et al., 1982, 1987).

4.1.2 Experimental systems

In mice given ordinary food pellets, average fractional absorption of a single dose of
cadmium chloride was 0.2% of non-toxic doses; five to eight times higher absorption rates
were recorded in mice on a semisynthetic diet resembling human food (Andersen et al.,
1992).

In a study of male Wistar rats exposed by inhalation to cadmium aerosols (see pp. 164,
166-167), the cadmium concentrations in lung tissue homogenate and lung cytosol super-
natant were about twice as high for cadmium oxide as for cadmium chloride, both at the end
of the 30-day exposure period and two months later. Exposure to a cadmium sulfide aerosol
(a combination of sulfide and sulfate) at a 10-fold higher level (1 mg/m3) resulted in cytosol
cadmium concentrations similar to those caused by administration of cadmium oxide at
0.1 mg/m?>. The amount of absorbed cadmium that was retained in the liver and kidneys was
higher if delivered as cadmium oxide than if given as cadmium chloride at the same concen-
tration (Glaser et al., 1986).

In a study of Long-Evans and Fischer 344 rats exposed to aerosols of cadmium chloride,
oxide dust and sulfide dust, pulmonary retention of cadmium chloride and sulfide (half-time,
85 days and 11-76 days, respectively) was similar, whereas that of cadmium oxide dust was
somewhat longer (half-time, 217 days). In contrast, there was no transfer to the kidney or
liver of cadmium administered as cadmium sulfide, but the levels in faeces were high.
Monkeys (Macaca fascicularis) did not accumulate cadmium in the kidney after inhaling
cadmium sulfide dust but did so after inhaling cadmium oxide (Oberdérster & Cox, 1989).

Alow-molecular-weight protein, metallothionein, occurs mainly in liver and kidney and
binds cadmium. Its synthesis is induced by cadmium and other divalent metals. Metallo-
thionein-bound cadmium released from the liver is cleared by glomerular filtration and
taken up by the renal tubules (Nordberg ef al., 1971; Nordberg, 1972). Metallothionein
production in the intestinal mucosa was induced by oral administration of zinc to Wistar rats.
Subsequent oral administration of cadmium increased the retention of cadmium in the
kidneys but decreased retention in the liver in comparison with non-pretreated rats (Min
et al., 1991). Induced mallothionein production was not detectable in rat ventral prostate,
and cadmium in these cells seems to bind to other (non-inducible) proteins. In male Wistar
rats, subcutaneous injection of cadmium stimulated expression of the metallothionein-Igene
in the liver and the dorsal prostate, while gene expression in the ventral prostate remained
unchanged (Waalkes et al., 1992a,b).

Zinc deficiency may affect tissue deposition of cadmium. In male Wistar rats given a diet
low in zinc (7 ppm) for nine weeks with different levels of cadmium for the last six weeks,
retention of cadmium was enhanced in liver, kidney and testis, with concomitant, marked



CADMIUM AND CADMIUM COMPOUNDS 181

reductions in renal and testicular zinc concentrations. Zinc deficiency also decreased
cadmium-induced metallothionein retention in the kidneys (Waalkes, 1986). After acute
exposure to cadmium, low doses, which probably become bound to metallothionein, are
retained mainly in the kidneys, while higher doses show a retention pattern that probably
reflects saturation of metallothionein binding (Lehman & Klaassen, 1986).

Metallothionein-bound cadmium-109 given orally to male C57BI/6) mice initially
showed the same fractional absorption as cadmium chloride, but the relative retention in the
kidney was greater (Cherian ef al., 1978). Kidney retention of cadmium-109 in male CF-1
mice was similar after oral intake of metallothionein-bound cadmium generated in different
ways; heat-treatment of the material did not affect the retention pattern (Maitani et al.,
1984).

The reported half-times of cadmium in the body vary from weeks to two years (or as long
as half the lifespan of the animal); the biological half-time of cadmium in the kidney and
whole body decreases when renal tubular dysfunction has developed (WHO, 1992b).

After inhaling cadmium chloride aerosols at a concentration of 100 pg/m3 for four
weeks, male Fischer 344 rats showed no si gnificant increase in the concentration of metallo-
thionein in lung tissue; the concentration was increased in female BALB/c mice treated
similarly. Metallothionein concentrations were higher, however, in lung cells obtained by
bronchoalveolar lavage from the exposed rats than in those from the mice (Oberdorster
et al., 1993).

The rate of cadmium uptake in Chinese hamster V79 variant cells resistant to cadmium
was about 10-15% of that seen in the parental line; however, metallothionein induction and
the rate of glutathione synthesis after depletion were similar in the two cell types. Depletion
of glutathione enhanced the sensitivity of wild-type cells to cadmium ion but had no effect on
the resistant variant. Inhibition of protein synthesis by cycloheximide did not affect cadmium
uptake, but blocking of sulfhydryl groups with N-ethylmaleimide suppressed cadmium
uptake (Ochi, 1991).

Cadmium has been observed to cross the hamster placenta on day 8 but not on day 9 of
gestation (Dencker, 1975). No cadmium was seen in rat fetuses after their dams had received
an injection of a sub-embryolethal dose of cadmium chloride (40 pmol [7.3 mg]/kg) on day
12 of gestation (Saltzman ef al., 1989). Concentrations in rat fetuses after injection of a
teratogenic dose of cadmium (1.25 mg/kg) to the dam on day 12 of gestation have been
reported to be 1% of those in the placenta (Webb & Samarawickrama, 1981). Christley and
Webster (1983) reported similar percentages of embryonic cadmium uptake when mice were
injected with cadmium at 0.66, 40 or 2400 pg/kg as cadmium chloride on gestation day 9.

4.2 Toxic effects
4.2.1 Humans

A worker who inhaled high concentrations of cadmium fumes died five days later. Both
lungs showed acute pneumonitis (Lucas et al., 1980).

Long-term exposure to cadmium may result in kidney disease. Twenty-three workers
with cadmium-induced kidney dysfunction were examined at various times after their
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removal from exposure. Over a five-year period, a significant increase was noted in the
concentrations of B-microglobulin and creatinine in serum, indicating considerable
progression in kidney dysfunction despite cessation of exposure (Roels af al., 1989). Similar
progression was observed in a population residing in a cadmium-polluted community (Kido
et al., 1988). Cadmium-induced kidney dysfunction may, however, be reversible, depending
on the severity of the damage (Kasuya et al., 1986; Saito, 1987; WHO, 1992b). In Japan,
ingestion of cadmium-contaminated rice resulted in a disease (itai-itai or ‘ouch-ouch’
disease) characterized by kidney damage (mainly in proximal tubuli but also in other parts of
the nephron) and osteomalacia, which mainly affected women who had given birth to many
children (Shigematsu et al., 1982; Williams ef al., 1983; Kasuya et al., 1992).

Ten patients with cadmium-induced kidney dysfunction had decreased serum
concentrations of 24,25-dihydroxyvitamin D; the five patients with the most severe kidney
dysfunction also had decreased concentrations of lo,25-dihydroxyvitamin D, while serum
25-hydroxyvitamin D levels were similar to those seen in five controls (Nogawa et al., 1990).

A group of 101 men who had worked for at least one year at a copper—cadmium alloy
manufacturing company were examined for respiratory symptoms by questionnaire, fung
function testing and chest X-ray and were compared with a control group matched for age,
sex and employment status; the two groups contained a similar proportion of smokers.
Individual exposure to cadmium was estimated from data on cumulative exposure or from
activation analysis of liver cadmium concentrations in vivo. The forced expiratory volume in
1 sec (FEV) and carbon monoxide transfer (diffusion capacity) were significantly decreased
in the cadmium-exposed workers; more frequent radiographic signs of emphysema were also
recorded. The difference from the controls in carbon monoxide transfer coefficient
increased linearly with increasing cumulative exposure; exposure of 2000 pg/m3-years
resulted in a decrement of 0.05-0.3 mmol/min x kPa x L (Davison et al., 1988).

In a study of men employed in two Belgian zinc-cadmium plants, the concentration of
cadmium in the liver increased with years of past exposure (range, 3-40 years). The
concentration of cadmium in the renal cortex increased up to a level of about 250 ppm after
10-15 years of exposure and decreased with longer duration of exposure. Most of the men
with more than 20 years’ mean exposure, but none of the men with fewer than 10 years’ mean
exposure, had signs of renal dysfunction. These findings were interpreted as evidence of
accumulation of cadmium in the liver and kidneys up to the onset of renal dysfunction, which
is followed by a progressive loss of the cadmium in the kidneys (Roels et al., 198 1).Elliset al.
(1985), in a study of workers occupationally exposed to cadmium, reported that cumulative
exposure concentrations higher than 400-500 pg/m3-years (corresponding to about 40 ppm
[mg/kg] in the liver) were associated with renal abnormalities.

Workers in the cadmium recovery plant studied by Thun et al. (1985) (described in detail
on pp. 136 and 152-153) had slightly elevated mortality from nonmalignant respiratory
disease (SMR, 1.54; 95% CI, 0.88-2.51). In the study of cadmium-exposed workers in 17
plants in the United Kingdom (Kazantzis & Blanks, 1992; see pp. 154-156), the rate of
mortality from bronchitis was significantly increased in the cohort as a whole (SMR, 1.20;
95% CI, 1.03-1.39) and in the highly exposed group (SMR, 3.16; 1.68-5.40). In the whole
cohort, the SMR for emphysema was elevated (1.37; 95% CI, 0.84-2.12), but that for
nephritis and nephrosis was not (0.77; 95% CI, 0.45-1.23). Increased mortality from
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nephritis and nephrosis was, however, reported among workers in a Swedish nickel—
cadmium battery plant (SMR, 3.00; not significant) (Elinder e al., 1985; see pp. 150-151).

Possible excess mortality due to diabetes and ‘neuralgia’ [not defined] was seen over
periods of 6-30 years in Japanese communities with significant cadmium pollution
(Shigematsu et al., 1982). In another study, mortality was recorded for an average of 6.3 years
for 185 Japanese individuals over 50 years of age who had increased excretion of retinol-
binding protein, indicating kidney dysfunction due to environmental cadmium pollution. The
mortality rate was compared with that of a group of 2229 individuals who had no sign of
proteinuria. Of the 76 deaths that occurred in the group with kidney dysfunction, five were
due to respiratory disease (as compared to 1.30 expected), four in men to nephritis and renal
insufficiency (0.14 expected) and three in women to diabetes (0.50 expected). These excesses
were significant (Nakagawa er al., 1987).

In 12 women with jtai-itai disease, immunoglobulin serum concentrations were normal
and lymphocyte transformation and phytohaemagglutinin Cytotoxicity responses in vitro were
similar to those in a control group (Williams et al., 1983).

4.2.2 Experimental systems

Acute exposure of rodents to cadmium produces hepatotoxicity (Dudley ef al., 1982),
while chronic administration causes kidney damage. Cadmium-induced kidney dysfunction
produced in experimental animals is very similar to the low-molecular proteinuria seen in
cadmium workers. Histopathological examination of kidneys from horses and sea birds
exposed environmentally to cadmium showed changes indicative of chronic interstitial
nephritis (WHO, 1992a). In experimental animals, acute renal toxicity can be prevented by
pretreatment with small doses of the metal (Nordberger al., 1975). After repeated exposures
resulting in cadmium concentrations in the kidney cortex greater than about 200 mg/kg, rats
tend to develop proteinuria (WHO, 1992b); subsequently, no further accumulation of
cadmium occurs in the kidneys, presumably because of the increased urinary excretion of
cadmium that occurs with the induced proteinuria (Axelsson & Piscator, 1966). Interspecies
differences in the critical concentrations of cadmium in the kidney have been reported
(Nomiyama & Nomiyama, 1984; WHO, 1992b).

Injection into male Wistar rats of metallothionein with the same amount of bound
cadmium but different amounts of bound zinc showed that renal toxicity decreased with
increasing amounts of zinc (Kojima et al., 1991).

Inbred strains of mice show different susceptibility to cadmium-induced hepatotoxicity:
C3H/He mice are sensitive, while DBA/2 mice are resistant; however, hepatic concen-
trations of metallothionein isoforms were similar in the two strains after injection of
cadmium chloride. Susceptibiity is therefore not mediated by metallothionein (Kershaw &
Klaassen, 1991).

In a carcinogenicity study (described in detail on pp- 164, 166-167), exposure (22 h per
day for 6-18 months) to different cadmium compounds by inhalation increased mortality in
Wistar rats in a dose-related fashion, mainly from pulmonary toxicity (Glaser et al., 1990).

Alveolar hyperplasia and interstitial fibrosis were recorded in mice and golden hamsters
exposed by inhalation to similar aerosols (Heinrich ez al., 1989; see pp. 163-164, 167). The
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earliest effect of cadmium chloride and cadmium oxide aerosols seems to be type I cell
necrosis, which is followed by an increase in the number of macrophages and proliferation of
type II cells. Cadmium sulfide appears to be much less toxic (Oberdérster, 1989).
Dose-dependent increases in the volume density of hyperplastic areas occurred in male
hamsters exposed to cadmium oxide. The volume density of hyperplastic areas was also
increased in males exposed to 90 pg/m3 cadmium sulfide and in females exposed to 30 pg/m3
cadmium sulfate (Aufderheide er al., 1990).

Many studies have been carried out to elucidate the pathogenesis of itai-itai disease. In
female rhesus monkeys given a diet low in vitamin D, calcium (0.3%), phosphorus (0.3%) and
protein (14%) with a cadmium content of 3 mg/kg (as cadmium chloride) during the first
12 months, followed by 30 mg/kg, osteomalacia developed at 12 months and proteinuria was
detected at 36 months (Kimura ef al., 1988). When cadmium is included in hydroxyapatite,
the main calcium-containing mineral in bone, the solubility of the crystal is considerably
decreased (Christoffersen et al., 1988).

In female B6C3F1 mice given water containing 0, 10, 50 or 250 ppm (mg/L) cadmium
chloride for 90 days, T- and B-lymphocyte proliferation was significantly reduced. Increased
susceptibility to herpes 2 virus was also recorded (Thomas et al., 1985). In SPF female rats of
the Brown-Norway and Lewis strains given subcutaneous injections of 0.8 mg/kg bw
cadmium chloride five times a week for 15 days, the amount of cadmium that reached the
thymus was similar; however, only Brown-Norway rats had a significant decrease in S-phase
thymocytes and increases in the number of thymus cells in G, phase and in mitosis (Morselt
et al., 1988).

At concentrations below 10 pmol/L [1 mg/L}], cadmium selectively inhibited conca-
navalin A-induced T-cell proliferation but not bacterial lipopolysaccharide-induced B-cell
proliferation of spleen cells from male BALB/c mice. The effect could be prevented by
adding 30 pmol zinc to the culture medium, but the intracellular cadmium concentration and
the cadmium-induced metallothionein level were not affected (Otsuka & Ohsawa, 1991).

Natural killer cell-mediated cytotoxicity and antibody-dependent cellular cytotoxicity of
human peripheral blood lymphocytes in vitro were inhibited by cadmium concentrations of
1 uM [0.1 mg/L] and above. The inhibition of natural killer activity could be prevented
partially by adding calcium or zinc to the culture medium, zinc being most effective (Cifone
et al., 1991).

4.3 Reproductive and developmental effects

In a review of occupational exposures and defects of the central nervous system,
Roeleveld ef al. (1990) noted that cadmium could induce malformations of the brain in
experimental animals but that no data were available on the effects of prenatal or postnatal
exposure to cadmium in humans.

4.3.1 Humans

In a study of 77 pregnant smokers and 125 nonsmokers who delivered infants in
Cleveland Metropolitan General Hospital (USA), samples of blood were obtained from the
mothers within 1 h of delivery and from the umbilical cord immediately after delivery;
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placental samples were obtained immediately after delivery. Cadmium concentrations were
determined in maternal whole blood, placenta and placental, maternal and cord-vein
plasma; zinc was determined in maternal and cord-vein red blood cells. Smoking status was
confirmed by measuring plasma thiocyanate. The potential confounding variables that were
taken into account in the analysis included maternal age, gravidity, parity, gestational age,
sex of offspring, race, maternal red blood cell count, maternal haemoglobin concentration,
haematocrit and cord-vein haemoglobin concentration. The birth weights of the infants of
smokers were significantly reduced (3143 g versus 3534 g), and maternal whole blood
cadmium and thiocyanate concentrations were negatively related to birth weight. After the
confounding variables had been controlled for, thiocyanate concentration explained 5.8% of
the birth weight variance among the infants of smokers, maternal whole blood cadmium
concentration explained 8.5%, and cord-vein red blood cell zinc concentration explained
1.7%. All of variables together explained more than 30% of the variance in birth weight
(Kuhnert et al., 1987). [The Working Group noted that it was not clear whether the
differences in birth weight could be fully explained by differences in smoking, since smoking
increases blood cadmium levels, and thiocyanate measurements are only qualitative
measures of smoking.]

The relationship between placental cadmium concentration and the birth weight of the
children of a population of nonsmoking women living near a lead smelter in former
Yugoslavia was compared with that in a neighbouring town. There were 106 placentas from
the smelter region and 55 from the control region. The analysis was adjusted for ethnicity,
gender of children, maternal age, height, parity and education, mid-pregnancy blood lead
levels and alcohol consumption. The average placental cadmium concentrations were
0.73 nmol [82 ng]/g dry weight in the exposed area and 0.50 nmol [56 ng]/g in the control
area. There was no association between placental cadmium levels and either birth weight or
gestational age (Loiacono ef al., 1992).

4.3.2 Experimental systems

The effects of cadmium and cadmium compounds on reproduction in experimental
systems have been reviewed (Barlow & Sullivan, 1982; Carmichael et al., 1982; Pafizek, 1983;
Shepard, 1992).

Haemorrhagic necrosis of the ovaries was observed in Cr:RGH hamsters, in one strain
of mice (DBA), but not in three others, and in immature Fischer 344/NCr and WE/NCr rats
injected with 47.5 pumol/kg [8.7 mg/kg] cadmium chloride (Rehm & Waalkes, 1988). Asingle
intraperitoneal injection of 2 mg/kg cadmium chloride to (101 x C3H)F; or (SEC x
C57BI)F; x XO female mice had no dominant lethal or other effect on fertility, except that
it induced superovulation (Suter, 1975).

Dietary exposure to up to 10 (Lorke, 1978) or 68.8 ppm (Zenick et al., 1982) cadmium
chloride did not affect reproductive performance in male rats. Injection of cadmium chloride
to adult male rats induced an acute vascular response in the testis, leading to oedema and,
ultimately, necrosis of the seminiferous epithelium (Patizek, 1960). Vas deferens sperm
concentration, release of human chorionic gonadotropin-stimulated testosterone 14 days
after exposure and testicular weight 60 days after exposure were found to be the most
sensitive of a variety of reproductive parameters in exposed male rats. Younger (30- or
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50-day-old) male rats were less sensitive than older (70-day-old) rats to the effects of
cadmium (Laskey et al., 1984, 1986). Rat Sertoli cells in culture were at least four times more
sensitive to cadmium than interstitial (primarily Leydig) cells, suggesting a direct action of
cadmium on cells in the seminiferous epithelium (Clough et al., 1990). Laskey and Phelps
(1991) also showed a direct effect on rat Leydig cell function following exposure in vitro to
cadmium chloride.

Metallothionein was not induced by cadmium in rat, mouse or monkey testis or in
hamster ovary (Ohta et al., 1988; Waalkes & Perantoni, 1988; Waalkes et al., 1988b,c,d),
which may determine the susceptibility of these organs to cadmium (Waalkes & Goering,
1990). In contrast, Abel et al. (1991) demonstrated a cadmium-induced increase in metallo-
thionein concentration in a murine Leydig cell line and in purified rat Leydig cells.

Female mice received cadmium in their diet for six consecutive 42-day rounds of
pregnancy and lactation. Litter size at birth and pup growth were reduced at 50 but not at
25 ppm [mg/kg] (Whelton ef al., 1988). When male and female rats were gavaged with up to
10 mg/kg bw cadmium chloride per day for six weeks prior to mating and females during
pregnancy, the high dose reduced the incidence of copulation and of pregnant females and
the numbers of implants and live fetuses. Fetuses of dams given the high dose were anaemic.
No effect on male fertility was reported (Sutou ef al., 1980a,b).

In multigeneration studies in rats in which cadmium was incorporated into the diet,
offspring body weight was reduced at 100 ppm [mg/kg] (Lorke, 1978; Loser, 1980b) and the
number of litters per female was reduced in a group receiving a diet containing 6.9 ug/kg bw
more than the control levels of 4.4 jig/kg bw (Wills et al., 198 1). In a multigeneration study in
which rats received up to 5 ppm (mg/L) cadmium in the drinking-water, reductions in male
body weights (day 130), liver weights (1 ppm, days 50 and 130), epididymal sperm content
(5 ppm, day 130), serum progesterone in term F; females (5 ppm), kidney weights in F;
neonates (5 ppm) and F, litter weights [no data presented] were reported. A significant
decrease in the incidence of preimplantation death was observed in the F; females given
5.0 ppm (Laskey ez al., 1980). Exposure of rats by inhalation to 100 pg/m3 cadmium chloride
(as an aerosol) for three generations increased lung weight in males and females of all three
generations, increased leukocyte counts in males of the first two generations and in females
of all three generations, increased proteinuria in males of the first and third generations and
decreased body weight in males of the second and third generations and in females of the
third generation. No effect on reproduction was reported (Weischer & Greve, 1979).

Pre- and postimplantation mouse and rat embryos cultured in vitro were severely
affected by the presence of microgram per millilitre concentrations of cadmium chloride or
sulfate (Schmid ez al., 1983; Warner et al., 1984; Yu et al., 1985; Abraham et al., 1986; Yu &
Chan, 1987; Naruse & Hayashi, 1989; Miiller ef al., 1990).

Danielsson and Dencker (1984) found decreased vitamin B transport to the fetuses of
mice within 1 h of injection of an embryolethal dose of cadmium chloride (4 mg/kg bw) on
gestation day 16; lower doses did not affect fetal development, but vitamin By, transport was
reduced within 24 h of exposure to doses as low as 0.5 mg/kg. Transport of o-aminobutyric
acid and deoxyglucose across the placenta were largely unaffected by the treatment.
A teratogenic dose of cadmium (1.25 mg/kg bw) reduced thymidine incorporation into
embryonic DNA at 4 h and leucine incorporation into embryonic protein at 20 h (Webb &
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Samarawickrama, 1981). Injection of rats on gestation day 12 or 18 with 40 uM/kg
[7.3 mg/kg] cadmium chloride reduced blood flow from the uterus to the chorioallantoic
placenta beginning some time between 12 and 16 h after exposure (Levin & Miller, 1981;
Levin et al., 1987; Saltzman et al., 1989).

Lobes of placentas from normal-term deliveries of nonsmoking women were dually
perfused in vitro with cadmium at 0, 10, 20 or 100 nmol/ml [0-11 pg/ml]} for up to 12 h. The
synthesis and release of human chorionic gonadotropin was decreased by all concentrations
of cadmium, beginning at 4 h, and necrosis of the fetal vasculature was seen 5-8 h after
perfusion with the high dose. Zinc transfer to the fetal circuit was decreased by addition of
10 nmol/ml cadmium to the maternal perfusate (Wier ef al., 1990).

Exposure of QS/CH mice to 40 ppm (mg/L) cadmium in the drinking-water throughout
gestation resulted in reduced maternal water intake and fetal growth retardation during
gestation; the newborn mice were severely anaemic. Fetal body weights were reduced by
concentrations of 10 ppm and above (Webster, 1978). No effect on fetal viability, weight or
morphology was reported in a study in which albino rats received 100 ppm (mg/L) cadmium
as cadmium acetate in the drinking-water throughout gestation (Saxena et al., 1986). Fetal
growth retardation was observed in the offspring of Sprague-Dawley rats receiving 50 or
100 ppm (mg/L) cadmium as cadmium chloride in the drinking-water from day 6 to 20 of
pregnancy; no effect was seen with 5 ppm. The higher doses also reduced the average daily
body weight gain of dams; after adjustment for maternal weight at day 20, fetal weight deficit
was seen only at 50 ppm. No gross defect was noted (Sorell & Graziano, 1990). Exposure of
Wistar rats by inhalation to 0.2-0.6 mg/m? cadmium (median aerodynamic diameter,
0.6 pm) throughout gestation decreased maternal weight gain and increased lung weight.
The fetuses of dam given the high dose were retarded in growth, and both high- and low-dose
groups had nonsignificant decreases in haematocrit (Prigge, 1978). No effect on fetal
development was reported following dietary exposure of Long-Evans rats to up to 100 ppm
(mg/kg in diet) on days 6-15 of gestation (Machemer & Lorke, 1981). Exposure of rats
during gestation by oral gavage to doses of 40 mg/kg bw per day and above was severely toxic
to the dams; doses as low as 2 mg/kg per day had some maternal effects (Machemer & Lorke,
1981; Baranski et al., 1982). Reductions in fetal body weight were seen in Wistar rats with
doses as low as 8 mg/kg per day (Baranski et al., 1982) and in Long—Evans rats at 30 mg/kg
per day (Machemer & Lorke, 1981). Fetal hydropericardium was seen with 4 mg/kg per day
and above (Baranski ef al., 1982), and at 30 mg/kg per day a variety of fetal defects (e.g.
dysplasia of the facial bones and of the rear limbs, oedema, cleft palate) were observed in rats
(Machemer & Lorke, 1981).

- Parenteral administration of < 10 mg/kg of cadmium salts on single days during
pregnancy induced a wide range of malformations (e.g. craniofacial, eyes, limbs) in hamsters
(Gale, 1979), mice (Layton & Layton, 1979; Webster & Messerle, 1980; Murdoch & Cowen,
1981; Messerle & Webster, 1982; Feuston & Scott, 1985; Naruse & Hayashi, 1989; De et al.,
1990; Padmanabhan & Hameed, 1990) and rats (Parzyck ef al., 1978; Samarawickrama &
Webb, 1979, 1981; Holt & Webb, 1987). Direct injection of cadmium into rat fetuses late in
gestation resulted in lower fetal mortality than was expected from the body burden (Levin &
Miller, 1980). Daston and coworkers (Daston & Grabowski, 1979; Daston, 1981a,b, 1982)
demonstrated selective retardation in morphological and biochemical maturation of fetal rat
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lung at doses of cadmium chloride as low as 2 mg/kg per day injected intraperitoneally on
days 12-15 of gestation. Respiratory distress was seen in the offspring at birth.

The postnatal consequences of exposure to cadmium in utero have been studied by
several investigators. Baranski et al. (1983) reported no effect on postnatal growth of rats
following exposure of dams to up to 4 mg/kg per day by oral gavage beginning five weeks
prior to and during gestation, but they observed reduced exploratory locomotor activity in
females at two months of age after exposure of dams to doses as low as 0.04 mg/kg per day.
Ali et al. (1986) followed the offspring of rats that had received cadmium in the
drinking-water (4.2 or 8.4 pg/ml) during gestation and found impaired postnatal growth,
delayed development of cliff avoidance and swimming behaviour, elevated locomotor
activity on postnatal days 14 and 21 and reduced locomotor activity on postnatal day 60.
Lehotzky et al. (1990) injected rats subcutaneously with cadmium chloride at 0.2, 0.62 or
2 mg/kg bw per day on days 7-15 of gestation and found reduced litter size at birth but no
effect on growth. Horizontal motor activity was decreased on day 38, among offspring of
dams given 0.62 or 2 mg/kg and in all groups on day 90. Saillenfait ef al. (1991) examined
renal function in the offspring of rats exposed to up to 2.5 mg/kg bw cadmium chloride by
intraperitoneal injection on days 8, 10, 12 and 14 of gestation. Indications of compromised
renal function were observed in offspring of each sex on postnatal day 3 and in male offspring
on postnatal day 49 but not on postnatal day 12.

4.4 Genetic and related effects (see also Table 14, pp. 195 ef seq. and Appendices 1 and 2)
4.4.1 Humans

The genetic effects of cadmium and cadmium compounds in exposed humans have been
reviewed (Vainio & Sorsa, 1981; Fleig et al., 1983; Bernard & Lauwerys, 1986).

(@) Itai-itai patients

Twelve female itai-itai patients had markedly higher incidences of chromosomal
aberrations of all types in peripheral blood lymphocytes than a group of nine age-matched
control subjects (six females and three males [no further detail provided]). The patients were
women aged 52-72 years who had been living in cadmium-polluted areas of Japan for more
than 30 years and had been exposed to cadmium in the diet (water, rice, fish). Eight of the
patients were sampled two to three times at three-month intervals. All types of chromatid and
chromosomal aberrations were observed in the exposed women; the mean frequency of cells
with any abnormality was 26.7% (range, 8.9-51.2%) in the exposed and 2.6 (range,
1.5-3.8%) in controls. The incidence of aneuploidy was four times or more that of the control
group [smoking habits were not described] (Shiraishi, 1975).

In contrast, Bui et al. (1975) found no significant difference in the frequencies of cells
with structural aberrations in cultures from blood of four female itai-itai patients and from
four controls (three females, one male) living in an area of Japan known not to be
cadmium-polluted; both had high frequencies of structural aberrations: 6.6 and 6.0%,
respectively. The average age of the patients was 65 and that of controls, 75 years; blood
cadmium levels ranged from 16 to 29 ng/g whole blood in exposed and 4.4-6.1 ng/g in
controls. The samples were assayed in Sweden 96 h after sampling. The subjects were not
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suffering from viral diseases and had not been exposed to X-rays or cytostatic drugs. [The
Working Group noted the long delay between sampling and culturing. Two of six samples
were haemolysed and therefore discarded.]

(b) Environmental and dietary exposure

Nogawa et al. (1986) examined the frequency of sister chromatid exchan ge in peripheral
lymphocytes from two groups of Japanese men and women. Group 1 (eight men and 16
women) lived in the cadmium-polluted Kakehashi river basin in Ishikawa Prefecture and had
been diagnosed as having cadmium-induced renal damage. The comparison group 2 (two
men and four women) came from Uchinada-machi, which was not contaminated by
cadmium. The mean age was 76.6 years in group 1 and 68.3 yearsin group 2. The men, but not
the women, in both groups had smoked tobacco. None of the subjects had used any known
clastogenic drug or had undergone radiotherapy, and none had clinical evidence of viral
infection at the time of examination. The mean cadmium concentrations in whole blood from
men and women were 9.6 + 5.8 (ug/L) in group 1 and not detectable in group 2; the mean
concentrations in urine were 9.1 pg/g creatinine in group 1and 2.7 pg/ gcreatinine in group 2.
No difference was seen between the groups in the number of sister chromatid exchanges per
cell: group 1, 8.0 + 0.94; group 2, 9.0 + 3.13.

Tang er al. (1990) investigated the frequency of chromosomal aberrations in a
cadmium-polluted region of China. Twenty-one men (urinary cadmium concentration, 3.32
+ 1.46 pg/L) and 19 women (urinary cadmium, 3.83 + 1.82 pg/L) living at Suichang in
Zhejiang Province (soil cadmium, 1.103 ppm) for 11-62 years were compared with nine men
(urinary cadmium, 2.34 + 1.59 pg/L) and two women (urinary cadmium, 1.85 + 0.65 ng/L)
from an unpolluted region in the same general area (soil cadmium, 0.20 ppm). None of the
subjects had been exposed to chromosome damaging drugs or radiotherapy and did not have
viral infections. The frequency of abnormal cells, including structural aberrations,
aneuploidy and endoreduplication, was not significantly different in the exposed group (5.80
=+ 3.44) than in the controls (2.80 + 1.99). (Statistical analysis using transformed data gave
p < 0.01.) More individuals in the cadmium-polluted group (63.5%) had a high aberration
prevalence (> 5%) than in controls (18.2%), and more severe structural aberrations, such as
dicentrics, translocations and multiradials, were observed in the exposed group. Asignificant
dose-effect relationship between urinary cadmium content and chromosomal aberration
frequency was observed (linear regression equation given). Most men in the region were
smokers, while none of the women smoked; no effect of smoking was observed.

(¢) Occupational exposure

Deknudt and Léonard (1975) examined chromosomal aberrations in peripheral
lymphocytes from three groups of workers in a cadmium plant: group 1, 23 cadmium workers
with an average exposure of 12 years; group 2, 12 rolling-mill workers with an average
exposure of 11 years; group 3, 12 controls (administrative department in the same plant). The
materials to which exposure was considered to be relevant were: group 1, lead (60% w/w) and
cadmium (10% w/w) in the absence of zinc; and group 2, mostly zinc but also low levels of
lead (max. 4% w/w) and cadmium (max. 1% w/w). Both lead and cadmium concentrations in
blood were measured in groups 1 and 2 at the time of sampling for cytogenetic analysis; the
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mean concentrations (in pg/L) were: group 1—lead, 446 + 122.9; cadmium, 31.7 + 33.11;
group 2—lead, 208 + 44.3; cadmium, 6.3 & 5.51. Much of the variation in the concentration
of cadmium of group 1 was due to a single individual who had 179 pg/L blood. [The Working
Group noted that neither lead nor cadmium concentrations were measured in the blood of
controls.] The proportions of cells (per 100 examined) with structural abnormalities were:
group 1, 2.00; group 2, 3.96; and group 3, 3.04. The numbers of chromatid exchanges and
chromosomal translocations, rings or dicentrics per 100 cells were: group 1, 0.89; group 2,
0.54; and group 3, 0.13. The exposed groups thus showed no increase in total aberrations but
had a significantly increased frequency of more severe aberrations; however, the individual
with a very high blood cadmium level had no aberration or gap. Seven workers in group 1
who had previously been employed in coal mines for 2.5-13 years had a mean rate of severe
aberrations of [1.36/100 cells], compared with [0.69/100 cells] in the remainder of the group.
[This effect was, however, due almost entirely to the rate of a single individual.] [The
Working Group noted the absence of any record of other relevant exposures, such as tobacco
smoking, viruses, X-rays and medicaments.]

Bui et al. (1975) examined chromosomal aberrations in peripheral lymphocytes from
five men who had been employed in the electrode department of an alkaline battery factory
for 5-24 years. The average cadmium concentration in the general air of the department
during 1969-72 was 35 pg/m?, and about twice this value was estimated in personal air
samples. The control group consisted of three male office workers of about the same age as
the exposed workers and from the same factory. Cadmium concentrations were measured in
urine and blood [but it is not clear whether this was done at the same time as blood sampling
for chromosomal analysis]. The subjects were not known to be suffering from viral disease
and had not been exposed to X-rays or known clastogenic drugs. The mean cadmium
concentrations in whole blood were 37.7 + 15.5 ng/g in the exposed and 2.3 + 0.9 ng/gin the
controls; the concentrations in urine were 11.5 + 11.5 pg/g creatinine in exposed and 2.5 +
1.3 pg/g creatinine in controls. Lymphocytes were examined after culture times of both 48 h
and 72 h: At neither time was there an increase in the frequency of cells with either structural
chromosomal aberrations or numerical changes in the exposed group when compared with
the control group.

Chromosomal aberrations were studied in peripheral lymphocytes from 24 male
workers at a zinc smelting plant who had spent 3-6.5 years in zinc electrolysis, where they
were exposed to fumes and dust containing zinc, lead and cadmium (Bauchinger et al., 1976).
The exposed workers had a mean lead blood concentration of 192.9 + 66.2 pg/L and a
cadmium concentration of 3.95 4 2.68 pg/L. but had no clinical sign of metal toxicity and had
had no previous exposure to cytostatic drugs or X-irradiation. Fifteen (11 men, 4 women)
unexposed healthy members of the general population not exposed to these metals were used
as controls; the blood levels of lead and cadmium in this group were not measured but were
assumed to be the average for industrial workers—120-130 ug/L lead and 1.5 pg/L
cadmium. The numbers of cells with structural aberrations was significantly increased in the
exposed group (p < 0.001, Mann-Whitney rank test). The percentages of cells with
structural aberrations were 1.35 + 0.99 (0.018 + 0.015 assigned breaks/cell) for exposed
workers and 0.47 + 0.92 (0.0053 + 0.011 assigned breaks/cell) for the controls.
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No significant difference in chromosomal or chromatid aberration frequency was
observed between 40 workers in a cadmium pigment plant (blood cadmium, 19.5 pg/L;
range, < 2-140 pg/L) and 13 administrative and laboratory personnel at the same plant,
used as controls (blood cadmium, < 2-29 pg/L), although four cells (out of 3740) with
chromatid interchanges were observed in the exposed group only. No correlation was found
between extent of damage and exposure levels or duration [data not shown]. Exposures
ranged from six weeks to 34 years, and workers had not previously been exposed to
chromosome damaging drugs or radiation (O’Riordan et al., 1978).

Fleig et al. (1983) also found no significant difference in the incidence of chromosomal
aberrations (chromosome and chromatid type) in 14 workers exposed to cadmium-
containing dusts for 6-25 years in cadmium pigment and stabilizer production plants (1.5%
of cells with structural aberrations) when compared with 14 age-matched office workers
(1.3% of cells with structural aberrations). The concentrations of cadmium in the blood of
the workers (14-38 pg/L) were measured three years before the study; the levels for controls
were not stated. The exposed workers had not been exposed to chromosome damaging drugs
or radiotherapy.

Dziekanowska (1981) reported small increases in the incidence of chromosomal
aberrations (8.91 + 4.99), especially structural rearrangements (dicentrics, translocations),
and disturbance of spiralization in 11 cadmium-exposed workers compared with 32 healthy
non-smelter controls (6.66 + 2.38). No difference was found in the frequency of sister
chromatid exchange (cadmium-exposed group, 15.14 + 4.7; controls, 16.9 + 5.82). [The
Working Group noted the high control value for sister chromatid exchange. It is not clear
whether smoking habits were considered.]

The rates of abnormal metaphases (excluding gaps) were significantly higher in
peripheral blood lymphocytes of a group of 40 male workers (10 nonsmokers, 24 smokers,
6 ex-smokers) exposed to fumes and dusts in the production of cadmium, zinc, copper and
silver alloys in a single factory (2.6%) than in controls matched for age and smoking habits
(1.7%, p < 0.05), whereas the total rates of abnormal metaphases did not differ between the
two groups. Chromosome-type aberrations accounted for most of the observed increase. The
mean cadmium concentration in blood, measured at the time of cytogenetic assay, was 5.10 +
5.15 pg/L (range, 0.3-28.3), and the urinary concentration was 10.63 + 7.99 ug/L (range,
1.5-31.6) in workers; levels for controls were not stated. When a cumulative exposure index
was calculated for each subject (mean yearly atmospheric cadmium concentration x years of
exposure), only high-intensity, long-term exposure was associated with a significant increase
in the frequency of chromosome-type aberrations: Six of seven complex aberrations
(dicentrics and rings) observed were found in the eight subjects of this group. The workers
had not been exposed to radiation therapy, treatment with cytotoxic drugs, recent viral
diseases or occupational exposure to known clastogens (Forni et al., 1990). [The Working
Group noted that neither the exposure levels nor the blood and urine concentrations of other
metals were measured.]

4.4.2 Experimental systems

The genetic effects of cadmium compounds in experimental systems have been reviewed
(Degraeve, 1981; Hansen & Stern, 1984; Sunderman, 1984; Baker, 1985; IARC, 1987b;
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Swierenga et al., 1987), as have the mechanistic aspects of the effects (Léonard, 1988; Magos,
1991; Snow, 1992; Rossman et al., 1992).

Most experimental systems have been used to study cadmium chloride. Some data are
also available on cadmium acetate, cadmium oxide, cadmium sulfate, cadmium nitrate and
cadmium sulfide, and the genetic and related effects of those compounds are listed separately
in Table 14. The results are summarized here according to the solubility of the compounds in
water, before they are added to biological media. Thus, cadmium sulfide, oxide and
carbonate are very poorly soluble, while all of the other cadmium compounds are water-
soluble at all concentrations tested. Water solubility does not, however, necessarily reflect
solubility in vivo.

(@) Cadmium compounds readily soluble in water (acetate, chloride, nitrate, sulfate)

Cadmium chloride induced DNA strand breaks but not prophage in bacteria. Both
cadmium chloride and cadmium sulfate, but not cadmium nitrate, induced differential
toxicity in Bacillus subtilis and Escherichia coli strains. The compounds did not induce
bacterial mutation reliably; precipitation in the bacterial media may have affected bio-
availability. A few positive responses were reported with cadmium chloride and sulfate tested
in Salmonella typhimurium strains (particularly TA102) and with cadmium nitrate in E. coli
DG1153.

Cadmium chloride and cadmium sulfate induced gene conversion in Saccharomyces
cerevisiae, but cadmium chloride did not induce reverse mutation in S. cerevisize or
aneuploidy in either S. cerevisiae or Aspergillus nidulans.

Cadmium chloride induced micronuclei in Vicia faba and water hyacinth and aneuploidy
in Chinese spring wheat.

Cadmium chloride and cadmium nitrate did not induce mutation in Drosophila
melanogaster, and cadmium chloride did not induce aneuploidy in one study but did in
another, more sensitive assay.

Cadmium acetate and cadmium chloride induced DNA strand breaks in several
cultured, non-human mammalian cell lines. Cadmium sulfate induced DNA strand breaks in
primary cultures of rat hepatocytes, and cadmium chloride and cadmium nitrate induced
unscheduled DNA synthesis in the same type of cell. Cadmium chloride did not induce DNA
strand breaks in primary cultures of rat Leydig cells, which are an important target in vivo
(see section 4.2).

Cadmium chloride and cadmium sulfate are mutagenic to cultured, non-human
mammalian cells. The mutagenic activity of the chloride salt has been demonstrated at the
hprtlocus in Chinese hamster V79 cells and at the tk locus in mouse lymphoma L.5178Y cells.

In non-human mammalian cells in vitro, cadmium chloride induced a dose-dependent
increase in sister chromatid exchange frequency in one study but not in two others, in which
only single doses were used; in one of the two studies, neither cadmium acetate nor cadmium
nitrate induced sister chromatid exchange. A much higher degree of reproducibility has been
observed in the induction of chromosomal aberrations by cadmium chloride and cadmium
sulfate and in the induction of cell transformation by cadmium acetate and cadmium
chloride. The chloride also induced aneuploidy in some cultured cells.
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In cultured human cells, cadmium acetate and cadmium chloride induced DNA strand
breaks, but cadmium chloride did not induce chromosomal aberrations. Cadmium acetate
was reported to have induced aberrations in one study at very high doses. In the only
pertinent study in which a human cell line was used, cadmium chloride induced aneuploidy,
as demonstrated by the presence of centromeres in micronuclei. Cadmium chloride, but not
cadmium sulfate, induced sister chromatid exchange in human lymphocytes.

Conflicting results have been reported for the genetic effects of cadmium chloride in
mice: micronuclei and chromosomal aberrations have been observed in bone-marrow cells
in several studies but not in others. Cadmium chloride did not induce aneuploidy in bone-
marrow cells or spermatocytes of mice treated in vivo, but it induced aneuploidy in oocytes of
Syrian hamsters and, in two of three studies, of mice. Cadmium chloride did not induce
dominant lethal mutation in male rodents in five of six studies with mice or in a single study
with rats and did not induce germ-line cell translocations in mice, either cytologically or in
breeding experiments. Cadmium chloride induced morphologically abnormal sperm in mice
in three of four studies. The discrepancies in the results of the different studies do not appear
to be due to dose levels or frequency or route of treatment.

(b) Cadmium compounds sparingly soluble in water

Cadmium oxide [particle size not given] did not induce mutation in S. typhimurium, and
cadmium carbonate [particle size not given] did not induce micronuclei in cells of Vicia faba.

Only cadmium sulfide, which exists in crystalline and amorphous forms, has been tested
in cultured mammalian cells. Crystalline cadmium sulfide induced DNA strand breaks
[particle size not given] and cell transformation [particle size, 0.64 pm], whereas amorphous
cadmium sulfide [particle size, 0.64 pm] did not induce cell transformation. Cadmium sulfide
[form unspecified] induced chromosomal aberrations in cultured human lymphocytes.

Considerations with regard to genotoxic mechanisms

As metal ions may be precipitated as their insoluble phosphates by ortho-phosphate ions
in normal bacteriological culture medium and may not be detected as mutagens, modified
media were used in some studies (e.g. Pagano & Zeiger, 1992). Ochi et al. (1984) reported a
higher chromosomal aberration incidence after treatment in saline than in serum-containing
medium, and that a post-treatment recovery period of Chinese hamster cells, which allows

DNA synthesis to resume, was needed for efficient detection of cadmium-induced chromo-
somal aberrations.

Cadmium compounds are very toxic in vitro. In a screening study for cytotoxicity in
BALB/c 3T3 cells, cadmium ranked second only to methylmercury in toxic potency
(Borenfreund & Babich, 1987). Prostatic fibroblasts were more sensitive to cadmium toxicity
than prostatic epithelial cells from the same species (Terracio & Nachtigal, 1986).

It was reported in many studies that exposure to cadmium induced DNA strand breaks
(see Table 14). Ochi and Ohsawa (1983) reported single-strand breaks and, possibly,
DNA-protein cross-links in Chinese hamster cells. In vitro, cadmium-metallothionein, but
not cadmium alone, caused DNA strand breaks (Miiller ez al., 1991). [The Working Group
noted that the significance of this observation for the cell is questionable, since zinc
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pretreatment (which causes induction of metallothionein) resulted in a reduction of
cadmium toxicity and DNA strand breaks (Coogan et al., 1992).]

The frequencies of cadmium-induced DNA strand breaks and chromosomal aberrations
are reduced in cells treated with antioxidants, suggesting a relationship between single-
strand breaks and active oxygen species. Various scavengers of active oxygen species were
assayed for their ability to block chromosomal aberrations induced by cadmium chloride; no
effect was seen with superoxide dismutase or dimethylfuran (a scavenger of singlet oxygen),
but catalase blocked the induction of aberrations in a dose-dependent manner. D-Mannitol,
a scavenger of hydroxyl radicals, also blocked aberration induction, as did the antioxidant
butylated hydroxytoluene (a diffusible radical scavenger) (see IARC, 1986b). These results
suggest that cadmium chloride is genotoxic by producing hydrogen peroxide, which can form
hydroxyl radicals in the presence of iron or copper ions (Rossman et al., 1992). Cadmium
chloride treatment also reduced the cellular glutathione level (Ochi et al., 1983; Ochi &
Ohsawa, 1985; Ochi et al., 1987; Snyder, 1988). Selenium may also inhibit the clastogenic
effects of cadmium in mouse bone marrow, but the interaction, if confirmed, appears to be
complex (Mukherjee et al., 1988a). [The Working Group considered this an interesting
observation, which could contribute to an understanding of the difficulty in reproducing the
genetic effects of cadmium compounds in vivo, since selenium levels in rodent diets differ
with time and place.]

Various studies have shown that cadmium compounds synergistically increase the effects
of other chemicals. For example, cadmium increased the induction of micronuclei by NDMA
in mice (Watanabe ef al., 1982), enhanced ultraviolet-induced mutagenesis in V79 Chinese
hamster cells (Hartwig & Beyersmann, 1989), but not in E. coli (Rossman & Molina, 1986),
enhanced meiotic nondisjunction induced by y-irradiation in Drosophila oocytes (Kogan
etal., 1978) and enhanced benzo[a]pyrene-induced transformation of Syrian hamster
embryo cells (Rivedal & Sanner, 1981). Inhibition of DNA repair by cadmium has been
suggested as a mechanism for these interactions (e.g. Zasukhina & Sinelschikova, 1976).
Cadmium inhibits human DNA polymerase B (a polymerase implicated in DNA replication)
(Popenoe & Schmaeler, 1979) and OS-methylguanine-DNA methyl transferase
(Bhattacharyya et al., 1988). Other effects on DNA repair have been reviewed (Rossman
et al., 1992).

Cadmium ion induces a number of genes in animal cells. Doses of 5-10 uM [917-
1834 pg] cadmium chloride induced transient accumulation of c-jun and c-myc mRNA2-4 h
after treatment of L6J1 rat myoblasts (Jin & Ringertz, 1990). Cadmium chloride inhibited
differentiation of Drosophila embryonic cultures, while inducing the entire set of heat-shock
proteins (Bournias-Vardiabasis et al., 1990). It also induced haem oxygenase in human skin
fibroblasts (Keyse & Tyrrell, 1989) and rat small intestinal epithelium (Rosenberg & Kappas,
1991) and metallothionein in Leydig cells (Abel et al., 1991). The induction of hepatocytic
transdifferentiation by cadmium in rat pancreas (Konishi et al., 1990) and characteristics of
the granulocyte phenotype in promyelocytic leukaemic cells (Richards ef al., 1988) also
suggest that it can modify gene expression.

Various researchers have reported that cadmium affects the spindle apparatus (possibly
through interactions with thiol compounds, which have a high affinity for cadmium ion
[PK4 ~ 17] [Verbost et al., 1989]). Kogan et al. (1978) and Ramel and Magnusson (1979)



Table 14. Genetic and related effects of cadmium and cadmium compounds

Test system

Result

Without With
€xogenous
metabolic

system system

exogenous
metabolic

Dose?
(LED/HID)

Reference

Itai-itai patients
CLH, Chromosomal aberrations, human lymphocytes in vivo

CLH, Chromosomal aberrations, human lymphocytes in vivo
AVH, Aneuploidy, human lymphocytes in vivo

Environmental/dietary exposure
SLH, Sister chromatid exchange, human lymphocytes in vivo

SLH, Chromosomal aberrations, human lymphocytes in vivo

Occupational exposure

SLH, Sister chromatid exchange, human lymphocytes in vivo
CLH, Chromosomal aberrations, human lymphocytes in vivo

CLH, Chromosomal aberrations, human lymphocytes in vivo

CLH, Chromosomal aberrations, human lymphocytes in vivo
CLH, Chromosomal aberrations, human lymphocytes in vivo

CLH, Chromosomal aberrations, human lymphocytes in vivo
CLH, Chromosomal aberrations, human lymphocytes in vivo
CLH, Chromosomal aberrations, human lymphocytes in vivo

?b

(+Y

(+)

+

0.029 (blood, max.)
0.031 (per g urinary
creatinine, max.)
NR

NR

0.01 (blood)

0.01 (per g urinary
creatinine)

NR

0.003 (urine, men)
0.004 (urine, women)

NR
0.032 (blood)

0.061 (blood)

0.031 (per g urinary
creatinine, max.)
0.004 (blood)

0.020 (blood)

NR
0.038 (blood)

0.0003-0.0283 (blood)
0.0015-0.0316 (urine)

Bui et al. (1975)

Shiraishi (1975)
Shiraishi (1975)

Nogawa et al. (1986)

Tang et al. (1990)

Dziekanowska (1981)
Deknudt & Léonard
(1975)

Bui et al. (1975)

Bauchinger et al.
(1976)

O’Riordan et al.
(1978)

Dziekanowska (1980)
Fleig et al. (1983)
Forni et al. (1990)

SANNOdNOD WNINAVD ANV NNINAVD

S61



Table 14 (contd)

Test system Result Dose? Reference
(LED/HID)
Without With
€XOgenous  exogenous
metabolic metabolic
system system
Cadmium acetate
DIA, DNA strand breaks, cross-links, hamster fibroblasts + 0 0.11 Casto (1983)
in vitro
SIC, Sister chromatid exchange, Chinese hamster DON cells - 0 0.13 Ohno et al. (1982)
in vitro
TCS, Cell transformation, Syrian hamster embryo cells, + 0 0.04 DiPaolo & Casto (1979)
clonal assay in vitro
TCS, Cell transformation, Syrian hamster embryo cells, (+) 0 0.21 Rivedal & Sanner (1981)
clonal assay in vitro
T7S, Cell transformation, SA7/Syrian hamster embryo cells + 0 0.11 Casto et al. (1979)
in vitro
DIH, DNA strand breaks, cross-links, human cells in vitro + 0 21 Casto (1983)
CHL, Chromosomal aberrations, human lymphocytes in vitro  (+) 0 11.2 Gasiorek & Bauchinger
(1981)
Cadmium chloride
PRB, X\ Prophage induction/SOS/strand breaks/cross-links - 0 7.2 Rossman ez al. (1984)
ECB, Escherichia coli, DNA strand breaks + 0 0.34 Mitra & Bernstein (1978)
BSD, Bacillus subtilis rec strains, differential toxicity + 0 280 Nishioka (1975)
BSD, Bacillus subtilis rec strains, differential toxicity + 0 28 Kanematsu et al. (1980)
ERD, Escherichia coli differential toxicity + + 60 De Flora et al. (1984a)
SAF, Salmonella typhimurium TA1537, forward mutation to + 0 56 Mandel & Ryser (1984)
8-azaguanine resistance
SAOQ, Salmonella typhimurium TA100, reverse mutation - - 150 Bruce & Heddle (1979)
SAQ, Salmonella typhimurium TA100, reverse mutation - 0 1120 Tso & Fung (1981)
SAQ, Salmonella typhimurium TA100, reverse mutation - 0 56 Mandel & Ryser (1984)
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Table 14 (contd)

Test system Result Dose? Reference
(LED/HID)

Without With

€X0genous  exogenous

metabolic metabolic

system system
Cadmium chloride (contd)
SAO, Salmonella typhimurium TA100, reverse mutation - - 610 Mortelmans ef al. (1986)
SAO0, Salmonella typhimurium TA100, reverse mutation - - NR De Flora et al. (1984a)
SA2, Salmonella typhimurium TA102, reverse mutation (+) (+) 8 De Flora et al. (1984b)
SAS, Salmonella typhimurium TA1535, reverse mutation + 0 56 Mandel & Ryser (1984)
SAS, Salmonella typhimurium TA1535, reverse mutation - - 610 Mortelmans et al. (1986)
SAS, Salmonella typhimurium TA1535, reverse mutation - - NR De Flora et al. (1984a)
SA7, Salmonella typhimurium TA1537, reverse mutation - - 150 Bruce & Heddle (1979)
SA7, Salmonella typhimurium TA1537, reverse mutation + 56 Mandel & Ryser (1984)
SA7, Salmonella typhimurium TA1537, reverse mutation - - 610 Mortelmans et al. (1986)
SA7, Salmonella typhimurium TA1537, reverse mutation - - NR De Flora et al. (1984a)
SA8, Salmonella typhimurium TA1538, reverse mutation - - NR De Flora et al. (1984a)
SA9, Salmonella typhimurium TA98, reverse mutation - - 150 Bruce & Heddle (1979)
SA9, Salmonella typhimurium TA98, reverse mutation - - 610 Mortelmans et al. (1986)
SA9, Salmonella typhimurium TA98, reverse mutation ~ - NR De Flora et al. (1984a)
SAS, Salmonella typhimurium TA97, reverse mutation - - NR De Flora et al. (1984b)
SAS, Salmonella typhimurium TA1975, reverse mutation (+) - 56 Mandel & Ryser (1984)
SAS, Salmonella typhimurium TA97, reverse mutation - 0 224 Pagano & Zeiger (1992)
SCG, Saccharomyces cerevisiae, gene conversion + 0 11.2 Fukunaga et al. (1982)
SCG, Saccharomyces cerevisiae, gene conversion + 0 61 Schiestl et al. (1989)
SCR, Saccharomyces cerevisiae, reverse mutation - 0 34 Fukunaga et al. (1982)
SCN, Saccharomyces cerevisiae, aneuploidy - 0 50 Whittaker et al. (1989)
SCN, Saccharomyces cerevisiae, aneuploidy - 0 9 Albertini (1990)
ANN, Aspergillus nidulans, aneuploidy - 0 610 Crebelli ez al. (1991)
PLI, Vicia faba, micronuclei + 0 45 De Marco et al. (1988)
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Table 14 (contd)
Test system Result Dose? Reference
(LED/HID)
Without With
€X0genous  exogenous
metabolic metabolic
system system
Cadmium chloride (contd)
PLI, Water hyacinth root tips, micronuclei + 0 0.006 Rosas et al. (1984)
PLN, Chinese spring wheat, aneuploidy + 0 0.61 Sandhu et al. (1991)
DMM, Drosophila melanogaster, somatic mutation or - 240 Rasmuson (1985)
recombination’
DMX, Drosophila melanogaster, sex-linked recessive lethal - 30 Inoue & Watanabe (1978)
mutations
DMX, Drosophila melanogaster, sex-linked recessive lethal - 112 Kogan et al. (1978)
mutations
DMX, Drosophila melanogaster, sex-linked recessive lethal - 30 Chung & Kim (1982)
mutations
DMN, Drosophila melanogaster, aneuploidy - 38 Ramel & Magnusson
(1979)
DMN, Drosophila melanogaster, aneuploidy + 12 Osgood et al. (1991)
DIA, DNA strand breaks, Chinese hamster ovary cells + 0 11 Robison et al. (1982)
in vitro
DIA, DNA strand breaks, Chinese hamster ovary cells - 0 112 Hamilton-Koch et al.
in vitro (1986)
DIA, DNA strand breaks, cross-links, Chinese hamster V79  + 0 2.24 Ochi & Ohsawa (1983)
cells in vitro
DIA, DNA strand breaks, TRL-1215 rat liver cells in vitro + 0 56 Coogan et al. (1992)
DIA, DNA strand breaks, rat primary Leydig cells in vitro - 0 45 Koizumi et al. (1992)
G9H, Gene mutation, Chinese hamster lung V79 cells, + 0 0.11 Ochi & Ohsawa (1983)
hprt locus, in vitro
G9H, Gene mutation, Chinese hamster lung V79 cells, (+) 0 0.22 Hartwig & Beyersmann
hprt locus, in vitro (1989)
G9H, Gene mutation, Chinese hamster lung V79 cells, + 0 0.001 Kanematsu et a/. (1990)

hprt locus, in vitro
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Table 14 (contd)

| Test system Result Dose? Reference
(LED/HID)
Without With
€X0genous  exogenous
metabolic metabolic
system system
Cadmium chloride (contd)
GST, Gene mutation, mouse lymphoma 1.5178Y cells, (+) 0 0.07 Amacher & Paillet (1980)
tk locus, in vitro
GST, Gene mutation, mouse lymphoma L5178Y cells, + 0 0.09 McGregor et al. (1988)
tk locus, in vitro
SIC, Sister chromatid exchange, Chinese hamster ovary cells - 0 0.045 Deaven & Campbell
in vitro (1980)
SIC, Sister chromatid exchange, Don Chinese hamster cells - 0 0.11 Ohno et al. (1982)
in vitro
SIC, Sister chromatid exchange, Chinese hamster ovary cells + 0 0.001 Howard et al. (1991)
in vitro
MIA, Micronucleus test (aneuploidy), Chinese hamster lung  + 0 1.22 Antoccia et al. (1991)
Cl-1 cells
CIC, Chromosomal aberrations, Chinese hamster V79 cells  + 0 0.11 Deaven & Campbell
in vitro (1980)
CIC, Chromosomal aberrations and polyploidy, Chinese + 0 0.11 Ochi et al. (1984)
hamster V79 cells in vitro
CIC, Chromosomal aberrations, Chinese hamster V79 cells  + 0 1.12 Ochi & Ohsawa (1985)
in vitro
CIC, Chromosomal aberrations, Chinese hamster ovary cells + 0 0.06 Lakkad et al. (1986)
in vitro
CIC, Chromosomal aberrations, Chinese hamster ovary cells + 0 0.01 Howard et al. (1991)
in vitro
CIT, Chromosomal aberrations, mouse mammary carcinoma - 0 3.58 Umeda & Nishimura
cells in vitro (1979)
TBM, Cell transformation, BALB/c 3T3 mouse cells in vitro  + 0 0.17 Saffiotti & Bertolero

(1989)
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Table 14 (contd)

Test system Result Dose? Reference
(LED/HID)
Without With
€XOgEenous  exogenous
metabolic metabolic
system system
Cadmium chloride (contd)
TCL, Cell transformation, rat ventral prostate cells in vitro + 0 0.003 x 7 days Terracio & Nachtigal
(1986)
TCL, Cell transformation, Indian muntjac skin fibroblasts + 0 0.56 x 20 months Chibber & Ord (1990)
in vitro
T7S, Cell transformation, SA7/Syrian hamster embryo cells ~ + 0 0.22 Casto et al. (1979)
in vitro
DIH, DNA strand breaks, human lymphocytes in vitro + 0 2.8 Zasukhina &
Sinelschikova (1976)
DIH, DNA strand breaks, human lymphocytes in vitro - 0 5.6 McLean et al. (1982)
DIH, DNA strand breaks, human diploid (HSBP) fibroblasts + 0 14 Hamilton-Koch et al.
in vitro (1986)
DIH, DNA strand breaks, human diploid (HSBP) fibroblasts + 0 14 Snyder (1988)
in vitro
MIH, Micronuclei (aneuploidy), human LEO fibroblasts + 0 0.03 Bonatti et al. (1992)
in vitro
SHL, Sister chromatid exchange, human lymphocytes in vitro ~ + 0 0.56 Han et al. (1992)
CHL, Chromosomal aberrations, human lymphocytes in vitro - 0 5.6 Deknudt & Deminatti
' (1978)
SVA, Sister chromatid exchange, mouse bone-marrow cells  + 0 0.51,ip x 1 Mukherjee et al. (1988b)
in vivo
SVA, Sister chromatid exchange, pregnant mouse - 0 7,8¢ X 1 Nayak et al. (1989)
bone-marrow cells in vivo
SVA, Sister chromatid exchange, mouse fetal liver and - 0 7, transplacentally Nayak et al. (1989)
lung cells in vivo x 1
MVM, Micronuclei, mice in vivo - 0 9.15, ip Bruce & Heddle (1979)
MVM, Micronuclei, mice in vivo - 0 50, in drinking-water ~ Watanabe et al. (1982)

X 7 days
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Table 14 (contd)

Test system Result Dose Reference
' (LED/HID)
Without With
exogenous  exogenous
metabolic metabolic
system system
Cadmium chloride (contd)
MVM, Micronuclei, mice in vivo + 0 092,ip x 1 Kozachenko et al. (1987)
MVM, Micronuclei, mice in vivo (+) 0 4.12,ip x 1 Mukherjee et al. (1988b)
MVM, Micronuclei, mice in vivo - 0 0.06, po X 2 Volkova & Karplyuk
(1990)
MVM, Micronuclei, mice in vivo - 0 6.10,ip x 1 Adler et al. (1991)
MVM, Micronuclei, mice in vivo + 0 0.43,ip x 1 Han et al. (1992)
CBA, Chromosomal aberrations, mouse bone-marrow cells - 0 44, in diet X 1 month Deknudt & Gerber
in vivo (1979)
CBA,.Chromosomal aberrations, mouse bone-marrow cells + 0 0.26,ip x 1 Mukherjee et al. (1988b)
in vivo
CBA, Chromosomal aberrations, mouse bone-marrow cells  + 1.07, po X 7-21days  Mukherjee et al. (1988a)
in vivo
CBA, Chromosomal aberrations, mouse bone-marrow cells - 30.5,ip x 1 Chopikashvili et al.
in vivo (1989)
CBA, .Chromosomal aberrations, mouse bone-marrow cells + 043,ip x 1 Han et al. (1992)
in vivo
CGC, Chromosomal aberrations, mouse spermatocytes - 1.83,ip x 1 Gilliavod & Léonard
in vivo (1975)
DLM, Dominant lethal mutation, mice in vivo - 43,ip x 1 Epstein et al. (1972)
DLM, Dominant lethal mutation, mice in vivo - 1.07,ip x 1 Gilliavod & Léonard
(1975)
DLM, Dominant lethal mutation, mice in vivo - 1.22,ip x 1 Suter (1975)
DLM, Dominant lethal mutation, mice in vivo - 2.44,ip x 1 Ramaiya &
Pomerantseva (1977)
DILM, Dominant lethal mutation, mice in vivo - 244ip x 1 Pomerantseva et al.
(1980)
DLM, Dominant lethal mutation, mice in vivo (+) 1.83, po X § days Bleyl & Lewerenz

(1980)
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Table 14 (contd)
Test system Result Dose? Reference
(LED/HID)
Without With
€x0genous  exogenous
metabolic metabolic
system system
Cadmium chloride (contd)
DLR, Dominant lethal mutation, rats in vivo - 6.10, po X 6 weeks  Sutou er al. (1980b)
MHT, Heritable translocation, mice in vivo - 1.07,ip x 1 Gilliavod & Léonard
(1975)
AVA, Aneuploidy, mouse oocytes in vivo (+) 3.66,sc x 1 Shimada et al. (1976)
AVA, Aneuploidy, mouse oocytes in vivo (+) 3.66,sc x 1 Watanabe et al. (1977)
AVA, Aneuploidy, mouse oocytes in vivo - 3.66,ip X 1 Mailhes et al. (1988)
AVA, Aneuploidy, Syrian hamster oocytes in vivo + 0.61,sc x 1 Watanabe et al. (1979)
AVA, Aneuploidy, mouse spermatocytes in vivo (+) 3.66,ip x 1 Miller & Adler (1992)
SPM, Sperm morphology, mice in vivo + 244,ip x 1 Pomerantseva et al.
(1980)
SPM, Sperm morphology, mice in vivo - 9,ip, X 5 Bruce & Heddle (1979)
SPM, Sperm morphology, mice in vivo + 0.51,ip x § Mukherjee et al. (1988b)
SPM, Sperm morphology, mice in vivo + 037,ipx 1 Han et al. (1992)
*»*, Inhibition of DNA synthesis, mouse testis in vivo + 10,ip x 1 Friedman & Staub
(1976)
***, Decreased chromosome length, human lymphocytes + 0 1.12,4h Andersen et al. (1983)
in vitro
***, Stimulation of DNA synthesis in mouse liver and other  + ,ipx1 Hellman (1986)
organs in vivo
Cadmium nitrate
BSD, Bacillus subtilis rec strains, differential toxicity - 0 280 Nishioka (1975)
BSD, Bacillus subtilis rec strains, differential toxicity + 0 28 Kanematsu ez al. (1980)
SAO, Salmonella typhimurium TA100, reverse mutation - 0 NR Arlauskas et al. (1985)
SAS, Salmonella typhimurium TA1535, reverse mutation - 0 NR Arlauskas er al. (1985)

4174
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Table 14 (contd)

in vitro

Test system Result Dose? Reference
(LED/HID)
Without With
€XOgenous  €xogenous
metabolic metabolic
system system
Cadmium nitrate (contd)
SA7, Salmonella typhimurium TA1537, reverse mutation - 0 NR Arlauskas er al. (1985)
SAS8, Salmonella typhimurium TA1538, reverse mutation - 0 NR Arlauskas et al. (1985)
SA9, Salmonella typhimurium TA98, reverse mutation - 0 NR Arlauskas et al. (1985)
ECR, Escherichia coli DG1153, reverse mutation -4 0 NR Arlauskas et al. (1985)
SIC, Sister chromatid exchange, Chinese hamster DON cells - 0 0.18 Ohno et al. (1982)
in vitro
DMM, Drosophila melanogaster, somatic mutation or - 132 Rasmuson (1985)
recombination
Cadmium sulfate
ERD, Escherichia coli differential toxicity + + 67 De Flora et al. (1984a)
BSD, Bacillus subtilis rec strains, differential toxicity + 0 28 Kanematsu ez al. (1980)
SAS, Salmonella typhimurium TA97, reverse mutation - - NR De Flora et al. (1984a)
SAS8, Salmonella typhimurium TA98, reverse mutation - - NR De Flora et al. (1984a)
SAQ, Salmonella typhimurium TA100, reverse mutation - - NR De Flora et al. (1984a)
SA2, Salmonella typhimurium TA102, reverse mutation (+) (+) 7 De Flora et al. (1984b)
SA2, Salmonella typhimurium TA102, reverse mutation - 0 0.03 Marzin & Phi (1985)
SAS, Salmonella typhimurium TA1535, reverse mutation - - NR De Flora et al. (1984a)
SA7, Salmonella typhimurium TA1537, reverse mutation - - NR De Flora et al. (1984a)
SA8, Salmonella typhimurium TA1538, reverse mutation - - NR De Flora et al. (1984a)
SCG, Saccharomyces cerevisiae, gene conversion + 0 54 Schiestl et al. (1989)
DIA, DNA strand breaks, rat hepatocytes in vitro + 0 3.36 Sina et al. (1983)
GST, Gene mutation, mouse lymphoma L.5178Y cells, + 0 0.08 Oberly et al. (1982)
tk locus in vitro
CIC, Chromosomal aberrations, Chinese hamster fibroblasts -+ 0 11.2 Rohr & Bauchinger

(1976)
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Table 14 (contd)
Test system Result Dose? Reference
(LED/HID)
Without With
€X0genous  exogenous
metabolic metabolic
system system
Cadmium sulfate (contd)
CIC, Chromosomal aberrations, Chinese hamster ovary cells + 0 0.11 Armstrong et al. (1992)
in vitro
CIC, Chromosomal aberrations, Chinese hamster ovary cells + 0 0.22 Bean et al. (1992)
in vitro
SHL, Sister chromatid exchange, human lymphocytes in vitro - 0 0.69 Bassendowska-Karska
& Zawadzka-Kos (1987)
HMA, Chromosomal aberrations, mouse ascites tumour - 0.02, parenterally  Bishun & Pentecost
cells in vivo X 1 (1981)
" Cadmium sulfide
DIA, DNA strand breaks, Chinese hamster ovary cells + 0 8 X 24h Robison et al. (1982)
in vitro®
TCS, Cell transformation, Syrian hamster embryo cells, + 0 0.78 Costa er al. (1982)
clonal assay in vitro®
TCS, Cell transformation, Syrian hamster embryo cells, - 0 3.90 Costa et al. (1982)
clonal assay in vitrof
CHL, Chromosomal aberrations, human lymphocytes in vitro  + 0 0.05 x 4h Shiraishi et al. (1972)
(unspecified)
Cadmium oxide
SAO, Salmonella typhimurium TA100, reverse mutation - 0 1466 Mortelmans et al. (1986)
SAS, Salmonella typhimurium TA1535, reverse mutation - 0 147 Mortelmans et al. (1986)
SA7, Salmonella typhimurium TA1537, reverse mutation - 0 147 Mortelmans et al. (1986)
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Table 14 (contd)

Test system Result Dose? Reference
(LED/HID)
Without With
€XOgenous  exogenous
metabolic metabolic
system system
Cadmium oxide (contd)
SAS, Salmonella typhimurium TA98, reverse mutation - 0 1466 Mortelmans et al.
(1986)
Cadmium carbonate
PLI, Vicia faba, micronuclei -£ 0 0 De Marco et al. (1988)

+, considered to be positive; (+ ), considered to be weakly positive in an inadequate study; -, considered to be negative; ?, considered to be
inconclusive (variable responses in several experiments within an adequate study); 0, not tested
9LED, lowest effective dose; HID, highest ineffective dose. In-vitro tests, pg/ml; in-vivo tests, mg/kg bw. Doses given as concentration of element,

not concentration of compound. ip, intraperitoneally; sc, subcutaneously; po, orally,

bExposed to lead and cadmium

“Positive at 12.5-25 uM in distilled deionized water

“Positive in fluctuation assay for E. coli DG1153 at 0.67 pg/ml
Crystalline cadmium sulfide

fAmorphous cadmium sulfide

8Induced by 8 x 104 M in the presence of equimolar nitrilotriacetic acid 3Na salt

***Not displayed on profiles

by gavage; NR, not reported
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reported non-disjunction of meiotic chromosomes in D. melanogaster after exposure to
cadmium, suggesting damage to the mitotic apparatus. Lakkad et al. (1986) observed
chromosomal damage after exposure of Chinese hamster ovary cells to very low concen-
trations of cadmium in vitro, which included micronuclei, lagging chromosomes, chromatid
bridges and multinucleated cells, suggesting spindle damage. A project for the validation of
tests for aneuploidy coordinated by the Commission of the European Communities included
cadmium chloride among 10 known or presumed spindle poisons: Cadmium-induced spindle
disturbances and aneuploidy were observed in test systems ranging from yeast to human cells
and in mice in vivo (Table 14). Cadmium chloride also inhibited the assembly of purified
Drosophila microtubules in vitro (Sehgal et al., 1990).

The ionic charge and radius of Cd?t are comparable to those of Ca?* (Chao et al.,
1984). Thus, Cd>* could conceivably replace Ca2* at cellular Ca2* binding sites and lead to
disturbances in cellular calcium homeostasis. Verbost et al. (1989) observed inhibition of
Ca’*-ATPase-mediated Ca2* extrusion in erythrocyte ghosts by Cd?* at nanomolar concen-
trations, with involvement of thiol groups. [The Working Group noted that this effect
occurred at very low concentrations and could have many consequences for cellular
metabolism.]

3. Summary of Data Reported and Evaluation

5.1 Exposure data

Cadmium is found at low concentrations in the Earth’s crust, mainly as the sulfide in
zinc-containing mineral deposits. Since the early twentieth century, it has been produced and
used in a variety of applications in alloys and in compounds. Among the important
compounds of cadmium are cadmium oxide (used in batteries, as an intermediate and
catalyst and in electroplating), cadmium sulfide (used as a pigment), cadmium sulfate (used
asan intermediate and in electroplating) and cadmium stearate (used as a plastics stabilizer).

Occupational exposure to cadmium and cadmium compounds occurs mainly in the form
of airborne dust and fume. Occupations in which the highest potential exposures occur
include cadmium production and refining, nickel-cadmium battery manufacture, cadmium
pigment manufacture and formulation, cadmium alloy production, mechanical plating, zinc
smelting, soldering and polyvinylchloride compounding. Although levels vary widely among
the different industries, occupational exposures generally have decreased in the last two
decades.

Urinary and blood cadmium concentrations are generally much lower in non-
occupationally exposed people, for whom the most important sources of exposure are
cigarette smoking and, especially in polluted areas, eating certain foods (e.g. rice).
Acidification of cadmium-containing soils and sediments may increase the concentrations of
cadmium in surface waters and crops.

5.2 Human carcinogenicity data

Following a report of the occurrence of prostatic cancers in a small group of workers
employed before 1965 in a plant manufacturing nickel-cadmium batteries in the United
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Kingdom, a series of cohort analyses were undertaken, which did not confirm the excess
among the remaining workers; however, an increase in mortality rates from lung cancer was
detected. A small cohort working in the same industry was studied in Sweden: no excess of
prostatic cancer was detected, but a nonsignificant increase in mortality from lung cancer was
found among workers who had the longest duration of employment and latency.

Two small copper-cadmium alloy plants were studied in the United Kingdom. The rate
of mortality from lung cancer was increased in one of them but decreased in the other. A
case~control analysis of lung cancer did not show any association with exposure to cadmium.
No increase in mortality from prostatic cancer was found in these two plants, while in a
similar plant in Sweden a nonsignificant excess was detected.

Excess mortality from lung cancer was reported among workers employed in a US
cadmium recovery plant, and a dose-response relationship was demonstrated between
estimated cumulative exposure to cadmium and lung cancer risk. The latter was unlikely to
be due to confounding by cigarette smoking and persisted among workers employed after
1940, when little arsenic was present in feedstock. Excess mortality from prostatic cancer was
found initially, but the relative risk diminished and became nonsignificant with further
follow-up.

In a large cohort of workers from 17 cadmium processing plants in the United Kingdom,
decreased mortality from prostatic cancer was observed, while that from lung cancer was
increased in the overall cohort and there were suggested trends with duration of employment
and with intensity of exposure. The increase in lung cancer risk was stronger in the small
proportion of workers with high cadmium exposure. Confounding by concomitant exposure
to other cancer determinants, including arsenic, was not controlled for. Excess mortality
from stomach cancer, which was not related to intensity of cadmium exposure, was also
reported among these workers.

A number of early studies reported an increased risk for prostatic cancer among
cadmium workers, but the results of later studies were not consistent. Early and recent
studies provide consistent evidence that the risk for lung cancer is increased among workers
exposed to cadmium.

Constraints that influence the assessment of both lung and prostatic cancer risk are that
the number of long-term, highly exposed workers is small, the historical data on exposure to
cadmium are limited, particularly for the non-US plants, and the ability to define and
examine a gradient of cumulative exposure varies across studies. Additionally, for cohort
studies, prostatic cancer poses special difficulties in that it is subject to the possibility of
detection bias. Confounding by cigarette smoking in relation to lung cancer was addressed
directly only in the study from the USA, but some other studies provided analyses based on
internal comparisons, which are not likely to be affected by this problem. Control of the
confounding effect of co-exposure to other metals, particularly arsenic and nickel, was
limited; however, the analyses in which an attempt was made to distinguish US cadmium-
exposed workers with different levels of exposure to arsenic indicated that the increase in
lung cancer risk was unlikely to be explained by exposure to arsenic.
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5.3 Animal carcinogenicity data

Cadmium chloride, cadmium sulfate and cadmium acetate have been tested by oral
administration in several studies in mice and rats. Most of the studies were inadequate for an
evaluation of carcinogenicity. Two adequate studies on cadmium chloride in rats are
available. In one study with controlled dietary zinc levels in male rats, cadmium chloride
produced dose-related increases in the incidences of leukaemia, interstitial-cell tumours of
the testis and proliferative lesions of the prostate. In another study on cadmium chloride in
rats, in which zinc levels in diet were not controlled, no increase in tumour incidence was
seen.

In two inhalation studies in rats, malignant lung tumours were produced by cadmium
chloride, cadmium sulfide/sulfate, cadmium sulfate and cadmium oxide fume and dust at low
levels of exposure for short durations. In one study in rats by intratracheal instillation,
malignant pulmonary tumours were produced by cadmium sulfide and cadmium chloride,
but not by cadmium oxide. In one inhalation study in mice of cadmium chloride, cadmium
sulfide/sulfate, cadmium sulfate and cadmium oxide fume and dust, some groups exposed to
cadmium oxide fume or dust had increased incidences of lung tumours. In one inhalation
study in hamsters of cadmium chloride, cadmium sulfide/sulfate, cadmium sulfate and
cadmium oxide fume and dust, no increase in the incidence of lung tumours was found.

In several studies, single or multiple subcutaneous injections of cadmium chloride,
cadmium sulfide, cadmium sulfate and cadmium oxide and of cadmium-containing rat liver
ferritin caused local sarcomas in rats. Mice appear to be generally less susceptible than rats to
induction of local tumours by cadmium compounds. Cadmium powder, cadmium chloride
and cadmium sulfide produced local sarcomas in rats following intramuscular adminis-
tration. In a single study by intraperitoneal injection in rats, cadmium sulfide induced
malignant tumours within the peritoneal cavity. Cadmium chloride in mice and rats and
cadmium sulfate and cadmium-precipitated rat liver ferritin in rats produced testicular
interstitial tumours after subcutaneous administration. Dietary zinc deficiency enhanced the
multiplicity of cadmium-induced interstitial-cell tumours of the testis and increased the
incidence of local tumours at the site of subcutaneous cadmium injections. Subcutaneous
injection of cadmium chloride to rats produced tumours of the prostate but only at doses
below the level that induced cadmium-induced testicular degeneration or when such
degeneration was prevented by concurrent exposure to zinc. Intramuscular administration of
cadmium chloride also induced prostatic tumours in rats. Subcutaneous administration of
cadmium chloride increased the incidence of pancreatic tumours in rats in one study and
decreased the incidence in another.

In limited studies in rats, injection of cadmium chloride into the prostate produced
malignant prostatic tumours.

Administration of excess zinc by inhalation, parenteral and oral routes has been shown
to reduce the carcinogenic potential of cadmium after exposure systemically or by inhalation.
When combined with known carcinogens, cadmium enhanced, suppressed or had no effect
on tumour incidence, depending on a complex set of circumstances including, at least in part,
the dose, time sequence of administration, site of tumour and route of administration.
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5.4 Other relevant data

Cadmium enters the body mainly by inhalation and by ingestion. Fractional intestinal
absorption is influenced by dietary factors and increases with dietary cadmium concen-
tration. Pulmonary fractional absorption depends partly on the solubility in vivo of the
compound. Cadmium induces synthesis of metallothionein, a low-molecular-weight protein
that binds cadmium primarily in the liver and kidney. Metallothionein production can also be
induced by e.g. zinc. When metallothionein-bound cadmium is released into the blood, it is
filtered through the glomeruli and then reabsorbed in the proximal tubules. In certain
mammalian tissues, such as rat ventral prostate, hamster ovary and rat, mouse and monkey
testis, the concentrations of metallothionein are low and its synthesis is not induced by
exposure to cadmium. Most of the body burden of cadmium is retained in the kidneys and the
liver. The half-life of cadmium in human kidneys is probably 10-20 years. Cadmium
concentrations in whole blood are affected by both recent exposure and body burden.
Excretion occurs mainly via the urine. Urinary excretion of cadmium by individuals without
renal dysfunction primarily reflects the amount of cadmium retained in the kidneys.

The target organs for cadmium toxicity depend on the type of exposure. Inhalation of
cadmium can lead to chronic obstructive airway disease. Following long-term exposure,
renal tubular and glomerular dysfunction can develop. Renal function can deteriorate
further, even after cessation of exposure to cadmium. Cadmium can suppress cell-mediated
immune responses in vitro.

Parenteral administration of cadmium salts produces adverse effects on the testes,
ovaries, placenta and embryo in experimental animals; many of these effects have been
shown to be preventable by administration of zinc compounds. Administration of cadmium
at doses that affect placental morphology or function induces fetal anaemia, growth
retardation, teratogenicity and embryonic and fetal death in experimental animals. Repro-
ductive and developmental toxicity have been reported following exposure to cadmium
compounds by oral and inhalation routes, but the effects are generally much less severe than
after parenteral administration.

In three of five studies, the frequencies of chromosomal aberration were increased in
peripheral blood lymphocytes of workers exposed to cadmium in the metal industry, where
they were usually also exposed to other metals. No effect of cadmium was observed in a
limited study of workers from a Swedish alkaline battery factory. In two studies of cadmium
pigment plant workers, no increase in the frequency of chromosomal aberrations was
observed. No increase in the frequency of sister chromatid exchange was seen in one study of
workers exposed to cadmium.

In one of two limited studies of itai-itai patients, increased frequency and severity of
chromosomal aberrations were observed. In one study, no increase in sister chromatid
exchange frequency was observed in people living in a cadmium-polluted region of Japan. In
a study of subjects living in a cadmium-polluted region of China, there were small but signi-
ficant increases in chromosomal aberration frequency. Assignificant dose-effect relationship
between urinary levels of cadmium and chromosomal aberration frequency was also
observed, and more severe aberration types were observed in individuals with high urinary
levels of cadmium.
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In those studies in which significant responses were observed, the chromosomal
aberrations tended to occur in the more heavily exposed groups and were of more complex
types. '

Chromosomal aberrations and aneuploidy were observed in animals exposed to
cadmium chloride in vivo. Dominant lethal mutations were generally not induced in mice.

Cadmium chloride damages DNA of human cells in vitro. In the few studies available,
chromosomal aberrations were observed in human cells treated with cadmium sulfide but
not in those treated with cadmium chloride. Indications of aneuploidy were observed in
human fibroblasts after treatment with cadmium chloride.

Studies using cultured animal cells show that exposure to cadmium compounds damages
genetic material. DNA strand breaks, mutations, chromosomal damage and cell transfor-
mation have been observed in vitro. Cadmium compounds inhibit the repair of DNA
damaged by other agents, thereby enhancing their genotoxicity.

Mutations have generally not been observed in Drosophila or bacteria; however, a weak

response was observed in some studies in bacteria and there is evidence for cadmium-
induced DNA damage in bacteria.

5.5 Evaluation!

There is sufficient evidence in humans for the carcinogenicity of cadmium and cadmium
compounds.

There is sufficient evidence in experimental animals for the carcinogenicity of cadmium
compounds.

There is limited evidence in experimental animals for the carcinogenicity of cadmium
metal.

In making the overall evaluation, the Working Group took into consideration the
evidence that ionic cadmium causes genotoxic effects in a variety of types of eukaryotic cells,
including human cells.

Overall evaluation

Cadmium and cadmium compounds are carcinogenic to humans (Group 1 ).
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MERCURY AND MERCURY COMPOUNDS

1. Exposure Data

1.1 Chemical and physical data and analysis

L.1.1 Synonyms, trade names and molecular formulae

Synonyms, trade names and molecular formulae for mercury and certain mercury
compounds are presented in Table 1. The list of mercury compounds is not exhaustive, nor
are those compounds necessarily the most commercially important mercury-containing
substances; it includes the mercury compounds for which data on carcinogenicity are
considered in this volume.

Table 1. Synonyms (Chemical Abstracts Service [CAS] names are in italics), trade names
and atomic or molecular formulae of mercury and mercury compounds

Chemical name CAS Reg. No.# Synonyms and trade names Formula
Mercury metal 7439-97-6 Colloidal mercury; hydrargyrum; Hg
(8030-64-6; liquid silver; quecksilber; quick-
51887-47-9; silver
92355-34-5;
92786-62-4;
123720-03-6)
Mercuric acetate 1600-27-7 Acetic acid, mercury (2 + ) salt;
(6129-23-3; bis(acetyloxy)mercury; diacet- (I?
7619-62-7; oxymercury; mercuri, diacetic
19701-15-6) acid; mercury acetate; mercuric ~ H8(0-C-CHj),
diacetate; mercury diacetate
Mercuric chloride 7487-94-7 Abavit B; bichloride of mercury; HgCl,

Calochlor; corrosive sublimate;
corrosive mercury chloride; CRC;
dichloromercury; mercuric bi-
chloride; mercuric chloride; mer-
curic dichloride; mercury
bichloride; mercury chloride;
mercury(2 + ) chloride;
mercury(If) chloride; mercury
dichloride; mercury perchloride;
Sublimate; Sulem

Mercuric oxide 21908-53-2 Mercuric oxide (HgO); mercury  HgO
(1344-45-2; monoxide; mercury oxide;
8028-34-0) mercury oxide (HgO); mercury(Il)

oxide; mercury(2 + ) oxide; red
mercuric oxide; santar; yellow
mercuric oxide

-239-
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Table 1 (contd)

Chemical name CAS Reg. No.#  Synonyms and trade names Formula
Dimethylmercury 593-74-8 Methyl mercury (CH3),Hg
Methylmercury chloride  115-09-3 Caspan; chloromethylmercury; CH;ClHg

mercury methyl chloride; methyl-
mercuric chloride; methylmercu-
ry monochloride; monomethyl
mercury chloride

Phenylmercury acetate  62-38-4 Acetato-O-phenylmercury; acetato- O
(1337-06-0; phenylmercury; acetatophenyl- @_ Hg—O ﬁ CHs
8013-47-4; mercury; acetic acid, phenyl mer- 0
61840-45-7; cury derivative; (acetoxymercu-
64684-45-3) rio)benzene; acetoxyphenylmer-

cury; mercuriphenyl acetate; phe-
nylmercuric acetate; phenylmer-
cury(Il) acetate

“Replaced CAS Registry numbers are shown in parentheses

L.1.2° Chemical and physical properties of the pure substances

Selected chemical and physical properties of mercury and of the mercury compounds
covered in this monograph are presented in Table 2.

Mercury (also called quicksilver because of its liquid state at room temperature) was
known as early as 1000 BC. The discovery in 1938 of 1 kg of the metal in 2500-year-old sand
layers on the eastern coast of Greece indicates that mercury was used in the extraction of gold
at an early date. Mercury was mentioned about 200 BC in India as well as in China (Han
dynasty). As early as 1556 AD, five different methods for extracting mercury from its ores
were reported (Simon ef al., 1990).

Inorganic mercury exists in three oxidation states: (metallic), + 1 (mercurous) and +2
(mercuric); mercurous ions usually occur as dimers (Hg?*). The mercurous and mercuric
states form numerous inorganic and organic chemical compounds. Organomercury
compounds are those in which mercury is attached covalently to at least one carbon atom
(Aylett, 1973; Simon et al., 1990; WHO, 1990, 1991).

In its elemental form, mercury is a dense, silvery-white, shiny metal, which is liquid at
room temperature and boils at 357 °C. At 20 °C, the vapour pressure of the metal is 0.17 Pa
(0.0013 mm Hg). A saturated atmosphere at 20 °C contains 14 mg/m?3 (Simon et al., 1990).

Mercury compounds differ greatly in solubility: for example, in water, the solubility of
metallic mercury is 60 pg/L at 25 °C, 250 pg/L at 50 °C and 1100 ng/Lat90 °C (Simonetal.,
1990); the solubility of mercurous chloride is 2 mg/L at 25 °Cand that of mercuric chloride is
69 g/L at 20 °C (Lide, 1991). Methylmercury chloride is more soluble in water than
mercurous chloride by about three orders of magnitude, owing to the very high solubility of
the methylmercury cation in water. Certain species of mercury, including metallic mercury
and the halide compounds of alkylmercury compounds, are soluble in non-polar solvents



Table 2. Chemical and physical properties of mercury and mercury compounds

Chemical name Relative Melting-point  Typical physical description Density  Solubility
atomic/ (°C)
molecular
mass
Mercury metal 200.59 - 38.87 Silvery-white, heavy, mobile, 13.546 Soluble in nitric acid, sulfuric acid upon
liquid metal (20 °C)  heavy boiling, lipids, pentane; insoluble
in dilute hydrochloric, hydrobromic and
hydroiodic acids, water (2 ug/L at
30 °C), ethanol, diethyl ether, cold
sulfuric acid
Mercuric acetate 3187 178-180 White crystals or crystalline 3.27 Soluble in water (250 g/L at 10 °C),
(decomposes)  powder ethanol, acetic acid
Mercuric chloride 271.50 276 Colourless, rhombic, odour- 5.44 Soluble in water (69 g/L at 20 °C),
less, crystal or white powder (25 °C)  methanol, ethanol, amyl alcohol, ace-
tone, formic acid, acetic acid, the lower
acetate esters, diethyl ether, benzene,
glycerol; slightly soluble in carbon di-
sulfide and pyridine
Mercuric oxide 216.6 500 Yellow or red, ortho-rombic, 11.14 Insoluble in water (53 mg/L at 25 °C),
(decomposes)  odourless crystalline powder soluble in acids; insoluble in ethanol,
diethyl ether, acetone, alkali, ammo-
niac
Dimethylmercury 230.66 NR Colourless liquid with a sweet  3.19 Soluble in ethanol and diethyl ether;
odour (20 °C)  insoluble in water
Methylmercury chloride  251.10 167-168 White crystalline solid witha  4.06 Slightly soluble in water
disagreeable odour
Phenylmercury acetate ~ 336.75 150 White to cream-coloured, 2.4 Soluble in ethanol, benzene, glacial

small, odourless, lustrous crys-
talline solid (prism, powder,
leaflet)

acetic acid, acetone, ammonium ace-
tate, chloroform, diethyl ether; slightly
soluble in water (4.37 g/L) at 25 °C)

From Aylett (1973); Lide (1991);

Alfa Products (1990);

(1987); Strem Chericals (1992). NR, not reported

Budavari (1989); Sax & Lewis (1987); Drake (1981); Singer & Nowak (1981); Worthing
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(WHO, 1991). Mercury vapour is more soluble in plasma, whole blood and haemoglobin
than in distilled-water or isotonic saline (Hursh, 1985).

Mercury forms monovalent and divalent compounds with the halogens fluorine,
chlorine, bromine and iodine. It also forms monovalent and divalent compounds with sulfur.
From the biochemical point of view, the most important chemical property of mercuric
mercury and alkylmercury compounds may be their high affinity for sulfhydryl groups (Simon
et al., 1990; WHO, 1991).

The main volatile mercury species in air is metallic mercury, but dimethylmercury may
also occur. Mercury compounds such as mercuric chloride and methylmercury hydroxide are
also relatively stable in fresh water, including snow, rain and standing and flowing water.
HgCly?" is the dominant form of mercury in seawater (WHO, 1991).

1.1.3  Technical products and impurities

Metallic mercury—purities: triple-distilled grade, > 99.99% (4N); ACS reagent grade,
99.995-99.9995%; electronic grade, 99.9998%: ultra-high purity grade, 99.99999-
99.999999% (Alfa Products, 1990; CERAC, Inc., 1991; Aldrich Chemical Co., 1992; Strem
Chemicals, 1992; Atomergic Chemetals Corp., undated; D.E Goldsmith Chemical & Metal
Corp., undated); impurities (%): Ag, 0.0001; Fe, 0.00005; Pb, 0.00001; Cu, 0.00001; Cd,
0.00001; Zn, 0.00005 (Janssen Chimica, 1990).

Mercuric acetate—purities: 97-99.9%; ACS reagent grade, > 98% (Janssen Chimica, 1990;
CERAC, Inc., 1991; Aldrich Chemical Co., 1992; Strem Chemicals, 1992).

Mercuric chloride—purities: ACS reagent grade, 99%; 99.9-99.9995%: impurities (%): Fe,
0.002; Pb, 0.002; Cu, 0.002; Ca, max. 0.002 (Janssen Chimica, 1990; CERAC, Inc., 1991;
Aldrich Chemical Co., 1992; Strem Chemicals, 1992).

Mercuric oxide—purities: high-purity, 99.999%; ACS grade (yellow or red), 99% (CERAC,
Inc., 1991; Aldrich Chemical Co., 1992).

Dimethylmercury— purities, 95-98% (Aldrich Chemical Co., 1992; Strem Chemicals, 1992)
Methylmercury chloride—purity: > 95% (Alfa Products, 1990)

Phenylmercury acetate—purities: 97-97.5%; practical, US Pharmacopeia and National
Formulary grades (Janssen Chimica, 1990; Aldrich Chemical Co., 1992: Strem Chemicals,
1992; D.F Goldsmith Chemical & Metal Corp., undated). Some of the trade names
associated with phenylmercuric acetate include: Agrosan D; Agrosan GNS; Algimycin;
Aligimycin 200; Anticon; Antimucin WBR; Antimucin WDR; Bufen; Bufen 30; Caswell No.
656; Cekusil; Celmer; Ceresan; Ceresol; Contra Creme; Dyanacide; Femma; FMA;
Fungicide R; Fungitox OR; Gallotox; Hexasan; HL-33 1; Hostaquick; Intercide 60; Intercide
PMA 18; Kwiksan; Lerophyn; Leytosan; Liquiphene; Lorophyn; Meracen; Mercron;
Mercuron; Mergal A 25; Mersolite; Mersolite 8; Mersolite D; Metasol 30; Neantina;
Norforms; Nuodex PMA 18; Nylmerate; Pamisan; Panomatic; Phenmad; Phix; PMA; PMA
220; PMAC; PMAcetate; PMAL; PMAS; Programin; Purasan-SC-10; Puraturf 10; Quicksan;
Quicksan 20; Riogen; Ruberon; Samtol; Sanitized SPG:; Sanitol; Sanmicron; Scutl; SC-110;
Seed Dressing R; Seedtox; Setrete; Shimmerex; Spor-KI; Spruce Seal; Tag; Tag 331; Tag
Fungicide; Tag HL-331; Trigosan; Troysan 30; Troysan PMA 30; Verdasan; Volpar; Zaprawa
Nasienna R; Ziarnik '
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Impurities of mercury compounds that are the subjects of other monographs are lead
(IARC, 1987a) and cadmium (this volume, p. 119).

1.1.4 Analysis

Selected methods for the determination of mercury in various media are presented in
Table 3. Other methods have been reviewed (WHO, 1990, 1991).

Table 3. Methods for the analysis of mercury in various media

Sample Sample preparation Assay Limit of Reference
matrix procedure detection
Air Collect on Hydrar sorbent; desorb CVAA 0.03 pg/sample  Eller (1989)
with nitric then hydrochloric acids
Drugs Digest in water-hydrochloric acid- AAS NR Helrich (1990a)
nitric acid; heat; cool; add potassium
dichromate
Liquid Digest with sulfuric and nitric acids; CVAA 0.2 ug/L. US Environmental
waste, add potassium permanganate and Protection Agency
ground- potassium persulfate solutions; heat; (1986a) (Method
water cool; reduce with sodium chloride- 7470); Helrich
hydroxylamine sulfate; add stannous AAS NR (1990b)
sulfate and aerate
Soil, Digest with distilled water and aqua- CVAA 0.2 ug/L US Environmental
sediment,  regia; heat; cool; add potassium per- Protection Agency
solidand  manganate and heat; cool; add so- (1986b) (Method
semisolid  dium chloride-hydroxylamine sul- 7471)
waste fate; or digest as above
Blood, Reduce inorganic and organic mer- CVAA 0.5 ug/L Magos & Clarkson
urine cury to HgP with reducing agents (1972)
(e.g., SnCly); estimate organic
mercury as difference between total
and inorganic
Reduce total mercury with sodium CVAA 0.3 pg/L urine  Angerer &
borohydride; enrich with an amal- or blood Schalier (1988)
gamation device (Au/Pt gauze)
Blood, Automated form of the method of CVAA 2.5 pg/kg Farant ef al. (1981)
urine, Magos and Clarkson (1972)
hair,
tissues

Abbreviations: CVAA, flameless cold va

atomic absorption spectroscopy; NR, not reported

pour atomic absorption spectroscopy; AAS, flame or flameless

The original ‘dithizone’ method has been replaced by atomic absorption spectrometry,

neutron activation analysis, atomic fluorescence spectrometry, inductively coupled plasma
emission spectrometry and spark source spectrometry. Cold vapour atomic absorption is the
most popular and reliable technique. Metallic mercury and inorganic mercury compounds
and organomercury compounds in biological and environmental specimens are converted by
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reducing agents (tin chloride, cadmium chloride-tin chloride, sodium borohydride) to
metallic mercury and released as mercury vapour, which is either pumped directly through
the quartz cell of the atomic absorption spectrophotometer or analysed after amalgamation
on a silver-platinum gauze. The organic mercury content of the sample is given by the
difference between total and inorganic compounds. For routine analysis, especially for blood
and urine samples, the total mercury content is determined using sodium borohydride as the
reducing agent, avoiding time-consuming decomposition of the samples (Angerer &
Schaller, 1988).

The neutron activation procedure for analysis in urine is regarded as the most accurate
and sensitive procedure and is usually used as the reference method (WHO, 1991).

Helrich (1990a) described several methods (atomic absorption spectrometry, gravi-
metry, titrimetry) for the determination of mercury and mercury compounds in various forms
of drugs (solutions of organomercury compounds, ointments, calomel tablets, tablets con-
taining purgative drugs). Helrich (1990c) described methods (flameless atomic absorption
spectrometry, colorimetric dithizone) for the determination of mercury in food and fish and
gas chromatographic methods for the determination of methylmercury compounds in fish
and shellfish. Helrich (1990d) described methods (volatilization, precipitation, titrimetry,
gravimetry) for the determination of mercury in organomercury seed disinfectants.

Pre-analytical and analytical procedures involve the risk of losing mercury from the
sample, or contamination. Owing to the small amounts of mercury (in nanogram or even sub-
nanogram ranges) in specimens, especially of biological materials, careful quality control
must be undertaken. Control materials (blood and urine) are commercially available for
intralaboratory quality control, and national and international intercomparison programmes
are offered for external quality control. Reference materials covering the range of samples
obtained for monitoring are commercially available for both environmental and biological
samples (see WHO, 1991); however, the available control materials for daily use and
reference materials do not cover the demand for different mercury species.

(@) Metallic mercury

Analytical methods for mercury in air can be divided into instant reading methods and
methods with separate sampling and analysis stages. One direct (‘instant’) reading method is
based on the ‘cold vapour atomic absorption’ technique, which measures the absorption of
mercury vapour by ultraviolet light at a wavelength of 253.7 nm. Most of the atomic
absorption spectroscopy procedures have a detection limit in the range of 2-5 pg/m3 mercury
(WHO, 1991).

Another direct reading method employed increasingly is a special gold amalgamation
technique, which has been used in a number of studies to evaluate the release of metallic
mercury vapour into the oral cavity from amalgam fillings (WHO, 1991). The method is
based on an increase in the electrical resistance of a thin gold film after absorption of
mercury vapour. The detection limit is 0.05 ng mercury (McNerney et al., 1972).

In an analytical method based on separate sampling and analysis, air is sampled in two
bubblers in series containing sulfuric acid and potassium permanganate. The mercury is
subsequently determined by cold vapour atomic absorption. With this method, the total
mercury in the air, and not just mercury vapour, can be measured. Another sampling



MERCURY AND MERCURY COMPOUNDS 245

technique involves solid absorbents. Amalgamation techniques using gold have been shown
to collect mercury vapour efficiently (WHO, 1991).

Air can be sampled for the analysis of mercury by static samplers or by personal
monitoring (WHO, 1991). In a comparison of results obtained using static samplers and
personal samplers, the latter yielded hi gher time-weighted average concentrations than the
former in most work places (Roels ef al., 1987).

(b) Mercuric chloride and mercuric acetate

A dual-stage differential atomization atomic absorption technique was developed to
allow speciation of 10 mercury-containing compounds, including mercuric chloride and
mercuric acetate, in aqueous solution and biological fluids (Robinson & Skelly, 1982).

(c) Methylmercury compounds

Gas chromatography is usually used for selective measurement of methylmercury
compounds and other organomercury compounds, particularly in fish tissues. An alternative
approach is to separate methylmercury compounds from inorganic mercury compounds by
volatilization, ion exchange or distillation and to estimate them by nonselective methods
(e.g. atomic absorption) (WHO, 1990).

(d) Phenylmercury acetate

Phenylmercury acetate was determined in pharmaceutical products by reverse-phase
high-performance liquid chromatography of a morpholinedithiocarbamate derivative. The
method is specific and sensitive and has been used to determine a number of phenylmercury
salts in pharmaceutical products (Parkin, 1987).

1.2 Production and use

1.2.1 Production

Worldwide production data for mercury are presented in Table 4. Over the last 10 years,
production figures have changed only slightly. Current production in the USA is approxi-
mately 53% of the potential capacity: Because of reduced demand, many mines and smelting
plants are no longer operating or have greatly cut back production. A large proportion of
Mexican production has been exported to Brazil and Argentina. China claims to have the
largest mercury resources in the world; most of the Chinese production is exported to the
USA. Italy, once a large producer of mercury, now imports it from Algeria and Yugoslavia.
The Almadén mercury mine in Spain accounted for 90% of the total output of the European
Economic Community for many years, and most of the production has been exported to
Belgium, France, Luxembourg and the USA. Whereas in 1986 the former USSR exported
most of its mercury, almost the entire production is now reserved for domestic use (Simon
et al., 1990; WHO, 1991).

(@) Metallic mercury

All mercury ores are relatively low-grade, the average mercury content being about 1%.
Mercury ores lie close to the Earth’s surface, so that the required mining depth is about 800 m



Table 4. Worldwide production of mercury (tonnes)

Country 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991
Algeria 1049 1055 506 841 877 38 828 587 795 69 773 690 586 637 431
China“ 700 600 700 80 800 80 80 80 800 80 900 940 880 800 700
Czechoslovakia 183 196 171 159 153 151 144 152 158 168 164 168 131 126 120
Dominican Republic 18 17 21 6 3 2 4 2 1 NR <05 <05 <05 NR NR
Finland 22 39 46 75 67 7 65 80 130 147 147 130 159 141 125
Germany 9 84 91 56 76 53, NR NR NR NR NR NR NR NR NR
Italy 14 3 NR 3 252 159 NR NR NR NR NR NR NR NR NR
Mexico 333 76 68 145 240 295 221 384 264 345 124 345 651 735 720
Russia® 2200 2000 2000 1800 1700 1700 1700 1600 1600 1500 1650 2300 2300 2100 1900
Spain 926 1020 1116 1721 1560 1540 1416 1520 1539 1471 1553 1716 1380¢ 425¢ 450
Turkey 162 173 163 154 204 246 162 182 226 262 202 97 197 60 60
USA 974 834 1018 1058 962 888 84 657 570 470 34 379 414 NR NR
Former Yugoslavia 108 NR NR NR NR NR 52 72 88 75 67 70 51 37 30
Total® 6788 6097 5900 6818 6894 6291 6306 6036 6171 5978 5906 6835 6749 5061 4536

From Simon ez al. (1990); Reese (1992a). NR, not reported

“Estimated values

bTotals may not add up because some values are estimates.
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at most. The most important ore for mercury extraction is o-mercuric sulfide (red)(cinnabar,
cinnabarite). The ore is heated with lime in retorts or furnaces to liberate the metal as
vapour, which is cooled in a condensing system to form metallic mercury. Other methods
include leaching of ores and concentrates with sodium sulfide and sodium hydroxide and
subsequent precipitation with aluminium or by electrolysis; alternatively, mercury in ore is
dissolved in a sodium hypochlorite solution, the mercury-laden solution is then passed
through activated carbon to absorb the mercury, and the activated carbon is heated to
produced metallic mercury. The latter methods are, however, no longer used (Drake, 1981;
Simon et al., 1990).

Industrial waste containing mercury also contributes to its production. The majority of
plants using chloralkali electrolysis employ liquid mercury cathodes, resulting in residues
containing 10% mercury or more. In addition to this major secondary source, mercury
batteries, mercury fluorescent tubes, electrical switches, thermometer breakage and
obsolete rectifiers should be regarded as sources of mercury. Scrap material and industrial
and municipal wastes and sludges containing mercury are treated in much the same manner
asores to recover mercury. Scrap products are first broken down to liberate metallic mercury
or its compounds. Heating in retorts vaporizes the mercury which, upon cooling, condenses
to high-purity metallic mercury. Industrial and municipal sludges and wastes may be treated
chemically before roasting (Drake, 1981; Simon et al., 1990). Although the overall
production of mercury has decreased over the last 20 years, sufficient potential uses, and
therefore secondary sources, remain for the foreseeable future owing to the unique
properties of the metal (Simon et al., 1990).

Most of the metallic mercury on the market is 4N material (99.99% mercury). The most
common purification methods include: Dry oxidation —with this method, readily oxidizable
constituents such as magnesium, zinc, copper, aluminium, calcium, silicon and sodium can be
removed by passing air or oxygen through the liquid metal; the oxides that form have a lower
density than mercury and float on its surface, where they can be removed by filtration,
scooping or by removing the mercury from the bottom. Wer oxidation—in an aqueous
medium, mercury is dissolved by adding nitric, hydrochloric or sulfuric acid (see IARC, 1992)
with dichromate, permanganate or peroxide to oxidize impurities; the aqueous solution can
be separated from the mercury by decanting, and traces of water can be removed with
calcium oxide. Electrolytic refining—perchloric acid containing mercuric oxide serves as the
electrolyte. Distillation —mercury can be evaporated under atmospheric pressure or in
vacuo; elements with a lower vapour pressure than mercury can be separated in this way. In
many cases, mercury must be distilled repeatedly to achieve the desired purity (Simonet al.,
1990).

() Mercuric acetate

Mercuric acetate is produced by dissolving mercuric oxide in dilute acetic acid and
concentrating the resulting solution (Simon ef al., 1990).

() Mercuric chloride

Mercuric chloride is prepared by the direct oxidation of mercury with chlorine gas, the
same method (chamber method) that is used to prepare mercurous chloride, except that, for
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mercuric chloride, an excess of chlorine gas is used to ensure complete reaction to the higher
oxidation state; the reaction is carried out at temperatures > 300 °C. The escaping sublimate
vapour is condensed in cooled receivers, where it settles as fine crystals. Excess chlorine is
absorbed by sodium hydroxide in a tower; a very pure product results from use of this method
(Singer & Nowak, 1981; Simon et al., 1990).

Mercuric chloride can also be prepared from other mercury compounds. For example, if
mercuric sulfate is heated in the dry state with sodium chloride, the evolving mercuric
chloride vapour can be condensed to a solid in receivers (Simon et al., 1990).

(d) Mercuric oxide

Mercuric oxide can be prepared via the anhydrous route by reaction of mercury and
oxygen at 350-420 °C under oxygen pressure or by thermal decomposition of mercury
nitrates at about 320 °C. Production via the wet route, by precipitation, is more important
commercially: The oxide is precipitated from solutions of mercuric salts by addition of
caustic alkali (usually mercuric chloride solutions with sodium hydroxide). Whether the
yellow or the red form is obtained depends on the reaction conditions: Slow crystal growth
during heating of mercury with oxygen or during thermal decomposition of mercurous
nitrate leads to relatively large crystals (i.e. the red form); rapid precipitation from solution
gives finer particles (i.e. the yellow form) (Simon et al., 1990).

(e) Dimethylmercury

The reaction of methyl iodide with mercury-sodium amalgam gives dimethylmercury
(Drake, 1981).

() Methylmercury chloride

Organomercury compounds can be synthesized by reaction of Grignard reagents with
mercury halides. In order to obtain pure products, the mercury salt and the Grignardreagent
must contain the same anion (R is an aromatic or aliphatic group and X is a halogen):

RMgX + HgX, - RHgX + MgX,
Organic mercury compounds can also be produced by the reaction of sulfinic acids
(RSO;H) or their sodium salts with mercury halides (Simon et al., 1990).

(&) Phenylmercury acetate

Phenylmercury acetate is prepared by refluxing a mixture of mercuric acetate and acetic
acid in a large excess of benzene (see IARC, 1987b), in what is generally referred to as a
‘mercuration reaction’. The large excess of benzene is necessary because more than one
hydrogen on the benzene ring can be replaced. The technical grade of phenylmercury acetate
contains about 85% pure compound; the remaining 15% is di- and tri-mercurated products,
which are less soluble than phenylmercury acetate and are removed by recrystallization. The
product is isolated after distillation of excess benzene and acetic acid (Singer & Nowak,
1981).
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1.2.2 Use

(@) Metallic mercury

The patterns of use of mercury in Germany and in the USA in different periods are
presented in Tables 5 and 6. A major use of mercury is as a cathode in the electrolysis of
sodium chloride solution to produce caustic soda and chlorine gas (chloralkali industry).
About 50 tonnes of liquid metal are used in each of these plants. In most industrialized
countries, stringent procedures have been taken to reduce losses of mercury. Mercuryisused
widely in the electrical industry (in lamps, arc rectifiers and mercury battery cells), in
domestic and industrial control instruments (in switches, thermostats, barometers) and in
other laboratory and medical instruments. Another use of liquid metallic mercury is in the
extraction of gold from ore concentrates or from recycled gold articles (Kaiser & Tolg, 1984;
Sax & Lewis, 1987; Budavari, 1989; Agency for Toxic Substances and Disease Registry, 1989;
Simon ef al., 1990; WHO, 1991).

Table 5. Use patterns for mercury in Germany (%)

Use category 1973 1976 1979 1982 1985
Chloralkali industry 37 32 28 18 23
Catalysis 13 3 8 7 2
Paints, dyes 6 4 3 1 <1
Pesticides 9 9 11 2 5
Electrical engineering 8 13 14 21 36
Control instruments and apparatus 4 3 4 7 4
construction
Chemicals and reagents 7 14 14 21 None
Medicine 7 8 8 9 13
Miscellaneous 9 14 10 14 17
Total (tonnes) 346 325 313 257 182

From Simon et al. (1990)

Table 6. Use patterns for mercury in the USA (%)

Use category 1985 1987 1990 1991 1992
Electrical 64 56 35 33 29
Chloralkali industry 14 12 33 33 34
Paint 9 10 15
Industrial and control instruments 6 6 7 } 34 37
Other 7 16 10

From Carrico (1985, 1987); Reese (1990, 1991, 1992b)
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WHO (1991) estimated that, in industrialized countries, about 3% of the total
consumption of mercury is in dental amalgams. Dental amalgam is a mixture of mercury with
a silver-tin alloy. Most conventional amalgams consist of approximately 45-50% mercury,
25-35% silver, 2-30% copper and 15-30% tin. In industrialized countries, the alloy with
mercury is now mixed in sealed capsules and applied in the prepared tooth cavity, where
excess amalgam (< 5%) is removed immediately before or during condensation of the
plastic mix. The amalgam begins to set within minutes of insertion and must therefore be
carved to a satisfactory anatomical form within that period of time. Polishing with rotating
instruments can take place after 24 h. Amalgam has been used extensively as a tooth-filling
material for more than 150 years and accounts for 75-80% of all single tooth restorations. It
has been estimated that each US dentist in private practice uses an average of 0.9-1.4 kg of
amalgam per year (Sax & Lewis, 1987).

(b) Mercuric acetate

Mercuric acetate is used in the synthesis of organomercury compounds, as a catalyst in
organic polymerization reactions and as a reagent in analytical chemistry (Singer & Nowak,
1981; Simon et al., 1990).

(c) Mercuric chloride

Mercuric chloride is an important intermediate in the production of other mercury
compounds, e.g. mercurous chloride, mercuric oxide, mercuric iodide, mercuric ammonium
chloride and organomercury compounds. It is also used as a catalyst in the synthesis of vinyl
chloride, as a depolarizer in dry batteries and as a reagent in analytical chemistry. It has a
minor importance as a wood preservative and retains some importance as a fungicide. Other
uses (e.g. as a pesticide or in seed treatment) have declined considerably (Simonet al., 1990).

(d) Mercuric oxide

Red mercuric oxide in particular has become increasingly important commercially in the
production of galvanic cells with mercuric oxide anodes in combination with zinc or cadmium
cathodes. These cells are distinguished from other systems in that their voltage remains
constant during discharge: they are used mainly as small, button-shaped batteries, e.g. for
hearing devices, digital watches, exposure meters, pocket calculators and security instal-
lations. Additional uses of mercuric oxide are in the production of mercury[Il] salts, by
treatment with the corresponding acids, and as a reagent in analytical chemistry. Its
importance as an additive to antifouling paint for ships and in medicine (e.g. for eye
ointment) has decreased (Simon et al., 1990).

(e) Dimethylmercury

Dimethylmercury is an environmental contaminant that finds limited use as a laboratory
reagent (Budavari, 1989; WHO, 1990).

() Phenylmercury acetate

The primary use for phenylmercury acetate has been in latex paint; it is used at low levels
as a preservative and at higher levels to protect the dry film from fungal attack or mildew. It
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can be used for these purposes in other aqueous systems, such as inks, adhesives and caulking
compounds. Phenylmercury acetate is also used as the starting material in the preparation of
many other phenylmercury compounds, which are generally prepared by double-decompo-
sition reactions with the sodium salts of the desired acid groups in aqueous solution. It is also
used as a slimicide in paper mills, as a catalyst for the manufacture of certain polyurethanes,
as a research chemical (Singer & Nowak, 1981; Sax & Lewis, 1987; Budavari, 1989;
Campbell ef al., 1992), in contraceptive gels and foams, as a preservative (including in
shampoos: see IARC, 1993), as a disinfectant and as a denaturant in ethanol.

(8)  Other mercury-containing compounds

A number of mercury-containing compounds have been used as topical antiseptics
(mercuric iodide, mercuric cyanide, ammoniated mercuric chloride, merbromin [mercuro-
chrome] and merthiolate) and as fungicides, mildewcides, insecticides and germicides
(mercurous chloride, phenylmercury oleate, phenylmercury propionate, phenylmercury
naphthenate, phenylmercury lactate, phenylmercury benzoate and phenylmercury borate)
(Singer & Nowak, 1981; Sax & Lewis, 1987; Budavari, 1989; Simon e al., 1990). A number of
alkylmercury compounds are also used as fungicides in the treatment of seed grains (ethyl-
mercury chloride, ethylmercury para-toluenesulfonanilide, ethylmercury acetate, ethyl-
mercury  2,3-dihydroxypropyl mercaptide, bis[methylmercury]sulfate, methylmercury
dicyandiamide and methoxyethylmercury acetate or chloride) (Greenwood, 1985; Sax &
Lewis, 1987). Mercuric fulminate is used as a detonator in explosives (Singer & Nowak,
1981).

Mercury-containing creams and soaps have long been used by dark-skinned people in
some regions to obtain a lighter skin tone. The soaps contain up to 3% mercuric iodide, and
the creams contain up to 10% ammoniated mercury. Both the soap and the cream are applied
to the skin, allowed to dry and left overnight (WHO, 1991).

1.3 Occurrence
1.3.1 Natural occurrence

Metallic mercury occurs as a part of the Earth’s natural geochemistry, comprising
50 ug/kg of the Earth’s crust. It is 62nd in order of abundance (Aylett, 1973). It is found in the
form of the sulfide, as cinnabar ore, which has an average mercury content of 0.1-4%; it is
also present in the form of geodes of liquid mercury and as impregnated schist or slate. The
major source of atmospheric mercury is suggested to be degassing of the Earth’s crust and the
oceans (Lauwerys, 1983; Berlin, 1986; WHO, 1990).

Methylmercury compounds are formed in aquatic and terrestrial environments from the
methylation of metallic mercury and mercuric mercury. Methylation is likely to occur in
bacteria in sediments of sea- or lakebeds. The methylmercury compounds formed are
accumulated by aquatic organisms, and dimethylmercury gases are formed by degradation
and released into the air. Dimethylmercury can be decomposed in the atmosphere by acidic
rainwater to monomethylmercury compounds and thus re-enter the aquatic environment
(Berlin, 1986). Little is known about the quantitative aspects of these cycles, and the local
load of methylmercury compounds can be increased considerably by anthropogenic sources
(Clarkson et al., 1988a; WHO, 1990). '
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1.3.2  Occupational exposures

Approximately 70 000 workers in the USA are regularly exposed to mercury (Campbell
et al., 1992). Table 7 lists some potential occupational exposures to the various forms of
mercury. Mercury vapour is the commonest form to which workers are exposed in industries
such as mining and processing of cinnabar ore and the chloralkali industry, where brine is
electrolysed in mercury cells in which the cathode is a flowing sheet of liquid mercury. The
manufacture and use of liquid mercury-containing instruments constitute another source of
occupational exposure to mercury vapour through breakage, spillage or careless handling.
Dental personnel are exposed to mercury vapours through the preparation of dental
amalgams (Stokinger, 1981; Clarkson et al., 1988b).

Table 7. Products, industries and jobs in which there is potential occupational

exposure to mercury

Metallic mercury

Inorganic mercury compounds

Organomercury compounds

Dental medicine

Batteries

Barometers

Boiler makers

Calibration instruments

Caustic soda production

Carbon bush production

Ceramics

Chloralkali production

Ultrasonic ampilifiers

Direct current meters

Infrared detectors

Electrical apparatus

Electroplating

Fingerprint detectors

Silver and gold extraction

Jewellery

Fluorescent, neon, mercury
arc lamps

Manometers

Paints

Paper pulp manufacture

Photography

Pressure gauges

Thermometers

Semiconductor solar cells

Disinfectants

Paints and dyes
Explosives

Fireworks manufacture
Fur processing

Ink manufacture
Chemical laboratory workers
Percussion caps and detonators
Spermicidal jellies
Tannery workers

Wood preservatives
Tatooing materials
Taxidermists

Vinyl chloride production
Embalming preparations
Mercury vapour lamps
Antisyphilitic agents
Thermoscopy

Silvering of mirrors
Photography

Perfumery and cosmetics
Acetaldehyde production

Bactericides

Embalming preparations
Paper manufacture
Farmers

Laundry and diaper services
External antiseptics
Fungicides

Insecticides manufacture
Seed handling

Wood preservatives
Germicides

From Campbell et al. (1992)

Mixed exposure to aerosols of organic or inorganic mercury compounds also occurs:
Chlorine in combination with mercury vapour, produced in chloralkali industries, forms
mercuric chloride aerosols. Another source of occupational exposure is in pathology labo-
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ratories, where mercuric chloride is used with formalin as a histological fixative. Exposure to
aerosols of methyl- and ethylmercury compounds has been described in connection with the
manufacture and use of mercuric salts and during seed treatment (Berlin, 1986). Disinfectant
manufacturers, fungicide manufacturers, seed handlers, farmers, lumberjacks, pharma-
ceutical industry workers and wood preservers may be exposed to organomercury com-
pounds (Campbell ez al., 1992).

Data on exposure to mercury in air and the results of biological monitoring in various
industries and occupations are described below and summarized in Tables 8 and 9 (pp. 258-
260). It should be noted that the concentrations of mercury detectable in the general working
environment are generally lower than those to which individual workers are exposed, as
detected by personal air sampling. This is due to the fact that mercury can accumulate on the
clothes, hair and skin of workers, creating a situation which has been called ‘micro-
environmental exposure’. In a Belgian manufacturing plant, mercury concentrations in the
general work environment were between 8 and 88 ng/m?3, while personal samples from the
workers showed concentrations ranging from 16 to 680 pg/m3 (see Ehrenberg et al., 1991).

Biological monitoring of people occupationally exposed to mercury vapours and
inorganic mercury compounds, by measuring mercury in urine and blood mercury, reflects
recent exposure. Occupational and environmental exposure to methylmercury compounds
can be estimated from blood mercury levels. Mercury in hair can be used as an indicator of
environmental exposure to methylmercury compounds but not for monitoring exposure to
metallic mercury and inorganic mercury compounds (Elinder ez al., 1988).

(@) Chloralkali plants

Exposures in chloralkali plants have been reviewed (WHO, 1976). In recent studies,
covering mainly Swedish plants, average urinary mercury concentrations of 50-100 ng/L
were reported (WHO, 1991).

In a study in the USA and Canada of 567 male workersin 21 chloralkali plants, the mean
atmospheric concentration of mercury was 65 pg/m3(SD, 85);in 12 plants, the time-wei ghted
average concentration was 100 ug/m? or less, while in the remainder some employees were
exposed to higher concentrations. At an ambient air concentration of 100 pg/m3, the
concentration in blood was about 60 ng/L and that in urine about 200 pg/L. In 117 control
subjects, blood mercury concentrations were lower than 50 ng/L; in 138 controls, urinary
mercury concentrations were generally less than 10 pg/L (corrected to specific gravity)
(Smith ez al., 1970).

The airborne concentrations of mercury in a chloralkali plant in Italy were between 60
and 300 pg/m3; the mean urinary concentration in 55 workers exposed for 11.5 + 8.8 years in
cell preparation rooms was 158 ng/L (range, 0-762 pg/1.) and that in 17 workers exposed to
mercury irregularly for 15.2 4 10.7 years was 40.3 ng/L (range, 0-96 pg/L) (Foa et al., 1976).

The atmospheric concentrations of mercury in a chloralkali plant in Sweden in 1975
were 64 ug/m> (range, 36-112 pg/m3); the mean blood mercury concentration in 13 workers
employed for 0.5-5.5 years was 238 nmol/L (47.6 ug/L), and the mean urinary concentration
in the same subjects was 808 nmol/L (range, 369-1530 nmol/L) [161 ug/L; range,
74-306 pg/L]. Two years later, after improvement of the ventilation systems in the plant, the
mean concentrations of mercury were 22.6 (range, 15-43) pg/m3 in air, 92 nmol/L
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(18.4 pg/L) in blood and 196 (range, 117-327) nmol/L [39.2 ng/L; range, 23-65 ng/l] in
urine in a group of 16 workers who had been employed for one to seven years (Lindstedt ef
al., 1979).

Exposure to mercury in a chloralkali plant in Sweden was studied during ordinary
maintenance work and in workers hired for a special repair task during a temporary
production shutdown. A group of 14 normal maintenance workers were exposed to mean air
concentrations of mercury of 65 pg/m3 (range, 24-123 pg/m3) and had a mean blood mercury
concentration of 73 nmol/L, ranging from 45 to 150 nmol/L. [14.6 ng/L; range, 9-30 pg/L),
and a mean urinary concentration of 32 nmol/mmol (57.2 ng/g) creatinine (range,
16-43 nmol/mmol; 28.6-76.9 ug/g). The 16 special repair workers were exposed to a mean
air concentration of 131 pg/m’ (range, 38-437 pg/m?) and had a mean blood mercury
concentration of 148 nmol/L, ranging from 85 to 240 nmol/L [29.6 pg/L; range, 17-48 ng/L),
and a mean urinary mercury concentration of 6.1 nmol/mmol (10.9 pg/g) creatinine (range,
4.7-8.7 nmol/mmol; 8.4-15.5 pg/g) (Sillsten et al., 1992).

In an epidemiological study of 1190 workers in eight Swedish chloralkali plants
(described in detail on p. 271), biological monitoring data indicated a substantial reduction
in exposure to mercury with time, from about 200 ug/Linurine during the 1950s to 150 pg/L
in the 1960s and less than 50 pg/L. in 1990 (Barregird e al., 1990). In another Swedish
chloralkali plant, the average levels of mercury in air were 25-50 pg/m3 throughout the
1980s. The mean concentrations of mercury in 26 male workers were 252 nmol/L (50.4 pg/L)
in urine, 48 nmol/L (9.6 pg/L) in plasma and 78 nmol/L (15.6 pg/L) in erythrocytes, and those
in 26 unexposed workers were 19 nmol/L (3.8 pug/L) in urine, 7.5 nmol/L. (1.5 pg/L) in plasma
and 33 nmol/L (6.6 ug/L) in erythrocytes (Barregard et al., 1991). The mean concentrations
of mercury in 1985-86 in another group of 89 chloralkali workers in Sweden, who had been
exposed for 1-45 years, were 55 nmol/L (11 pg/L) in blood, 45 nmol/L (9 pg/L) in serum and
14.3 nmol/mmol (25.5 pg/g) creatinine in urine. The concentrations in a control group of
75 non-occupationally exposed workers were 15 nmol/L (3 ng/L) in blood, 4 nmol/L (0.8
ug/L) in serum and 1.1 nmol/mmol (1.95 pg/g) creatinine in urine (Langworth et al., 1991).

In chloralkali plants, exposure to asbestos can occur during various maintenance
operations (Barregard et al., 1990; Ellingsen et al., 1993).

(b) Thermometer production

In 1979, exposure to metallic mercury vapour was studied in a small thermometer
factory in Israel with generally inadequate engineering and hygiene arrangements. The mean
mercury concentrations in five workers exposed to 50-99 pg/m3 were 299 nmol/L (59.8 pg/L)
in urine and 105 nmol/L. (21 pg/L) in blood: those in three workers exposed to
100-149 pg/m> were 449 nmol/L (89.8 ug/L) in urine and 122 nmol/L (24.4 pg/L) in blood;
and those in seven workers exposed to 150-200 pg/m3 were 628 nmol/L (125.6 pg/L) in urine
and 143 nmol/L (28.6 pg/L) in blood (Richter ez al., 1982).

Concentrations of mercury were measured in four thermometer plants in Japan: The air
concentrations ranged from 25 to 226 pg/m3; those of inorganic mercury compounds in
blood ranged from 80 to 1150 nmol/L (16-230 pg/L); those of metallic mercury in blood
ranged from not detected to 1.10 nmol/L (not detected-0.22 ng/L); those of inorganic
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mercury compounds in urine ranged from 96 to 1560 nmol/L (19.2-312 pg/L); and those of
metallic mercury in urine ranged from 0.05 to 1.22 nmol/L (0.01-0.24 ng/L) (Yoshida, 1985).

In a thermometer factory in the USA, 17 personal samples showed mean air concen-
trations of mercury of 75.6 pug/m3 (range, 25.6-270.6); 11 area samples showed a mean of
56.7 pg/m3 (range, 23.7-118.5). The mean urinary mercury concentration in 79 workers
employed for 65 + 48.9 months was 73.2 + 69.7 pg/g creatinine (range, 1.3-344.5)
(Ehrenberg et al., 1991).

In a thermometer factory in Sweden, where filling with mercury was done inside a
ventilated hood but with spillage of mercury during temperature conditioning and testing,
the mean concentration of mercury in the air was 39 pg/m3 (range, 15-58). In seven workers,
the median blood mercury concentration was 57 nmol/L (11.4 pg/L), and in six workers, the

median urinary concentration was 21 nmol/mmol (37.5 pg/g) creatinine (Sallsten et al.,
1992).

(c) Hospitals

In Belgium, a group of 40 chemical and biological laboratory technicians employed for
< 1-15 years were exposed to an average airborne mercury concentration of 28 pg/m3
(range, 2-124). The mean mercury concentration in urine was 10.72 + 1.49 pg/g creatinine,
and that in whole blood was 10.0 +- 0.9 ug/L. The mean mercury concentrations in a group of
23 unexposed technicians were 2.30 +- 1.49 ug/g creatinine in urine and 6.5 3 1.1 pg/L in
blood (Lauwerys & Buchet, 1973).

In a study in Scotland, use of mercuric chloride as a histological fixative was associated
with high atmospheric concentrations of mercury vapour (up to 100 pg/m3) and of all
mercury compounds (200 ug/m3). Twenty-one technicians exposed to this environment had a
median urinary mercury output of 265 nmol (53 pg)/24 h. The median urinary output among
a control group of 21 subjects was 72 nmol (14.4 pg)/24 h (Stewart et al., 1977).

Hospital employees who repair sphygmomanometers or work in areas in which such
machines are repaired are potentially exposed to mercury. In 13 hospitals in the USA, in
which most employees had worked for less than 10 years, the airborne concentrations of
mercury in repair rooms ranged from 1 to 514 pg/m3, and 86 employees tested had a mean
urinary mercury concentration of 12.4 ng/L (range, 1-200) (Goldberg et al., 1990).

(d) Dental personnel

Special interest has focused on occupational exposure to mercury in dentistry. Several
studies conducted during 1960-80 reported average concentrations of mercury vapour in
dental clinics ranging between 20 and 30 pg/m?3 air; in certain clinics concentrations of
150-170 pg/m? were measured (WHO, 1991). In some of these studies, urinary mercury
concentrations of dental personnel were also reported.

An average urinary mercury concentration of 40 ng/L was found among 50 dentists in
the USA, with some values exceeding 100 ng/L (Joselow et al., 1968). In a nationwide US
study, the average mercury concentration in the urine of 4272 dentists sampled between 1975
and 1983 was 14.2 pg/1.(range, 0-556 ng/L). In 4.9% of the samples, the concentrations were
=50 ug/L, and in 1.3% they were > 100 pg/L. The wide range of values was probably due to
variations in occupational exposure to amalgams with time, in addition to variations in
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sampling techniques and other methodological problems (Naleway et al., 1985). At the
annual sessions of the American Dental Association, on-site screening for exposure to
mercury showed mean urinary concentrations of 5.8 pg/L in 1042 dentists in 1985 and
7.6 ng/L in 772 dentists in 1986; 10% contained concentrations above 20 ug/L (Naleway
et al., 1991).

Blood samples from a group of 130 dentists in Denmark in 1986 contained a median
mercury concentration of 4.0 pg/L (range, 1.2-19.2); 2.0 pg/L (1.1-4.6) were found in
controls. Practice characteristics, as stated on questionnaires, were not significantly related
to blood mercury concentration, but 49 dentists who ate one or more fish meals per week had
a median concentration 47% higher than that of dentists who seldom consumed fish
(Moller-Madsen et al., 1988).

In 82 dental clinics in northern Sweden, the median concentration of mercury vapour in
air was 1.5 pg/m3 in public surgeries and 3.6 pg/m? in private ones. The urinary mercury
concentrations in 505 occupationally exposed subjects ranged from 1.4 to 2.9 nmol/mmol
(2.5-5.13 pg/g) creatinine, which are of the same order of magnitude as those of the Swedish
population as a whole. The load derived from the amalgam fillings of the exposed subjects
was estimated to be of the same order of magnitude as that from the working environment
(Nilsson et al., 1990). In the offices of six dentists in Sweden, the mean concentration of
mercury in air was 4.5 pg/m? (range, 1.7-24); the mean concentrations in 12 subjects were
17 nmol/L (range, 6-29) (3.4 pg/L; range, 1.2-5.8 ug/L) in blood and 2.6 nmol/mmol
(4.6 pg/g) creatinine (range, 1.1-5.4 nmol/mmol; 2.00-9.65 ng/g) (Sallsten et al., 1992). In
224 dental personnel in Sweden, the levels of mercury in urine (1.8 nmol/mmol [3.19 pg/g]
creatinine) were not significantly higher than those of 81 referents (1.1 nmol/mmol
[1.95 pg/g] creatinine), and no difference was seen for the plasma or blood levels. When
adjustment was made, however, for amalgam fillings in the mouths of the personnel, signi-
ficant differences in urinary, plasma and blood mercury concentrations were seen (Akesson
et al., 1991).

Urinary excretion of inorganic mercury compounds was determined in 50 individuals
attached to Madras Dental College, India. The lowest concentration observed was 3 ng/L
and the highest, 136.6 ug/L. Of those subjects who handled mercury, 70% had urinary
concentrations > 20 pg/L (Karthikeyan et al., 1986).

(e) Others

The airborne concentrations of mercury in Idrija, Slovenia, in 1950 were reported to be
0.05-5.9 mg/m? in a mine and 0.17-1.1 mg/m? in a smelter (Vouk e al., 1950). Similar values
were reported during a survey conducted in 1963: 0.1-2.0 mg/m? in both the mine and the
smelter. The average concentration of mercury in blood from 57 asymptomatic miners in
Idrija was 77 pg/L (range, 0-450); the corresponding value in 16 workers with symptoms of
intoxication was 110 pg/L (range, 0-510). The concentrations in urine were 276 ng/L (range,
0-1275) in the asymptomatic miners and 255 pg/L (range, 2.0-601) in those with symptoms
(Ladd et al., 1966).

Concentrations > 2.0 mg/m3 were detected in 1964 in a mine and smelter on Palawan
Island, the Philippines (Ladd ef al., 1966).
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The average concentrations of mercury in the air in various departments in the Italian
hat manufacturing industry in 1942-52 were 0.09-2.21 mg/m3. The concentrations were
> 0.2 mg/m3 in 13 of the 17 departments studied, and concentrations as high as 4 mg/m3
were measured in specific locations (Baldi ef al., 1953). :

In a mercury distillation plant in Italy, airborne mercury concentrations ranged from
0.005 to 0.278 mg/m3; the mean urinary concentration in 19 workers was 108.26
+ 55.61 pg/L. and the mean blood concentration, 77 -+ 28 ug/L. In 13 subjects in a control
group, the urinary mercury concentration was < 10 ug/L, while in 11 other subjects, the
mean value was 15.27 ug/L (range, 11-21) (Angotzi et al., 1980).

In a recycling distillation plant in Germany, the concentration of mercury in air in
February 1984 ranged from 115 to 379 pg/m’; in 12 workers in the plant, mercury was found
at28-153 pg/L in blood and 128-609 ng/g creatinine in urine. In previous years, the levels of
both biological indicators (determined since 1978) were decidedly higher: 44-255 pg/L. in
blood and 143-1508 pg/g creatinine in urine. The authors cited the ‘normal’ values for
mercury as 0.2-7.2 ug/I.(mean, 0.6) in blood and 0.2-5.0 pg/g creatinine (mean, 0.8) inurine
(Schaller et al., 1991).

Individual external exposure in a dry alkaline battery plant in Belgium was to 40 pg/m3
mercury, ranging from 10 to 106 pg/m3. Urinary mercury concentrations were usually
< 50 pg/g creatinine in some parts of the plant and between 50 and 100 ug/g creatinine in
others (Roels ef al., 1987).

In a plant for the manufacture of fluorescent lamps in Italy, the mercury concentrations
in air in maintenance areas in 1984-85 were between 2 and 5 pg/m3; 27 workers employed
for 10.96 + 1.14 years in those areas had mean urinary concentrations of 5.15 + 2.2 pg/L
(range, 2-11). In the same plant, the concentrations in the air of production areas varied
between 6 and 44 pg/m3, and 22 workers employed for 10.34 4 1.43 years in those areas
showed mean urinary concentrations of 4.94 + 1.62 ng/L (range, 1.9-8) (Assennato et al.,
1989).

In a study of reproductive function among women employed at a mercury vapour lamp
factory (described in detail on pp. 296-297), De Rosis ef al. (1985) reported that time-
weighted average concentrations exceeded 50 pg/m3 in 1972-76; after modification of the
ventilation system, the concentrations dropped to < 10 pg/md.

133 Air

The most important sources of mercury in the atmosphere are degassing of the Earth’s
crust, emissions from volcanoes and evaporation of mercury vapours from natural bodies of
water. Recent estimates indicate that these natural emissions amount to 2700-6000 tonnes
per year; however, it is difficult to determine the relative contributions of natural and
anthropogenous sources to the general emission of mercury in the biosphere, since some may
have been deposited in water from the atmosphere and produced by human activities (WHO,
1990). Traditional municipal solid-waste incinerators may have a significant impact on the
ambient air concentration as well as on the deposition rates of mercury. Rates of emission of
mercury from traditional incinerators in Europe, Canada and the USA range from 100 to
2200 pg/m3 and those from advanced incinerators, 30-200 pg/m3. Such emissions could
result in deposition rates of 0.2-4.0 and 0.02-1.0 pg/m? per day, respectively (WHO, 1988).



Table 8. Occupational exposure to mercury in various industries and occupations

Industry and activity (country) No. of Air (ug/m3) Urine (ug/L, except where Blood Reference
[year, when available] workers noted) (ug/L)
Mean+SD  Range Meanz4SD Range Mean£SD Range
Chloralkali plants (USA and 567 65185 <10-270 Smith et al.
Canada; 21 plants) (TWA) (1970)
Cell room < 1-2640
Chloralkali plant (Italy) 72 60-300 Foaet al.
Cell rooms 55 157.794+120.94 0-762 (1976)
Miscellaneous 17 40.29426.16  0-96
Chloralkali plant [1975] 13 64121.8 36-112 161.6162.8 74-306 47.6123.8 Lindstedt et al.
(Sweden) [1977] 16 22617 15-43 39.2114.4 23-65 18.44:6.8 (1979)
Chloralkali plant (Sweden) 26 NR 25-50 50.4 5-186 NR Barregird et al.
(1991)
Chloralkali plant (Sweden) 89 NR NR 25.50 0.5-84¢ 11 Langworth ef al.
[1985-86] (1991)
Chloralkali plant (Sweden) Sallsten et al.
Normal maintenance NR 65 24-123 574 29-77¢ 14.6 9-30 (1992)
(14 samples) (8 samples) (8 samples)
Special maintenance NR 131 38-437 10.9¢ 8.4-154 29.6 17-48
(16 samples) (5 samples) (7 samples)
Thermometer factory (Israel) 5 NR 50-99 59.8 21 Richter et al.
[1979] 3 100-149 89.8 244 (1982)
7 150-200 125.6 28.6
Thermometer factories 27 NR 25-226 NR 19-312 NR 16-230  Yoshida (1985)
(Japan; 4 factories)
Thermometer factory (USA) 84 75.6 25.6-271 73.2469.74 1.3-344.54 Ehrenberg et al.
(17 samples) (79 samples) (1991)
Thermometer factory NR 39 15-58 37.54 1.96-91¢ 11.4 6-20 Séllsten et al.
(Sweden) (13 samples) (6 samples) (7 samples) (1992)
Pathology laboratory 40 28 2-124 10.7241.494 NR 10.0£0.9 Lauwerys &
(Belgium) Buchet (1973)
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Table 8 (contd)

Industry and activity (country) No. of Air (ug/m3) Urine (ug/L, except where Blood Reference
[year, when available] workers noted) (ng/L)
Mean£SD  Range Mean£SD Range Mean4SD Range
Pathology laboratory 21 200 26.5 NR Stewart er al.
(United Kingdom) (1977)
Sphygmomanometer repair 93 86 1-514 12.44-22.2 1-200 NR Goldberg
(USA; 13 facilities) (86 samples) et al. (1990)
Dental staff (USA) 4272 NR NR 14.24-25.4 0-556 NR Naleway er al.
[1975-83] (1985)
Dental staff (India) 50 NR NR NR 3-136.6 NR Karthikeyan
et al. (1986)
Dental staff (Sweden; 505 NR 1.5-3.6 NG 2.5-5.13 NG Nilsson et al.
82 clinics) [1983] (1990)
Dental staff (USA) [1985] 1042 NR NR 5.8+8.5 max, 84 NR Naleway ez al.
[1986] 772 7.6+11.8 max, 115 (1991)
Dental staff (Denmark) [1986] 130 NR NR NR NR 4.0 1.2-19.2 Moller-Madsen
et al. (1988)
Dental staff (Sweden; 6 offices) NR 45 1.7-24 4.6 1.96-9.65 34 1.2-5.8  Sillsten et al.
(36 samples) (1992)
Mercury distillation (Italy) 5-279 Angotzi et al.
[1976-78] (1980)
Distillation 19 NR 108.26£55.61  NR 77428
Maintenance 19 NR 84.11445.54 NR 53+16
Recycling plant (Germany) 12 115-379 128-609¢ 28-153 Schaller et al.
[1984] (1991)
Dry alkaline battery plant 10 40 10-106 < 100 Roels et al.
(Belgium) [1984] (46 samples) (10 samples) (1987)
Fluorescent lamps Assennato et al.
(Italy) [1984-85] (1989)
Maintenance 27 NR 2-5 5.154:2.2 2-11 NR
Production 22 NR 6-44 4.9441.62 1.9-8 NR

NR, not reported
%ug creatinine
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Table 9. Concentration of mercury in the air of work places in Finland during 1977-88 and in blood in 1987

Industrial code or work

Air concentrations (ug/m3)

Concentration in blood (ug/L)

No. of Mean  Range No. of No. of Mean  Range
measurements workplaces measurements
Seed dressing and packing 11 4 1-13 10 27 3.6 1-9
Pesticide manufacture 8 58 29-105 1 24 10.4 3-46
Mercury production NR 32 13-157 NR NR NR NR
Welding 24 88 2-150 NR NR NR NR
Manufacture of light bulbs, fluorescent 133 30 1-250 5 17 5.8 2-8
tubes and batteries
Laboratory work 26 15 1-120 NR NR NR NR
Dentistry 136 10 1-100 21 42 4.4 1-9
Chlorine industry NR NR NR 3 518 13.6 1-69

From Anttila et al. (1992). NR, not reported
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Mercury concentrations in the atmosphere range from a few nanograms per cubic metre
over remote, uncontaminated areas to about 20 ng/m3 in urbanized areas. Concentrations
have been estimated to be 2 ng/m? in the northern hemisphere and about 1 ng/m3 in the
southern hemisphere. Concentrations of mercury up to 18 ng/m3 have been reported in the
atmosphere close to active volcanoes (Berlin, 1986; Clarkson ef al., 1988a).

Mercury vapour is believed to be the predominant form in the atmosphere. There is
evidence that some of the mercury in ambient air is in the form of alkylmercury, and the
presence of methylmercury compounds has been reported. The particulate fraction of
mercury in air (as a percentage of total mercury) is usually 4% or less (WHO, 1990).

Another source of mercury in the atmosphere is the release of metallic mercury vapour
during the cremation of cadavers, when all the mercury from amalgam fillings vaporizes as
the temperature reaches above 800 °C. It is difficult to estimate the global release of mercury
from cremation because of the uncertainties about dental status at the time of death and
about the frequency of cremation (WHO, 1991).

1.3.4 Water

Mercury is removed from the atmosphere mainly by precipitation. The chemical species
of mercury in water is mainly ionic mercury{II}. Concentrations of mercury in surface water
are very low, and accurate analysis is still a problem. Total mercury concentrations range
from 0.5 to 3 ng/L in open oceans, from 2 to 15 ng/L in coastal seawater and from 1 to 3 ng/L
on average in freshwater rivers and lakes (WHO, 1990). The bottom sediment of lakes and
oceans may contain 20-250 ug/kg mercury (Berlin, 1986). Concentrations in drinking-water
are generally less than 25 ng/L (WHO, 1990).

Concentrations of mercury in inland waters of gold-mining areas in Rondénia, Brazil,
were between < 0.1 and 8.6 pg/L (Pfeiffer et al., 1989). A study of water from the Madeira
River and its tributaries, in the centre of the gold rush area in Brazil, showed an average
mercury level of 24.6 ng/L (Nriagu et al., 1992).

1.3.5 Soil and plants

The commonest form of mercury in soil is the bivalent ion. Concentrations measured in
soils are generally less than 1 ppm (mg/kg). Methylation of mercury has been demonstrated
in soil and is influenced by humidity, temperature and the mercury concentration of the soil
(Sequi, 1980; Simon et al., 1990).

The accumulation of mercury in plants increases with increasing soil concentration. Soil
type has a considerable influence on this process: a high content of organic matter decreases
the uptake. Generally, the highest concentrations of mercury are found at the roots, but
translocation to other organs (e.g. leaves) occurs. In contrast to higher plants, mosses take up
mercury from the atmosphere (WHO, 1989a).

Mercury concentrations in bottom sediments of Brazilian polluted rivers ranged
between 50 and 19 800 ug/kg (Pfeiffer et al., 1989).

1.3.6 Food

Environmental contamination with mercury leads to a critical concentration effect in
animals that occupy higher positions in the food chain (large fish and fish-eating sea fowl)
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(Simon et al., 1990). The factors that determine the methylmercury concentration in fish are
the mercury content of the water and bottom sediments, the pH and redox potential of the
water and the species, age and size of fish (Berlin, 1986).

The concentrations of mercury in most foods are generally below the reported limit of
detection, which is usually 20 pg/kg fresh weight. A large proportion of the mercury in
food —at least in animal products—is likely to be in the form of methylmercury compounds.
Most of the mercury in fish is as methylmercury compounds, which are formed in the bottom
sediment of the ocean and in freshwater systems and are enriched to a high degree in the
aquatic food chain, with the highest levels occurring in the predatory fish: The concentrations
of total mercury in edible tissues of shark and swordfish are > 1200 pg/kg, whereas
anchovies and smelt have average values of < 85 ug/kg (Berlin, 1986; WHO, 1990).

In a survey sponsored by the Ministry of Food, Agriculture and Forestry of Germany, the
average mercury contamination of 759 specimens of fish from German fishing grounds was
< 100 pg/kg (Jacobs, 1977). The mercury concentrations in edible parts of fish from
polluted rivers in Brazil were between 70 and 2700 ug/kg wet wt (Pfeiffer et al., 1989).

The average daily intake of mercury can be estimated by assuming that intake from non-
fish food sources is negligible in comparison with that from fish. FAO estimated an average
worldwide fish intake of 16 g per person per day but an average daily intake of 300 g in
populations that are largely dependent on fish; therefore, the average daily intake of total
mercury will result in 3 pg, of which 80% is methylmercury compounds and 20% inorganic
mercury. The average intake of methylmercury compounds can thus be calculated as 2.4 pg
per day, with 2.16 ug retained (90% absorption), and the average daily intake of inorganic
mercury is 0.6 pg per day, with 60 ng retained (10% absorption) (Clarkson ef al., 1988a;
Table 10). Daily intake from the consumption of fish from polluted water, however, can rise
to toxic levels, as occurred in Minamata and Niigata in J apan around 1953-66:
Concentrations of 1-20 mg/kg in fish resulted in daily intake, in people with frequent fish
consumption (200-500 g per day), of 5 mg per day (Berlin, 1986).

Table 10. Estimated average daily intake and retention of various
forms of mercury in populations not occupationally exposed to

mercury
Source Estimated daily intake and retention (ng mercury/day)
Mercury vapour Inorganic mercury Methylmercury
compounds compounds

Intake Absorbed Intake Absorbed Intake Absorbed

Atmosphere 40 32

Water 50 5
Food 600 60 2400 2160
Total intake 40 650 2400 2160

Absorbed 32 65

From Clarkson ef al. (1988a)
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Toxic levels have also been reached following consumption of bread prepared from
wheat treated with methylmercury dicyandiamide fungicide, as occurred in Iraq in the winter
of 1971-72 (Bakir et al., 1973; Greenwood, 1985).

1.3.7 Dental amalgam

Dental amalgams are a potential source of exposure to mercury vapour not only for
dental staff but also for the general population. Hardening of the amalgam continues over
many months, so that stress on the amalgam surface, produced by chewing or grinding of the
teeth, causes breakdown of a surface barrier and release of mercury vapour into the mouth.
This results in the deposition of mercury in body tissues like kidney and brain and increased
urinary excretion. The release of mercury from amalgams makes a si gnificant contribution to
human exposure to inorganic mercury, including mercury vapour (Clarkson e al., 1988b;
WHO, 1991; US Department of Health and Human Services, 1993).

Different concentrations of mercury are released from unstimulated amalgams
(3.3-7.4 ng/min) and stimulated amalgams (16.3-163.2 ng/min) (Clarkson et al., 1988b).
Average daily intake of metallic mercury vapour can thus range from 3.8 to 21 pg/day, with
corresponding retentions of 3-17 pg/day (WHO, 1990, 1991).

In 147 individuals in an urban Norwegian population, correlations were found between
the concentrations of mercury in urine (mean, 17.5 nmol/L [3.5 ng/L]) and in exhaled air
(mean, 0.8 pg/m®) and between both urinary and air concentrations and the number of
amalgam restorations, the number of amalgam-restored surfaces and the number of
amalgam-restored occlusal surfaces. The results suggested that individuals with more than
36 restored surfaces absorb 10-12 pg of mercury per day (Jokstad et al., 1992).

1.3.8 Mercury-containing creams and soaps

The mean concentration of mercury in the urine of 60 African women who used skin-
lightening creams, containing 5-10% ammoniated mercury, was 109 ug/L (range, 0-220).
Those in the urine of six women who had used skin-lightening creams containing 1-3%
ammoniated mercury for two years ranged from 28 to 600 pg/L (WHO, 1991).

Mercury was found in the blood (91.1 pg/L) and urine (784 pg/g creatinine) of a woman
who had been using soap containing 1% mercuric iodide for about 15 years. Mercury was
also present in the blood (19 pg/L) and urine (274 ug/g creatinine) of her three-month-old
child, who was not directly exposed to mercury (Lauwerys et al., 1987).

1.3.9 Mercury-containing paint

Air samples from 19 homes recently painted with an interior latex paint with a median
mercury concentration of 754 mg/L contained a median of 2 pg/m3 mercury, while concen-
trations in 10 uncoated houses were below the detection limit of 0.1 pg/m3. The median
concentration in urine was higher for 65 exposed inhabitants (8.4 yg/g creatinine) than for 28
unexposed people (1.9 ug/g creatinine) (Agocs ef al., 1990; WHO, 1991).

1.3.10 Human tissues and secretions

In order to establish reference values for mercury concentrations in whole blood, blood
cells and plasma, 98 publications in the international scientific literature presenting
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biological data on individuals not occupationally exposed to mercury were reviewed critically
and graded for quality (Brune ef al., 1991). The mean levels of mercury in non-fish eaters
were 2.0 ug/L (10th-90th percentiles, 0-4.3) in whole blood, 3.8 (2.8-4.8) in blood cells and
1.3 (0.3-2.3) ug/L in plasma. Although the authors recognized the importance of retrieving
information on the number of amalgam restorations, few data were available.

In 380 Italian subjects non-occupationally exposed to mercury, the mean urinary
concentration of mercury was 3.5 pg/L (range, 0.1-6.9) (Minoia et al., 1990). Average urinary
mercury concentrations in 50 male and 54 female residents of the Monte Amiata mercury
mine area in Italy were greater than those in 104 controls from other regions of the country:
men, 2.3 ug/g creatinine (95% CI, 1.7-3.0); women, 3.9 ug/g creatinine (95% CI, 2.2-5.6);
men and women combined, 3.1 pg/g creatinine (95% CI, 2.2-4.1) (Cicchella et al., 1968).

Mercury levels in the hair of unexposed populations are generally between 0.5 and
4 mg/kg. Hair mercury is indicative of blood mercury concentration at the point of growth, so
that sequential analysis of hair segments provides information on past exposure to mercury
and particularly to organomercury compounds (Bakir et al., 1973; Kazantzis et al., 1976).

In Sweden, increased concentrations of mercury were found in samples from former
dental staff (seven dentists and one dental assistant) of the pituitary gland (average, 9.8 pmol
[1.96 mg]/kg wet weight; range, 0.7-28 [0.14-5.6]), occipital cortices (average, 0.33 umol
[0.07 mg]/kg wet weight; range, 0.07-1.43 [0.014-0.3]), renal cortices (average, 8.6 pmol
[1.7 mg]/kg wet weight; range, 4.7-11.3 [0.9-2.3]), and thyroid gland (range, 0.32-140 umol
[0.06-28 mg]/kg wet weight). Mercury was found together with selenium at a rough stoichio-
metric ratio of 1:1. In the general population, the average concentrations were 0.12
(0.03-5.83) pmol/kg wet weight in pituitary gland, 0.053 (0.012-0.1 14) in occipital cortices,
1.4 (0.11-4.04) in renal cortices and 0.019 (0.004-0.047) in abdominal muscles (Nylander &
Weiner, 1991).

1.4 Regulations and guidelines

Occupational exposure limits and guidelines established in different parts of the world
are given in Table 11. The recommended health-based occupational exposure limit is
0.05 mg/m3 (WHO, 1980; Simon e al., 1990). The recommended health-based limit for
long-term occupational exposure to mercury vapours is 50 pg/ g creatinine in urine (WHO,
1980).

The American Conference of Governmental Industrial Hygienists (1992) gave notice of
their intent to establish biological exposure indices for mercury in blood and urine. The
values proposed are 35 ug/g creatinine for total inorganic mercury in urine in preshift
samples and 15 pg/L for total inorganic mercury in blood at the end of a working week. The
German biological tolerance values for metallic mercury and inorganic mercury compounds
are 50 ug/L in blood and 200 pg/L in urine; that for organomercury compounds is 100 pg/Lin
blood (Deutsche Forschungsgemeinschaft, 1992). The Finnish guideline values for
biological measurements are 10 pg/L in blood and 25 pg/L in urine (Anttila et al., 1992).

The WHO recommended guideline for all forms of mercury in drinking-water is 1 pug/L
(WHO, 1992). The maximum contaminant level of mercury in drinking-water and the
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permissible level in bottled water in the USA is 2 ug/L (US Environmental Protection
Agency, 1991; US Food and Drug Administration, 1992).

Table 11. Occupational exposure limits and guidelines for mercury and mercury
compounds

Country or Year Concentration  Substances affected Interpretation“
region (mg/m3)
Australia 1990 0.01 Alkyl mercury compounds (as Hg) TWA, S
0.03 Alkyl mercury compounds (as Hg) STEL, S
0.05 Mercury and mercury vapour TWA, S
0.1 Aryl mercury compounds, inorganic TWA, S
mercury compounds (as Hg)
Austria 1982 0.1 Mercury and mercury vapour TWA
0.01 Organic mercury compounds (as Hg) TWA, S
Belgium 1990  0.01 Alkyl mercury compounds (as Hg) TWA, S
0.03 Alkyl mercury compounds (as Hg) STEL, S
0.05 Mercury and mercury vapour, mercury TWA, S
compounds except alkyls (as Hg)
0.1 Aryl mercury compounds, inorganic TWA, S
mercury compounds (as Hg)
Brazil 1978  0.04 Inorganic mercury compounds (as Hg) TWA
Bulgaria 1984 0.01 Mercury and mercury vapour, inorganic TWA
mercury compounds (as Hg)
Chile 1983  0.008 Alkyl mercury compounds (as Hg) TWA, S
0.04 Mercury and mercury vapour TWA
China 1979 001 Mercury and mercury vapour TWA
0.00s Organic mercury compounds (as Hg) TWA, S
Former 1991  0.05 Mercury and mercury vapour, mercury TWA
Czechoslovakia compounds except mono- and dialkyls
(as Hp)
0.15 Mercury and mercury vapour, mercury Ceiling
compounds except mono- and dialkyls
(as Hg)
Denmark 1990  0.01 Alkyl mercury compounds (as Hg) TWA, S
0.05 Mercury and mercury vapour, mercury TWA
compounds except alkyls (as hg)
Egypt 1967 0.1 Mercury and mercury vapour TWA
Finland 1992 0.01 Alkyl mercury compounds (as Hg) TWA, S
0.05 Mercury and mercury vapour, inorganic TWA
mercury compounds (as Hg)
France 1990 001 Alkyl mercury compounds (as Hg) TWA, S
0.05 Mercury and mercury vapour TWA, §
0.1 Aryl mercury compounds, inorganic TWA, S
mercury compounds (as Hg)
Germany 1992 0.1 Mercury and mercury vapour TWA, S
0.01 Organic mercury compounds except TWA, S, sensi-
methylmercury (as Hg) (total dust) tizer
0.01 Methylmercury (total dust) TWA, PR1, S,

sensitizer
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Table 11 (contd)

Country or Year Concentration  Substances affected Interpretation®
region (mg/m3)
Hungary 1990 0.02 Mercury and mercury vapour, inorganic TWA, sensi-
mercury compounds (as Hg) tizer
0.04 Mercury and mercury vapour, inorganic STEL
mercury compounds (as Hg)
0.01 Inorganic mercury compounds (as Hg) STEL
0.01 Organic mercury compounds except TWA, STEL
mono- and dialkyl compounds (as Hg)
India 1983  0.01 Alkyl mercury compounds (as Hg) TWA, S
0.03 Alkyl mercury compounds (as Hg) STEL, S
0.05 Mercury and mercury vapour TWA
0.15 Mercury and mercury vapour STEL
Indonesia 1978 0.01 Organic mercury compounds (as Hg) TWA, S
0.1 Alkyl mercury compounds (as Hg) TWA, S
Italy 1978  0.01 Organic mercury compounds (as Hg) TWA, S
0.05 Inorganic mercury compounds (as Hg) TWA, S
Japan 1991  0.05 Mercury and mercury vapour, mercury TWA
compounds except alkyl compounds (as Hg)
Mexico 1991 0.05 Mercury compounds except alkyl compounds TWA
(Hg)
0.01 Alkyl mercury compounds (as Hg) TWA
0.03 Alkyl mercury compounds (as Hg) 15-min, 4
X/day, 1-h
interval
Netherlands 1986  0.05 Inorganic mercury compounds (as Hg) TWA
0.01 Alkyl mercury compounds (as Hg) TWA, S
Poland 1990  0.01 Mercury and mercury vapour, organic TWA
mercury compounds (as Hg)
0.05 Inorganic mercury compounds (as Hg) TWA
Republic of 1983  0.05 Mercury and mercury vapours TWA
Korea 0.03 Alkyl mercury compounds (as Hg) TWA
Romania 1975 0.05 Mercury and mercury vapour TWA, S
0.15 Mercury and mercury vapour STEL, S
0.01 Organic mercury compounds (as Hg) STEL, S
Sweden 1992 0.01 Alkyl mercury compounds (as Hg) TWA, S
0.05 Mercury and mercury vapour, mercury TWA, S
compounds except alkyl compounds (as Hg)
Switzerland 1990 0.05 Mercury and mercury vapour TWA, §
0.01 Organic mercury compounds (as Hg) TWA, S, sensi-
tizer
0.1 Inorganic mercury compounds (as Hg) TWA, PR1, S,
sensitizer
Taiwan 1981 0.01 Organic mercury compounds (as Hg) TWA, S
0.05 Inorganic mercury compounds (as Hg) TWA, §
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Table 11 (contd)
Country or Year Concentration  Substances affected Interpretation?
region (mg/m3)
United Kingdom 1992 0.01 Alkyl mercury compounds (as Hg) TWA, S
0.03 Alky!l mercury compounds (as Hg) STEL, §
0.05 Mercury and mercury vapour, mercury TWA
compounds except alkyls (as Hg)
0.15 Mercury and mercury vapour, mercury STEL (10 min)
compounds except alkyls (as Hg)
[SAY-N
OSHA 1992 0.01 Alkyl mercury compounds (as Hg), organic TWA, PEL, S
mercury compounds (as Hg)
0.03 Alkyl mercury compounds (as Hg), organic STEL, PEL, S
mercury compounds (as Hg)
0.05 Mercury and mercury vapour TWA, PEL, S
0.1 Aryl mercury compounds, inorganic Ceiling, PEL,
mercury compounds (as Hg) S
NIOSH 1990 0.01 Alkyl mercury compounds (as Hg), organic TWA, REL, S
mercury compounds (as Hg)
0.03 Alkyl mercury compounds (as Hg), organic STEL, REL, S
mercury compounds (as Hg)
0.05 Mercury and mercury vapour TWA, REL, S
ACGIH 1992 0.01 Alkyl mercury compounds (as Hg) TWA, TLV, S
0.03 Alkyl mercury compounds (as Hg) STEL, TLV, S
0.05 Methylmercury, all forms except alkyl TWA, TLV, S
vapours
0.1 Aryl mercury compounds, inorganic TWA, TLV, S
mercury compounds (as Hg)
Former USSR 1990  0.005 Mercury and mercury vapour TWA
0.05 Inorganic mercury compounds (as Hg) TWA
0.2 Inorganic mercury compounds (as Hg) STEL
Venezuela 1978  0.01 Alky! mercury compounds (as Hg) TWA, S
0.03 Alkyl mercury compounds (as Hg) Ceiling, S
0.05 Inorganic mercury compounds (as Hg) TWA
0.15 Inorganic mercury compounds (as Hg) Ceiling
Former 1971 0.1 Mercury and mercury vapour TWA
Yugoslavia
0.01 Alkyl mercury compounds (as Hg) TWA, §

From Arbeidsinspectie (1986);

(1992); US National Institute fo
American Conference of Governmental Industrial Hy,
Deutsche Forschungsgemeinschaft (1992); Health & S
“The concentrations given may
tation of the values, the origin
of damage to the developing e
have been adhered to; S, ab

weighted average; STEL, short-term e

exposure limit; TLV, threshold limit value.

sorption through the skin m

Cook (1987); US Occupational Safety and Health Administration (OSHA)
r Occupational Safety and Health (1990); International Labour Office (1991);
gienists (ACGIH) (1992); Arbejdstilsynet (1992);
afety Executive (1992); UNEP (1993)

or may not have regulatory or legal status in the various countries; for interpre-
al references or other authoritative sources should be consulted. PR1, a risk
mbryo or fetus hasbeen demonstrated unequivocally, even when exposure limits
ay be a significant source of exposure; TWA, time-
xposure limit; PEL, permissible exposure limit; REL, recommended
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The Joint FAO/WHO Expert Committee on Food Additives set a provisional tolerable
weekly intake of 300 g total mercury per person, of which no more than 200 g (3.33 ng/kg
bw for a 60-kg individual) should be present as methylmercury compounds (WHO, 1989b).
In Japan, a provisional tolerable weekly intake of 250 g mercury per week, with no more
than 170 pg as methylmercury, was calculated from the WHO values on the basis of 50 kg
body weight. This weekly intake is considered to be one-tenth of the minimum toxic dose of
adults and is therefore expected to give protection against fetal damage (WHO, 1990).

Stationary sources in the USA where mercury ore is processed to recover mercury,
where mercury chloralkali cells are used to produce chlorine gas and alkali metal hydroxide
and where wastewater treatment plant sludge is incinerated or dried are subject to the US
national emission standard for mercury. Thus, atmospheric emissions from mercury ore
processing facilities and mercury-cell chloralkali plants cannot exceed 2300 g of mercury per
24-h period. Atmospheric emissions from sludge incineration plants, sludge drying plants, or
a combination of these, where wastewater treatment plant sludges are processed cannot
exceed 3200 g of mercury per 24-h period (US Environmental Protection Agency, 1992).

In the countries of the European Communities, no detectable quantity of mercury is
allowed in colouring matter authorized for use in food intended for human consumption
(Commission of the European Communities, 1981). The threshold value for mercury in tuna
fish in Denmark is 0.5 mg/kg (Rasmussen, 1984). In Sweden, it was recommended that the
consumption of fish caught in areas of high contamination (but below 1.0 mg/kg) be
restricted to one meal per week (Swedish Expert Group, 1970).

Use of mercury compounds as cosmetic ingredients in the USA is limited to eye-area
cosmetics, at concentrations not exceeding 65 ppm (0.0065%) of mercury calculated as the
metal (about 100 ppm or 0.01% phenylmercury acetate or nitrate) (US Department of
Health and Human Services, 1992). In the European Communities, mercury and its
compounds must not be used in cosmetic products, except that thiomerosal (mercuro-
thiolate) and phenylmercury salts (including borate) can be used for eye make-up or eye
make-up remover, with a maximum concentration of 0.007% mercury (Commission of the
European Communities, 1990, 1991).

2. Studies of Cancer in Humans

Many populations have low-grade or infrequent exposure to metallic mercury or
mercury compounds. The Working Group restricted their review to studies specific to
metallic mercury or mercury compounds and to groups who are known to have considerable
exposure.

2.1 Inorganic mercury compounds

2.1.1 Descriptive studies

In a study in Poland, mercury was determined in the hair of leukaemia patients and in
healthy relatives and unrelated healthy subjects (Janicki et al., 1987). The mean content of
total mercury was 1.24 + 1.93 mg/kg hair from 23 cases of acute leukaemia and 0.49
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+ 0.41 mg/kg hair from 79 healthy control subjects. In 47 cases of acute leukaemia (chronic
granulocytic as well as chronic lymphocytic), the mercury content was 0.92 + 1.44 mg/kg hair.
For 19 leukaemia cases of all groups and their 52 relatives, the corresponding figures were
0.69 -+ 0.75 mg/kg and 0.43 + 0.24 mg/kg, respectively. These differences between cases and
control subjects were significant. [The Working Group noted that comparisons of means are
inappropriate, as the distributions were highly skewed, and that the distribution of mercury
may have been affected by the disease.]

In Washington State, USA, occupational mortality was studied for the period 1950-71
on the basis of death certificates (Milham, 1976). For male dentists, the proportionate
mortality ratio (PMR) for all malignant neoplasms was 1.05 (127 cases [95% confidence
interval (CI), 0.88-1.25]). When sites with more than five cases were considered, the PMR
was 1.53 for pancreatic cancer based on 12 cases [95% CI, 0.79-2.69), 1.32 for prostatic
cancer based on 20 cases [95% CI, 0.80-2.03] and 1.45 for neoplasms of the lymphatic and
haematopoietic tissues based on 17 cases [95% CI, 0.84-2.33).

Occupational mortality was studied in British Columbia, Canada, by the proportionate
mortality method and based on 320 423 deaths for which valid records were available among
men over 20 years of age (Gallagher et al., 1985). The occupational codes were those used in
conjunction with the censuses of 1951 and 1961. Among dentists, there were four cases of
kidney cancer (PMR, 1.94; 95% CI, 0.52-4.96) and five tumours of the brain and central
nervous system (PMR, 2.36; 95% CI, 0.76-5 .52). There were even fewer cases at other sites,
or no more than slightly elevated PMRs.

2.1.2 Cohort studies (see Table 12, p. 272)

(@) Nuclear weapons industry workers

A cohort of 2133 white men from Oak Ridge, TN, USA, who were exposed to metallic
mercury and an unexposed cohort of 3260 workers from the same plant were studied with
regard to mortality in comparison with national rates for white men (Cragle et al., 1984). -
Exposure to mercury occurred in the context of lithium production in a nuclear weapons
plant, which earlier had also produced a fissionable isotope of uranium; anyone in whom
mercury had ever been found in the urine, regardless of the concentration, was considered to
have been exposed. A mercury monitoring programme was started in mid-1953 and became
effective in late 1954. The cohorts were followed-up from 1 January 1953 until 1 January
1979, when vital status was assessable for at least 95.5% of the cohort and death certificates
were available for 98% or more. Total mortality was lower than expected for both groups,
and there was no excess of any non-cancer death possibly related to mercury exposure (target
organs were thought to be liver, lung, brain and other central nervous system, and kidney).
The cancer mortality rate was lower than expected for the exposed cohort (standardized
mortality ratio [SMR], 0.94 [95% CI, 0.75-1.16]; based on 85 cases) but not for the
unexposed (SMR, 1.10[0.94-1.28]; based on 175 cases). An excess of lung cancer was seen in
both cohorts (SMR, 1.34 [0.97-1.81], based on 42 cases among exposed; and 1.34
[1.05-1.69], based on 71 cases among unexposed). For cancers of the brain and central
nervous system, the corresponding figures were 1.22 ([0.33-3.12]; based on 4 cases) for the
exposed cohort and 2.30 ([1.22-3.94]; based on 13 cases) for the unexposed; for kidney
cancer, the SMRs were reported to be 1.65 ([0.45-4.23]; based on 4 cases) for the exposed
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cohortand 0.72 ({0.15-2.10]; based on 3 cases) for the unexposed. In subgroups with mercury
levels in urine exceeding 0.3 mg/L at least once or with more than one year of exposure, there
was also no clear increase in cancer mortality rates. No definite explanation could be given
for the excess of lung cancer observed in both cohorts, but life-style factors or some factor
other than mercury present in the plant were mentioned.

(b) Dentists

Cohorts of 3454 male and 1125 female dentists and 4662 dental nurses identified from
the Swedish census in 1960 were followed for cancer development in the period 1961-79 by
linkage with cancer register data (Ahlbom et al., 1986). The overall standardized incidence
ratio (SIR) was 2.1 (95% CI, 1.3-3.4) for glioblastoma (astrocytoma III-IV) in comparison
with national incidence rates, based on 18 cases. The SIRs for the various cohorts were 2.0 for
male dentists, 2.5 for female dentists and 2.2 for dental nurses. In the combined cohorts,
there were also four gliomas (astrocytoma I-1I) (SIR, 1.8; 95% CI, 0.5-4.7) and six
meningiomas (SIR, 1.3; 95% CI, 0.5-2.8). There was no excess of all tumours in these
cohorts. For comparison, physicians and female nurses were also studied; no indication was
found of an excess of glioblastomas. Exposures to amalgam, chloroform and X-radiation
were mentioned as possible occupational factors.

In another analysis of this population, occupational risks for intracranial gliomas in
Sweden were studied by linking cancer incidence data from the national cancer registry
during 1961-79 with census data on occupation from 1960 (McLaughlin ef al., 1987). The
expected number of cases for each occupational category was calculated on the basis of the
general population in the study period, and regional adjustment was applied. There were
3394 gliomas in men and 1035 in women who had been employed in 1960. An excess risk was
found for male dentists, with an SIR of 2.1 (p < 0.05) based on 12 cases; for female dental
assistants, nine cases (SIR, 2.1; p = 0.09) were reported. For comparison, it may be noted
also that among male physicians there were 14 cases (SIR, 1.4; nonsignificant) and among
female physicians, four cases (SIR, 3.7; p < 0.05). Male chemists, physicists, veterinary
surgeons, agricultural research scientists and pharmacists also had SIRs greater than 2.0.
[The Working Group noted that no distinction was made between the various subtypes of
glioma.]

Mortality risks by occupation have been studied among veterans who served in the
US Armed Forces between 1917 and 1940 (Hrubec et al., 1992). Occupation and smoking
status were assessed through questionnaires in 1954 and 1957. Follow-up to 1980 was done
using insurance and pension systems (96% complete for First World War veterans). The
smoking-adjusted relative risk (RR) for each occupation was estimated by using all other
occupations as the standard, and Poisson regression modelling was applied. In a subcohort of
2498 dentists with a total of 1740 deaths, there were 299 cancer deaths (RR, 0.9; 90% CI,
0.80-0.97). The risk for pancreatic cancer was 1.4 (90% CI, 0.98-1.86; 27 deaths). No excess
of brain or kidney tumours was detected (RR, 0.9; 90% CI, 0.45-1.74; 6 cases; and RR, 0.8;
90% CI, 0.39-1.50; 6 cases, respectively). For a group of 267 medical and dental technicians,
there was an elevated risk for all cancers among 40 nonsmokers (RR,2.5;90% CI,1.36-4.73;
7 deaths). For nonsmokers and smokers in this group, the risk for all cancers was only slightly
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elevated (RR, 1.2; 90% ClI, 0.87-1.54; 34 deaths), but there was an excess of colon cancer
(RR, 1.9; 90% (I, 1.01-3.53; 7 deaths).

(c) Chloralkali workers

Mortality and cancer incidence were reported for a group of 1190 male Swedish
chloralkali workers in whom mercury had been measured in the blood or urine for at least
one year between 1946 and 1984 (Barregard et al., 1990). Their mortality and cancer
incidence were compared with those of the general male population for the periods 1958-84
and 1958-82, respectively, and the follow-up was complete. The mean level of mercury
excreted in the urine had been about 200 ng/L in the 1950s, 150 pg/L in the 1960s and less
than 50 pg/L in the 1980s. On the basis of crude estimates, 26 % of the cohort was estimated
to have had an accumulated urinary mercury dose of 1000 years-pg/L or more, 457 subjects
also had some (mostly low-grade) asbestos exposure; exposure to static magnetic fields was
reported to have occurred. Mortality from all causes was not significantly increased, the
observed to expected mortality being 1.1 (95% CI, 0.9-1.3) based on 147 deaths with 10 or
more years of latency. There were 51 incident cases of cancer observed versus 42 expected
with a latency of 10 years or more, i.e. a rate ratio of 1.2 (95% CI, 0.9-1.6). Lung cancer was
the only type of tumour in clear excess, with 10 observed and 4.9 expected with a latency of
10 years or more (rate ratio, 2.0; 95% CI, 1.0-3.8). There were slight excesses of some other
cancers with a latency of 10 years or more, namely three brain tumours versus 1.1 expected
(RR, 2.7; 95% CI, 0.5-7.7), three kidney cancers versus 1.9 expected (1.6; 0.3-4.7), five
urinary bladder cancers versus 2.9 expected (1.7; 0.6-4.1) and 10 prostatic cancers versus 8.6
expected (1.2; 0.6-2.1). The excess of lung cancer was thought to be due to exposure to
asbestos; one case of mesothelioma was observed. Smoking was considered to explain 10%
of the excess of lung cancer, although information on smoking habits was available for onlya
7% random sample of the cohort. The authors noted that chloralkali workers have five to
10 times the mercury exposure of dental personnel.

In a cohort study of 674 male Norwegian chloralkali workers exposed to inorganic
mercury for more than one year prior to 1980, who had a mean cumulative urinary concen-
tration of 740 ug/L, there were 204 deaths versus 210.7 expected (SMR, 0.97; 95% CI,
0.84-1.11) and 89 incident cases of cancer versus 85.0 expected (SIR, 1.05; 95% ClI,
0.84-1.29) (Ellingsen et al., 1993). During the follow-up period (1953-89 for incidence and
1953-88 for mortality), there were 19 incident cases of lung cancer, with 11.5 expected (SIR,
1.66; 95% CI, 1.00~2.59) on the basis of national rates. There was no correlation with
cumulative mercury dose, employment or latency; a somewhat increased frequency of
smoking and exposure to asbestos (one mesothelioma was found) were considered to explain
the excess of lung cancer. Three kidney cancers and two brain tumours were observed versus
3.2 and 2.45 expected, respectively. These two sites were considered by the authors to be of
primary interest with regard to exposure to mercury.

(d) Mercury miners

In a cohort study of the relationship between silicosis and mortality from lung cancer in
US metal miners, the difference in risk for silicotic miners compared with nonsilicotic white
metal miners was greater for mercury miners than for other miners (Amandus & Costello,



Table 12. Cohort studies of populations exposed to inorganic mercury compounds

Study population End-point Site No.of SMR 95% CI Reference
Period of follow-up cases
Nuclear weapons industry workers
2133 Mercury exposed, Mortality Exposed Lung 42 1.34 [1.0-1.8] Cragle et al.
3260 unexposed male workers, Kidney 4 1.65 [0.4-4.2] (1984)
USA, 1953-79 Brain 4 1.22 [0.3-3.1]
Unexposed Lung 71 1.34 [1.0-1.7]

Kidney 3 0.72 [0.1-2.1]

Brain 13 2.30 [1.2-3.9]
Dentists
9201 Dentists and dental Incidence Glioblastoma 18 2.1 1.3-3.4 Ahlbom et al.
nurses, Sweden, 1961-79 Glioma 4 1.8 0.5-4.7 (1986)

Meningioma 6 1.3 0.5-2.8
2498 Dentists, US veterans, Mortality Pancreas 27 14 0.96-1.86  Hrubecet al.
1954-80 Brain 6 0.9 0.45-1.74  (1992)

Kidney 6 0.8 0.39-1.50
267 Medical and dental Mortality Colon 7 1.9 1.01-3.53  Hrubecet al.
assistants, US veterans, Brain 1 1.5 NR (1992)
1954-80 Kidney 2 2.8 NR
Chloralkali workers
1190 Males, Sweden, Incidence Lung 13 [1.8] [0.9-3.0] Barregrd et al.
1946-82 Kidney 4 (13] [0.4-3.4] (1990)

Brain 4 {1.8] [0.5-4.7]
674 Males, Norway, Incidence Lung 19 1.66 1.00-2.59  Ellingsen et al.
1953-89 Kidney 3 095  0.2-2.8 (1993)

Brain 2 0.8 0.1-3.0
Mercury miners
274 Males, USA, Mortality 11 Silicotics Lung 3 14.0 2.80-41.0  Amandus &
1959/61-75 263 Nonsilicotics Lung 8 266 1.15-524  Costello (1991)

NR, not reported
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1991). The follow-up was from date of examination in 195961 to 31 December 1975. For the
11 silicotic mercury miners, the SMR was 14.0 (95% CI, 2.89-41.0) based on three lung
cancer deaths, whereas the SMR for the 263 nonsilicotic mercury miners was 2.66 (95% CI,
1.15-5.24) based on eight cases. For other miners (copper, lead-zinc, iron and others), the
corresponding figures were 1.39 [95% CI, 0.70-2.49] based on 11 silicotic lung cancer deaths
and [1.14; 95% CI, 0.93-1.37] based on 110 deaths from nonsilicotic lung cancer. The
reference for calculating the SMRs was death rates in white US males. No explanation was
offered for the differences seen between mercury and other miners. [The Working Group
noted that the small numbers of silicotic mercury miners may make the estimate unstable.]

2.1.3 Case—control studies (see Table 13, p. 274)

In a case-control study of incident cases of lung cancer admitted during 1981-83,
340 male and 36 female cases and 817 male and 75 female hospital controls, all residents of
metropolitan Florence, Italy, were drawn from the regional general hospital for the analyses
(Buiatti et al., 1985). Occupational histories were collected from each subject directly; six
female cases but no control had ever worked as felt-hat makers (p = 0.01). Heavy exposure
to mercury but also to arsenic and other chemicals was reported to have occurred in the
Italian hat-making industry.

In a study described in detail in the monograph on beryllium (pp. 73-74; Carpenteretal.,
1988), based on 29 cases identified from information on death certificates as ever exposed to
mercury, the odds ratio for cancer of the central nervous system was 1.77 [95% CI, 0.5-5.8]
when compared with unexposed cases. The matched analysis by highest rank ever held versus
rank 0 yielded odds ratios of 2.01, 1.33 and 1.19 for ranks 1, 2 and 3, respectively (all odds
ratios had a p value of 0.26 or greater). When risk estimates were calculated with a 10-year
latency, the odds ratios were 1.58, 0.77 and 1.57 for ranks 1, 2 and 3, respectively, with a
p value of 0.47 or greater. A further analysis based on time spent in ranks 2 and 3, assuming a
10-year latency, yielded odds ratios of 0.00, 0.96, 0.00 and 1.86 for workers with > 1 year
and < 3years, 3-10 years, 11-20 years and 21 years or more in ranks 2 and 3 compared with
ranks 0 and 1. The authors concluded that their study does not support the hypothesis that
occupational exposures to any of the 26 chemicals studied increase appreciably the risk for
cancers of the central nervous system.

The effects of a great number of exposures were considered in a case—control study from
Montréal, Canada, involving all major cancer forms and population controls as well as two
hospital control series, i.e. cancer cases and other cases (Siemiatycki, 1991). In total, 4576
incident cancer cases were recruited through local informants at the hospitals. Completed
questionnaires and interviews on occupational exposures (293 agents were considered) were
obtained for 3730 of these (response rate, 81.5%). A total of 740 population controls were
drawn from electoral lists or obtained by random-digit dialling. Of these, exposure was
successfully assessed for 533 (72.0%). The prevalence of exposure to metallic mercury was
0.6% and that to any mercury compound (including metallic mercury), 2%. For prostatic
cancer, 14 of 449 cases were exposed to mercury compounds, resulting in an odds ratio of 1.7
(90% CI, 1.0-3.0); five cases had been exposed to metallic mercury, giving an odds ratio of
6.2 (90% CI, 1.2-33.2). For lung cancer, four of the 857 cases had been exposed to metallic
mercury (odds ratio, 4.0; 90% CI, 1.2-13.0). For bladder cancer, 14 of the 484 cases had been



Table 13. Case-control studies of populations exposed to inorganic mercury compounds

Study population End-point Exposure Sex No. of Odds 95% C1 Reference
exposed  ratio
cases
Lung cancer
Hospital-based, Italy Incidence Hat makers F 6 p = 0.01 Buiatti et al. (1985)
Population-based, Canada  Incidence Mercury, metallic M 4 4.0 1.2-13.0¢  Siemiatycki (1991)
Prostatic cancer
Population-based, Canada  Incidence Mercury, metallic M 5 6.2 1.2-33.2¢  Siemiatycki (1991)
Mercury and mercury M 14 1.7 1.0-3.0
compounds®
Bladder cancer
Population-based, Canada  Incidence Mercury and mercury M 14 1.5 0.9-2.6% Siemiatycki (1991)
compounds?
Brain tumours
Population-based, USA Mortality Nuclear facilities Central 29 1.77 [0.5-5.8] Carpenter et al. (1988)
nervous
system
Population-based, Australia Incidence Amalgam fillings Glioma 0.47 0.25-0.91  Ryan et al. (1992)
Meningioma 1.04 0.43-2.47

- 990% C1

"Including organomercury compounds
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exposed to mercury compounds (odds ratio, 1.5; 90% CI, 0.9-2.6). Significant results were
not obtained for cancers at other sites. [The Working Group noted that although several
potential confounding factors were considered not all possible occupational confounders
were addressed.]

A case-control study from Adelaide, Australia, considered incident brain tumours and
exposure to amalgam fillings and diagnostic dental X-rays (Ryan et al., 1992). Cases aged
25-74 were notified by neurosurgeons in Adelaide, and there was a further check for casesin
cancer and brain tumour registries. Controls were selected from the Australian electoral roll,
covering 95% of the adult population. In total, 190 cases of brain tumours were identified,
together with 662 controls; of these, 110 glioma cases, 60 meningioma cases and 417 controls
were included in the analyses. There was a decreased odds ratio (0.47;95% CI, 0.25-0.91) for
glioma in association with self-reported amalgam fillings (at least one filling) and with
diagnostic X-rays (at least one X-ray) (odds ratio, 0.42; 95% CI, 0.24-0.76); the corres-
ponding results for meningioma were 1.04 (95% CI, 0.43-2.47) in relation to fillings,
whereas the risk associated with diagnostic X-rays was slightly increased (odds ratio, 1.37;
0.68-2.73). No dose-response pattern was seen for either glioma or meningioma with regard
to amalgam fillings. The authors considered a biological protective mechanism unlikely.

2.2 Organomercury compounds
2.2.1 Descriptive studies

Direct SMRs for biliary tract cancer in the Japanese prefectures in 1975 were correlated
with an environmental pollution index related to use of agricultural chemical products for the
years 1962-66 (Yamamoto et al., 1986). In both men and women, only weak, non-significant
correlations were found for exposure to mercuric compounds (such as phenylmercury
acetate, used as a fungicide in Japan until 1971) converted to the dose of inorganic mercury,
whereas positive and significant correlations were obtained, especially for DDT and some
phenoxy herbicides.

The mortality pattern was studied in the population of a small area of the city of
Minamata, Kumamoto Prefecture, Japan, which consisted mainly of fishermen and their
families (Tamashiro er al., 1986) and where 70% of the 1612 confirmed cases (including
527 deaths) of Minamata disease (see pp. 291-292) in the Prefecture through 1983 were
known to have occurred. SMRs were computed for different causes of death in 1970-81 by
using age-specific rates for the entire city for 1972-78. The total population of the study area
in 1975 was 3887 versus 36 782 in the city. Some migration took place during the study period,
and, in particular, young adults moved out of the area and former residents returned. The
SMR for all causes of death was 1.05 (95% ClI, 0.95-1.15, based on 412 deaths) and that for
all cancers was 1.18 (95% CI, 0.96-1.46, based on 84 deaths). For the various cancers
reported, the corresponding figures were: oesophagus, 2.05 (95% CI, 0.67-4.78: 5 cases);
stomach, 0.77 (95% CI, 0.42-1.29; 14 cases); liver, 2.07 (95% CI, 1.16-3.42; 15 cases);
pancreas, 0.99 (95% CI, 0.20-2.88; 3 cases); trachea—bronchus-lung, 1.52 (95% CI, 0.79-
2.65; 12 cases); breast, 2.64 (95% CI, 0.54-7.71; 3 cases); uterus, 0.89 (95% CI, 0.24-2.28;
4 cases); leukaemia, 1.82 (95% CI, 0.50-4.66; 4 cases); and other cancers, 0.98 (95% CI,
0.63-1.46; 24 cases). An elevated SMR was also seen for chronic liver disease and cirrhosis
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(2.16; 95% CI, 1.41-3.17; based on 26 cases). There was some evidence that alcohol
consumption in the area was above the Japanese average. [The Working Group noted that
the increased risk for liver cancer seems consistent with the increased occurrence of chronic
liver disease and cirrhosis and with a higher than average alcohol consumption; the latter
might also have affected the risk for oesophageal cancer.]

The effects on life expectancy of elevated exposure to methylmercury compounds were
studied in five coastal towns of southern Japanin comparison with a surrounding control area
(Tamashiro et al., 1987). The average hair concentrations of mercury were reported to be
three to six times higher in the exposed area than in the control area. The study period was
from 1969 through to 1982. The crude RR for death from malignant neoplasms was [1.05].

2.2.2 Cohort study

It was reported in letter to the Editor that 1657 people with a licence for seed
disinfection using organomercury compounds and other agents, issued between 1965 and
1976, were followed through the Swedish Cancer Registry from the date of licencing until
death or December 1982 (Wiklund et al., 1988). The mean follow-up time was 14.7 years,
resulting in 24 429 person-years of observation. Five tumours of the nervous system were
observed versus 4.98 expected (SIR, 1.0; 95% CI, 0.33-2.34); rates of tumours at other sites
were not reported. The authors noted that the use of alkylmercury compounds was banned in
Sweden in the mid-1960s, and limitations were placed on mercury disinfection.

2.2.3 Case—control studies (see Table 14, p. 277)

Three similarly designed studies on soft-tissue sarcomas in different parts of Sweden,
mainly focusing on exposure to phenoxyacetic acid herbicides and chlorophenols, also
provide data on exposure to organomercury seed dressings and other pesticides (Eriksson et
al., 1981; Hardell & Eriksson, 1988: Eriksson ef al. » 1990). The first study encompassed 110
cases and 219 population controls in the five southernmost counties. The second study
involved 55 cases and 220 living and 110 dead controls and a third group of 190 other cancer
controls in the three northernmost counties. In the third study, there were 237 cases and 237
controls from the seven central counties, matched on vital status. Information on exposure
was obtained from questionnaires to the subjects or their next-of-kin, supplemented with
telephone interviews. Exposure to mercury seed dressings was reported for 8.2% of cases and
4.6% of controls in the first study; for 1.9% of cases and 3.5% of living and 2.8% of dead
controls in the second study; and for 4.6% of cases and 5.2% of controls in the third study.
The resulting odds ratio in the first study [not given] was said to have a 90% CI that included
unity. [A calculation results in a crude odds ratio of 1.9 (95% CI, 0.65-5.3) for the first study
and, for the second study, 0.52 (95% CI, 0.01-4.3) with regard to living controls and 0.66
(95% CI, 0.08-5.74) using dead controls.] The odds ratio in the third study was given as (.89
(95% CI, 0.40-1.96).

In a study from northern Sweden on malignant lymphomas, which mainly considered
exposure to organic solvents, chlorophenols and phenoxyacetic acid herbicides, exposure
frequencies to organomercury seed dressings were also reported (Hardell ez al., 1981). The
study included 169 cases (60 Hodgkin’s lymphomas, 109 non-Hodgkin lymphomas) and 338
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(335 used in the calculation) population controls. Information on exposure was obtained
through questionnaires. For the cases and controls, 5.3 and 3.0%, respectively, exposure to
mercury seed dressings co-varied with exposure to phenoxyacetic acid herbicides, whereas
asbestos and glass fibre exposure co-varied with chlorophenol exposure. Exposure to
phenoxyacetic acid herbicides as well as to chlorophenols appeared to be strong risk factors
for lymphomas, but after exclusion of subjects with exposure to phenoxy herbicides, 128
cases and 311 controls remained, with exposure frequencies to mercury seed dressings of 4.7
and 2.9%, respectively; for DDT, the corresponding figures were 5.5 and 3.5%. [For the
restricted material, a calculation results in a crude odds ratio of 1.78 (95% CI1, 0.62-5.11) for
mercury seed dressings and 1.6 (95% CI, 0.51-4.6) for DDT)]

Table 14. Population-based case—control studies of populations
of men exposed to organomercury seed dressings in Sweden

No. of Odds 95% CI Reference
exposed cases ratio

Soft-tissue sarcomas

[9] [1.9] [0.65-5.3] Eriksson ef al. (1981) }
[1] [0.52) [0.01-4.3) Hardell & Eriksson (1988)
[0.66)% [0.08-5.7]
[10] 0.89 0.40-1.96 Eriksson et al. (1990)
Lymphomas
[6] 1.78 [0.62-5.1] Hardell et al. (1981)

4 Living controls
bDead controls

3. Studies of Cancer in Experimental Animals

3.1 Metallic mercury

Intraperitoneal administration

Rat: A group of 39 male and female BDIII and BDIV rats, three months old, received
two intraperitoneal injections of 0.05 ml metallic mercury [purity unspecified] over 14 days
(total dose, 0.1 ml); mean survival was 580 days in treated rats and 780 days in controls. Only
gross lesions were investigated histopathologically. At 22 months, when 12/39 animals were
still alive, one female rat had a spindle-cell sarcoma in the abdominal cavity. Two females and
two males of the 11 remaining rats developed similar tumours (Druckrey et al., 1957). [The
Working Group noted the incomplete reporting of the study and the possibility that the
lesions seen were the result of a solid-state effect.]
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3.2 Mercuric chloride

3.2.1 Oral administration
(@) Mouse

A group of 54 male and 54 female Swiss mice (Charles River CD strain), 20 days old,
were given drinking-water containing mercuric chloride (5 ppm [mg/L] mercury) [purity
unspecified] for life. A control group of 54 male and 54 female mice was given the
drinking-water alone. Of the controls, 50% of the males were still alive at 602 days and 10%
at 789 days, and 50% of females were still alive at 539 days and 10% at 691 days. Of the
treated mice, 50% of males were still alive at 540 days and 10% at 697 days, and 50% of
females at 575 days and 10% at 736 days. The numbers of mice autopsied were 38 control
males and 47 control females and 48 male and 41 female treated mice. The authors reported
that 11/41 treated female mice and 3/47 control females developed lymphoma or leukaemia
[p = 0.09, Fisher exact test] (Schroeder & Mitchener, 1975). [The Working Group noted the
incomplete reporting of the study and that only some of the animals were autopsied.]

Groups of 60 male and 60 female B6C3F1 mice, six weeks old, received 0,50r 10mg/kg
bw mercuric chloride (purity > 99%) in deionized water by gavage (10 ml/kg bw) on five
days a week for 103-104 weeks. Ten animals from each group were killed at 15 months for
evaluation. Survival at the end of the two-year study was 36/50, 36/50 and 31/50 in the
control, low-dose and high-dose male groups and 41/50, 35/50 and 31/50 in the corres-
ponding female groups. Body weights of both female and male treated mice were similar to
those of controls throughout. Of the high-dose male mice, 2/49 developed renal tubular
adenomas and 1/49 a renal tubular adenocarcinoma. No such tumour was seen in either the
control or low-dose groups. No increase in the incidence of tumours was seen in the treated
female mice (US National Toxicology Program, 1993).

(b) Rat

Groups of 60 male and 60 female Fischer 344/N rats, six weeks old, received 0, 2.5 or
5 mg/kg bw mercuric chloride (purity, > 99%] in deionized water by gavage (5 ml/kg bw) on
five days a week for 103-104 weeks. Ten animals from each group were killed at 15 months
for evaluation. Body weights of low- and high-dose males and high-dose females were lower
than those of controls. Survival at two years was 26/50 male controls, 10/50 low-dose and
5/50 high-dose rats and 35/50, 28/49 and 30/50 in the females. The decrease in survival in
male rats was due, in part, to an increased incidence of treatment-related renal disease.
High-dose males had a greater incidence of renal tubular hyperplasia than control males
(12/50 versus 3/50; p = 0.005), but the incidence of renal tubular adenomas was similar
(control, 4/50; high-dose, 5/50). In female rats, renal tubular hyperplasia occurred in 5/50
high-dose rats and 2/50 controls; two high-dose female rats had renal tubular adenomas, but
none was seen in controls. Treated male rats had a dose-related increase in the incidence of
forestomach hyperplasia compared to controls (control, 3/49; low-dose, 16/50; high-dose,
35/50), as did high-dose female rats (control, 5/50; low-dose, 5/49; high-dose, 20/50). In
addition, there was a dose-related increase in the incidence of squamous-cell papilloma of
the forestomach in treated males (control, 0/50; low-dose, 3/50:; high-dose, 12/50); such
tumours also occurred in 2/50 high-dose female rats. High-dose males also had an increased
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incidence of thyroid follicular-cell carcinoma (control, 1/50; low-dose, 2/50; high-dose,
6/50), but not of hyperplasia (control, 2/50; low-dose, 4/50; high dose, 2/50) or adenoma
(control, 1/50; low-dose, 4/50; high-dose, 0/50) (US National Toxicology Program, 1993).
[The Working Group noted the low survival rate of male animals.]

3.2.2 Administration with known carcinogens

As the purpose of the investigations described below was to study interactions with
known carcinogens, the studies were limited to specific target sites, were often of short
duration and were not intended to address the carcinogenicity of mercury per se.

(@) Mouse

Twenty female Sencar mice [age unspecified] received single topical applications of
0.2 ml of 10 nmol [2.6 ug] 7,12-dimethylbenz[a]anthracene (DMBA) followed by twice
weekly topical applications of 200 jig mercuric chloride in 0.2 ml of a 90% acetone solution
for 26 weeks. A positive control group of 20 mice, initiated with DMBA, received promotion
with 12-O-tetradecanoylphorbol 13-acetate [dose and dosing regime unspecified]. All mice
in the positive control group developed skin papillomas, and two developed carcinomas. No
skin tumour occurred in the mercuric chloride-treated mice (Kurokawa et al., 1989). [The
Working Group noted the incomplete reporting of the study.]

(b) Rat

A group of 15 male Fischer 344 rats, seven weeks old, was administered N-nitroso-N-
hydroxydiethylamine (NHDEA) at 500 ppm [mg/L] in the drinking-water for two weeks
followed by drinking-water containing 40 ppm [mg/L] mercuric chloride (99.5% pure) for 25
weeks. A further group of 15 rats received only mercuric chloride at 40 ppm for 25 weeks; a
control group of 15 rats received drinking-water for the 27-week experimental period; and a
further group of 15 rats was given NHDEA for two weeks followed by 25 weeks of
drinking-water alone. There was no significant difference in the number of renal-cell
tumours in rats receiving NHDEA and mercuric chloride (5/15) and those receiving NHDEA
alone (2/15), but there was a significant (p < 0.01, Student’s ¢ test) increase in the mean
number of dysplastic foci/cm? in the NHDEA- plus mercuric chloride-treated group (1.09)
over that in the group treated with NHDEA alone (0.23). No renal-cell tumour or dysplastic
focus was reported in the group receiving mercuric chloride alone (Kurokawa et al., 1985).

Groups of 20 male Fischer 344 rats [age unspecified] were given drinking-water
containing 50 ppm [mg/L] N-nitrosodiethylamine (NDEA) for four weeks to initiate liver
carcinogenesis, followed by 30 weeks of treatment with drinking-water containing 40 ppm
[mg/L] mercuric chloride [purity unspecified], water alone or 1000 ppm [1 g/L] pheno-
barbital (positive control). All animals were killed at week 34. Mercuric chloride treatment
did not increase the number of hepatocellular carcinomas, adenomas or hyperplasticnodules
over that in rats treated with NDEA alone (Kurokawa et al., 1989). [The Working Group
noted the incomplete reporting of the study.]

Groups of 20 male Wistar rats [age unspecified] were given N-methyl-N'-nitro-N-
nitrosoguanidine in the drinking-water at 100 ppm [mg/L], together with a diet supplemeted
with 10% sodium chloride for eight weeks to initiate gastroduodenal carcinogenesis,
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followed by 32 weeks of treatment with drinking-water containing 40 ppm [mg/L] mercuric
chloride and basal diet without the 10% sodium chloride; controls were given the
nitrosamine and basal diet containing sodium chloride for eight weeks then basal diet and
standard drinking-water. The incidences of carcinoma and hyperplasia of the fundic and
pyloric regions of the glandular stomach and of carcinoma of the duodenum were not
increased by treatment with mercuric chloride over those caused by the nitrosamine alone
(Kurokawa et al., 1989). [The Working Group noted the incomplete reporting of the study.]

(c) Hamster

A group of 20 female Syrian golden hamsters [age unspecified] received three weekly
injections [site unspecified] of N-nitrosobis(2-oxopropyl)amine (NBOPA) at a dose of
10 mg/kg bw to initiate pancreatic carcinogenesis, followed by treatment with drinking-
water containing 40 ppm [mg/L] mercuric chloride for a further period [presumed to be
30 weeks]. A further group of 32 hamsters received NBOPA followed by drinking-water
alone for 30 weeks. At the end of the study [duration unspecified], there was no difference in
the multiplicity of either pancreatic adenocarcinomas or dysplastic lesions between the two
groups (Kurokawa et al., 1989). [The Working Group noted the incomplete reporting of the

study.]

3.3 Methylmercury chloride

3.3.1 Oral administration

(@) Mouse

Groups of 60 male and 60 female ICR mice, five weeks of age, were fed a diet containing
0, 15 or 30 ppm [mg/kg] methylmercury chloride (99.3% purity) for 78 weeks. All animals
were examined macroscopically, but histopathological examination was carried out only on
kidneys of animals that died after week 53 and on lungs of mice with renal masses. The first
renal tumour was detected in a male treated with 15 ppm and necropsied at week 58. Most
mice given 30 ppm had severe neurotoxic effects and died or became moribund by week 26;
similar, but less marked toxic effects occurred in the group treated with 15 ppm. At 78 weeks,
survival among male mice was 24/60 given 0 ppm, 8/60 given 15 ppm and 0/60 given 30 ppm;
survival among female mice was 33/60 given 0 ppm, 18/60 given 15 ppm and 0/60 given
30 ppm. The numbers of male mice that died after 53 weeks with renal tumours were: 1/37
(an adenoma) in the group given 0 ppm, 13/16 (total numbers of tumours: 11 adeno-
carcinomas [p < 0.001] and five adenomas [p < 0.01]) in the group given 15 ppm and none
in the one surviving animal treated with 30 ppm. No renal tumour was reported in the ferale
mice (Mitsumori et al., 1981). [The Working Group noted the poor survival in the groups
exposed to high doses of methylmercury chloride and the limited number of tissues subjected
to histopathological evaluation.] '

Groups of 60 male and 60 female ICR mice, five weeks of age, were administered diets
containing 0, 0.4, 2 or 10 ppm (mg/kg) methylmercury chloride (99.3% pure) for 104 weeks.
Six males and six females from each group were killed at 26-week intervals and subjected to
histological examination, as were all other animals. No neurotoxic effect was observed in the
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treated animals, and, although all male mice given 10 ppm were dead by week 98, there was
no difference in survival rates between the control and treated groups. The first renal tumour
occurred in a male treated with 10 ppm at 58 weeks. Epithelial degeneration of the renal
proximal tubules was seen in both males (40/59) and females (19/60) given 10 ppm, and
similar but milder degeneration was seen in males given 2 ppm (12/58). The incidence of
renal tumours in male mice was 1/58 (an adenoma) at 0 ppm, 0/59 at 0.4 ppm, 0/58 at 2.0 ppm
and 13/59 (10 adenocarcinomas and three adenomas) at 10 ppm. [The effective numbers of
animals at risk for renal tumours could not be determined.] No such tumour was seen in
treated female mice (Hirano ef al., 1986).

Groups of 60 male and 60 female specific-pathogen-free (SPF) B6C3F1 mice, five weeks
of age, were fed diets containing 0, 0.4, 2.0 or 10 ppm [mg/kg] methylmercury chloride
(99.3% pure) for 104 weeks. All animals were subjected to histopathological examination. In
the group treated with 10 ppm, neurotoxicity was recorded in male mice at week 59 and in
females at week 80; at termination, neurological signs were seen in 33/60 males and 3/60
females. Survival was similar to that of controls (48%) in all groups except males treated with
10 ppm, which had 17% survival. The incidence of chronic nephropathy was increased in
male mice treated with 2 ppm (27/60) or 10 ppm (59/60) and in females given 10 ppm (56/60).
The first renal tumour was seen in a male given 10 ppm and killed at week 70. Renal epithelial
tumours occurred in 0/60 control males, 0/60 given 0.4 ppm, 1/60 (an adenoma) given 2 ppm
and 16/60 (13 adenocarcinomas and five adenomas) given 10 ppm; among female mice, a
single adenoma (1/60) was found in those given 10 ppm (Mitsumori ef al., 1990). [The
Working Group noted the lower survival of high-dose males after 60 weeks.]

(b) Rat

Groups of 25 male and 25 female weanling SPF Wistar rats were administered diets
containing 0, 0.1, 0.5 or 2.5 ppm [mg/kg] methylmercury chloride (100% pure) for two years.
Apart from a slight reduction in growth of females treated with 2.5 ppm, there was no effect
of treatment on growth. No clinical or neurological sign of methylmercury chloride toxicity
was reported during the study; mortality at 104 weeks was: 6/25 female and 7/25 male
controls, 10/25 females and 8/25 males at 0.1 ppm, 9/25 females and 13/25 males at 0.5 ppm
and 11/25 females and 13/25 males at 2.5 ppm. Histopathological examination was carried
out on the control and 2.5 ppm-treated animals and on all animals that died. The authors
reported no difference in tumour incidence or latency among the groups [no further detail
reported] (Verschuuren ez al., 1976a,b). [The Working Group noted the limited nature of the
study. ]

Groups of 56 male and 56 female SPF Sprague-Dawiley rats, five weeks of age, were
administered diets containing 0, 0.4, 2 or 10 ppm [mg/kg] methylmercury chloride (99.3%
purity) for 130 weeks. Ten animals of either sex were killed at 13 and 26 weeks and 10 at 52
and 78 weeks. Neurological signs of methylmercury chloride toxicity were apparent in the
10 ppm-treated group from week 22 in males and from week 46 in females. All animals were
subjected to necropsy and histopathological examination. Survival in the groups given
10 ppm was lower than in controls or in the other two treated groups; the cause of death was
related to nephrotoxicity. The incidence of tumours did not differ significantly among the
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treated and control groups. A single renal adenoma was found in a high-dose female
(Mitsumori et al., 1983, 1984).

3.3.2 Administration with known carcinogens

As the purpose of the investigations described below was to study interactions with
known carcinogens, the studies were limited to specific target sites, were often of short
duration and were not intended to address the carcinogenicity of mercury per se.

Mouse: Groups of 16-20 female Swiss-cross mice, 21-24 days old, were given 0,0.2, 0.5,
or 2.0 ug/ml (mg/L) methylmercury chloride [purity unspecified] in deionized drinking-
water for 15 weeks and then killed. After the first three weeks of the exposure, mice received
intraperitoneal injections of 1.5 mg/g [g/kg bw] urethane in normal saline [volume
unspecified] or saline alone. The lung tumour incidence in the mice injected with saline was
reported to be less than one tumour per mouse in all test groups [no further detail reported].
The number of pulmonary adenomas induced by urethane alone (21.5 + 3.0) was exceeded
only in the group that received the high dose of methylmercury chloride (33.1 4-3.8) (Blakley,
1984).

Groups of 20 female W rats were maintained either on basal diet or on basal diet
containing 10 ppm [mg/kg] methylmercury chloride [purity unspecified] dissolved in corn oil,
from weaning until they delivered pups. They were also given either 0.159, 0.318 or 0.636%
ethylurea in the diet from day 14 of the breeding period to parturition or 50 or 100 mg/kg bw
by gavage on days 17, 18 and 19 of gestation; at the same time, they received 0.5, 1.0 or
2.0 g/L sodium nitrite in drinking-water or 25 or 50 mg/kg bw by gavage. Control groups
received either the basal diet alone or the methylmercury chloride diet alone. All dams were
returned to the basal diet at parturition, and progeny (generally about 25: 13 males and
12 females) were maintained on the basal diet for their lifespan. Survival was poor in some
treatment groups. The incidence of neurogenic tumours was nearly 100% in some
ethylurea/sodium nitrite-treated groups; there were 0/25 neurogenic tumours in the methyl-
mercury chloride control group. Methylmercury chloride did not increase the incidence of
neurogenic tumours in the groups receiving ethylurea/sodium nitrite, but schwannomas of
the central nervous system tended to appear earlier than in the group given ethylurea/sodium
nitrite alone (Nixon et al., 1979). [The Working Group noted the reduced sensitivity of the
study, due to the very high incidence of neurogenic tumours in ethylurea/sodium
nitrite-treated groups, and the poor survival.]

3.3.3 Hormonal influences

Mouse: Groups of 50 intact male and 50 intact female SPF ICR mice, seven weeks of age,
were fed basal diet or basal diet containing 10 ppm [mg/kg] methylmercury chloride (purity,
99.3%) for 80 weeks. Groups of 50 orchiectomized male and 50 ovarectomized female mice,
operated at five weeks of age, were fed basal diet containing 10 ppm methylmercury chloride
only or also received weekly subcutaneous injections of 0.2 mg/mouse testosterone
propionate in a 0.2% suspension (w/v) of sesame oil for 80 weeks. All groups receiving
methylmercury chloride had nephrotoxic changes and caecal ulceration. No renal tumour
was seen in intact males receiving basal diet alone, but one renal adenoma was seen in an
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intact female mouse; renal adenocarcinomas (14/50) and an adenoma (1/50) were seen in
intact male mice given the basal diet with methylmercury chloride but not in intact female
mice. In addition, 6/50 intact male mice given methylmercury chloride in the diet had
tubular-cell hyperplasia, a lesion that the authors considered to be preneoplastic. No renal
tumour was seen in orchiectomized or ovarectomized mice receiving methylmercury
chloride only, but two adenocarcinomas occurred in males and three in females that received
methylmercury chloride together with testosterone propionate (Hirano ef al., 1988).

4. Other Relevant Data

4.1 Absorption, distribution, metabolism and excretion

The absorption, distribution, metabolism and excretion of inorganic mercury (Nordberg
& Skerfving, 1972; WHO, 1976; Berlin, 1986; Clarkson et al., 1988a; WHO, 1991; Clarkson,
1992), methylmercury compounds (Nordberg & Skerfving, 1972; WHO, 1976: Berlin, 1986;
Magos, 1987; Clarkson et al., 1988a; WHO, 1990) and phenylmercury acetate (Nordberg &
Skerfving, 1972; WHO, 1976; Berlin, 1986; Clarkson ef al., 1988a) have been reviewed.

4.1.1 Humans

(@) Metallic mercury and inorganic mercury compounds

In five human volunteers who inhaled radioactive metallic mercury-197 or mercury-203
vapour for 14-24 min, an average of 74% was absorbed in the respiratory tract (Hursh et al.,
1976). The half-time for whole-body elimination averaged 58 days; however, elimination
rates varied for different parts of the body: lung, 1.7 days; head, 21 days; kidney region,
64 days; chest, 43 days.

Absorbed metallic mercury is dissolved in the blood. Addition of metallic mercury-203
vapour to blood in vitro resulted in oxidation to mercuric mercury, but rather slowly (Hursh ez
al., 1988). The authors concluded that metallic mercury may pass the blood-brain barrier.
A man who accidentally ingested 135 g of liquid metallic mercury had raised mercury
concentrations in blood, but to an extent indicating only minimal absorption (Suzuki &
Tanaka, 1971). The average ratio of mercury in erythrocytes:plasma was about 2 during the
first few days after a 14-24-min exposure of five volunteers by inhalation of metallic
mercury-197 and mercury-203 vapour (Cherian ef al., 1978).

Studies in five volunteers who exposed their forearms to metallic mercury-203 vapour
for 27-43 min indicated absorption of mercury through the skin of 0.01-0.04 ng/cm? per min
per ng Hg/cm? air (Hursh et al., 1989).

In five human volunteers who inhaled metallic mercury-197 vapour for 11-21 min, the
kidney region accumulated the highest levels of mercury (Hursh e al., 1980). In autopsy
samples from seven dentists and one dental assistant, particularly high levels of mercury were
found in the renal cortex (average, 8.6 umol [1.7 mg]/kg wet weight) and pituitary glands
(average, 9.8 pmol [2 g]/kg wet weight). In 24 controls, the values were 1.4 pmol [280 pg]/kg
wet weight in renal cortex and 0.12 pmol [24 pg)/kg wet weight in pituitary (Nylander &
Weiner, 1991). High levels have also been recorded in the thyroid glands of deceased
mercury miners (average, 35 mg/kg fresh weight) (Kosta et al., 1975).
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Equimolar ratios of mercury:selenium were found in pituitary and thyroid glands, kidney
and brain in subjects with occupational exposure to metallic mercury vapour (Kosta ef al.,
1975; Nylander & Weiner, 1991). Renal biopsy samples from two patients with inorganic
mercury poisoning had inclusion bodies which contained mercury and selenium (Aoi e al.,
1985).

The blood mercury concentration of nine men who had been exposed to high levels
(> 100 pg/m3) of metallic mercury vapour for three days decreased with a half-time of three
days for a fast phase and 18 days for a slow phase; the half-times in the urine were 28 and
141 days, respectively (Barregard et al., 1992).

Analysis of brain samples from a deceased subject who had been exposed to metallic
mercury vapour for 18 months 16 years before death showed high levels of mercury,
indicating that the brain has a compartment with very slow turnover of mercury. Most of the
deposited mercury was in colloidal form (Hargreaves et al., 1988).

The concentration of mercury in the blood of the infants of two women who had been
exposed accidentally to metallic mercury vapour during pregnancy was similar to that in
maternal blood at the time of delivery, indicating transplacental passage (WHO, 1991).

An average urinary mercury concentration of about 50 pg/g creatinine was seen in
10 workers exposed to 40 ug/m3 of air in a dry alkaline battery factory; the concentration in
blood was about 18 pg/L (Roels et al., 1987).

In 10 volunteers who received single oral doses of either 203Hg-mercuric nitrate as such
or added to calf-liver protein, 75-92% of the dose was excreted in the faeces during the first
four to five days. The average whole-body half-time for mercury (slow component) was
42 days. No difference was seen between the two forms of administration. The ratio of
mercury in red blood cells to that in plasma was 0.4 over at least the first 50 days of the
experiment. At that time, approximately equal amounts of mercury were excreted in faeces
and urine (Rahola et al., 1973).

In a study of two men who had accidentally inhaled aerosols of neutron-activated 203Hg-
mercuric oxide, the lung clearance pattern displayed two phases, with biological half-times of
two and 24 days, respectively, in one man; in the second, lung clearance appears to have been
more rapid. The authors stated that absorption may have occurred from the lung,
gastrointestinal tract or both. The major site of systemic deposition was the kidney, the
content of which decreased with half-times of 60 and 37 days, respectively, in the two
subjects. After 40 days, excretion was mainly urinary (Newton & Fry, 1978).

In five human volunteers who inhaled metallic mercury-197 vapour for 11-21 min,
mercury was excreted by exhalation of metallic mercury and excretion of mercury in faeces
and urine (Hursh ez al., 1980).

(b) Methylmercury compounds

After a single oral dose of 2>°Hg-methylmercury nitrate was given to three volunteers,
methylmercury was almost completely absorbed. A maximum of 10% of the dose was
deposited in the head region, presumably in the brain. Whole-body radiolabel decline
followed a first-order process, with half-times of 70-74 days. The decline in radiolabel in the
head was less rapid than in the rest of the body. In two of the subjects, faecal excretion
accounted for about 87 and 90% of the total elimination during the 49 days that followed
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administration (Aberg et al., 1969). Gastrointestinal absorption was similarly high, whether
methylmercury was given as the nitrate or bound to protein (Aberg ef al., 1969; Miettinen,
1973).

In six volunteers who ate a single meal of fish containing methylmercury, the ratio of the
concentration of mercury in erythrocytes and plasma was 21. Incorporation of methyl-
mercury into hair was proportional to the concentration in blood at the time of formation of
the hair strand; the ratio hair:blood was 292. The average half-times in blood were 7.6 h and
52 days (Kershaw et al., 1980).

In a study of 162 subjects who had been exposed to methylmercury through consumption
of contaminated fish in Sweden in 1967-72, intake was associated with concentrations of
mercury in blood and hair. After cessation of eating the contaminated fish, the concentration
of mercury in the blood cells of four subjects decreased with a half-time of 58-87 days; in one
subject, the half-time was 164 days (Skerfving, 1974). The ratio of mercury in blood cells and
in plasma was 2-12 (Skerfving, 1988).

Individuals with long-term intake of around 200 ng methylmercury per day were esti-
mated to have blood mercury concentrations of about 200 ng/L and hair concentrations of
about 50 pug/g (WHO, 1990).

After consumption of bread contaminated with methylmercury for two months in Iraq,
the molar fraction of total mercury as inorganic mercury in several people was 7% in whole
blood, 22% in plasma, 39% in breast milk, 73% in urine and 16-40% in liver (WHO, 1990).

The average ratio of methylmercury in cord blood and in maternal blood was 1.66
(Suzuki et al., 1984). The infants of 10 fishermen’s wives who were exposed to methylmercury
through consumption of fish in Sweden had about 47% higher mercury levels in erythrocytes
and similar levels in plasma in comparison with their mothers. The concentration of total
mercury in breast milk from 15 women was similar to that in plasma; only about 20% of the
total mercury in the milk was methylmercury (Skerfving, 1988).

(c) Phenylmercury compounds

In 509 infants in Buenos Aires, Argentina, who were exposed to phenylmercury
fungicide through contaminated diapers, the average urinary excretion of total mercury was
about 20 times higher than in 166 matched controls; over 90% of the mercury was inorganic
(Gotelli et al., 1985).

4.1.2 Experimental systems

(@) Metallic mercury and inorganic mercury compounds

Kostial ef al. (1983) observed that the retention of orally administered 2%*Hg-mercuric
chloride in the carcass, gut and whole body was higher in newborn rats (60-70%) than in
weaned rats (14-15%).

Absorption of an aqueous solution of 203Hg-mercuric chloride applied under occlusion
onto about 3 cm? of the shaved skin of guinea-pigs was dependent on the mercury
concentration. A maximal rate of about 0.02% per min was recorded during 5 h after
application of 16 mg/ml (as mercury) (Friberg et al., 1961).

In rats, rabbits and monkeys exposed for 4 h to 1 mg/m? of metallic mercury vapour or
injected intravenously with an equivalent dose of mercuric nitrate, the main accumulation
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was in the kidney, but 10 times more mercury entered the brain after exposure to mercury
vapour than after injection of mercuric nitrate (Berlin et al., 1969).

In rats exposed to metallic mercury vapour, mercury deposits were found by a histo-
chemical technique in the nerve cells in the cerebellum and hypothalamus (Mgller-Madsen,
1992). In frog nerve-muscle preparations treated with mercuric chloride (3 uM [600 pg]),
mercuric ions penetrated the nerve-cell membrane through sodium and calcium channels
(Miyamoto, 1983).

Khayat and Dencker (1982) found four-fold higher fetal mercury concentrations in mice
after exposure to metallic mercury vapour by inhalation than after intravenous injection of
mercuric chloride. The passage of metallic mercury through the blood-brain barrier is
usually ascribed to its lipophilicity.

In studies of cell suspensions of erythrocytes from humans, ducks and mice exposed in
vitro to mercury vapour, uptake was proportional to catalase activity, which shows that this
enzyme is involved in oxidation of mercury vapour in the erythrocyte (Halbach & Clarkson,
1978). Catalase-mediated oxidation of the vapour has also been demonstrated in other
tissues, e.g. liver (Magos ef al., 1978).

Intravenous injection of rats with mercuric chloride at 0.7 mg/kg bw induced
metallothionein in kidney tissue, which resulted in the binding of mercury (Nishiyama et al.,
1987).

After administration of 12 or 25 daily doses of mercury at 1 mg/kg bw as 2®*Hg-mercuric
chloride, the mitochondria in the proximal convoluted tubules were found to be enlarged and
there were many very fine, dense, small particles. After fragmentation of the renal tissue and
centrifugation at high speed, the radiolabel was found in two fractions, corresponding to
mitochondria and microsomes (Bergstrand ef al., 1959).

Mice given parenteral doses of mercuric chloride exhaled metallic mercury vapour;
exhalation was proportional to the body burden of mercury (Dunn et al., 1978). Following
intravenous treatment of rats with mercuric chloride, mercury was excreted into bile as a
low-molecular-weight complex which had gel filtration properties similar to those of a
mercury-glutathione complex (Ballatori & Clarkson, 1984).

In guinea-pigs exposed for a short time to metallic mercury vapour after parturition, the
mercury concentration in milk was slightly lower than that in plasma. Neonates had increased
concentrations of mercury in tissues and particularly in the kidney (Yoshida et al., 1992). In
rats given mercuric acetate orally, a linear relationship was observed between mercury
concentrations in plasma and in milk (Sundberg et al., 1991).

Selenium affects the tissue distribution and excretion of mercuric mercury. For example,
three weeks’ administration of sodium selenite or seleno-L-methionine (7.5, 37.5 or
75 pmol/L in drinking water) to BOM:NMRI mice increased the whole-body retention of a
single oral dose (5 or 25 pmol [1 or 5 mg]/kg bw of 23Hg-mercuric chloride. The effect on
organ distribution varied with the dose of mercury and the type and dose of selenium
compound (Nielsen & Andersen, 1991).

Human oral bacteria caused some methylation of mercuric chloride in vitro (Heintze et
al., 1983). ‘
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() Methylmercury compounds

Exposure of rats to 2°Hg-methylmercury chloride vapour at 10-28 mg/m3 for 6-24 h
was followed by efficient uptake of methylmercury through the lungs (0.6-7 nmol/g fresh
tissue) [no data on absorbed fraction given]. Rats given a single oral dose of 0.75-2.3 mg/kg
bw had several times higher mercury concentrations in organs (18.6-107.6 nmol/g fresh
tissue). In liver and kidney, 42-50% of the mercury was in the soluble fraction, 32-43% in the
crude nuclear fraction, 6-9% in the mitochondria and 9-11% in the microsomal fraction. In
brain, 29% was in the soluble and 27% in the nuclear fraction, 31% was in mitochondria and
10% in microsomes (Fang, 1980).

Absorption of an aqueous solution of 203Hg-methylmercury dicyandiamide applied
under occlusion onto about 3 cm? of the shaved skin of guinea-pigs was dependent on
concentration. A maximal disappearance of 5.9% was recorded during 5 h after application
of 16 mg/ml (as mercury) (Friberg et al., 1961).

Significant species differences have been observed in the distribution of methylmercury
compounds in the body: The ratio between mercury concentrations in erythrocytes and
plasma is about 20 in monkeys (17 in squirrel, 25 in rhesus), 25 in guinea-pigs, 7 in mice and
more than 100 in rats (for review, see Magos, 1987). After prolonged administration of
methylmercury compounds, the brain:blood ratios are 3-6 in squirrel monkeys (for review,
see Berlin, 1986), 3.3 in pigs, 1.2 in guinea-pigs, 1.2 in mice and 0.06 in rats (for review, see
Magos, 1987).

Following intraperitoneal injection of 1 mg/kg bw methylmercury chloride into four
strains of mice, a significant difference in mercury concentrations was observed among
strains, particularly in the blood. The rate of elimination from organs also differed: the
biological half-time in blood (days) was 5.03 in BALB/c, 5.52 in C3H, 7.79 in C57BI and3.81
in CD-1 mice; that in kidneys was 8.73, 7.73, 7.47 and 4.54, respectively (Doi & Kobayashi,
1982). Eight days after intraperitoneal administration of 2Hg-methylmercury chloride
(0.4 mg/kg bw as Hg) to two strains of mice, males had significantly higher mercury concen-
trations in kidney than had females (C129F; strain: 5.33 and 3.34%; 129 strain: 7.47 and
3.57% of the dose in males and females, respectively). There was no sex difference in
whole-body mercury retention (Doherty et al., 1978).

The percentage of inorganic mercury in total mercury in tissues of squirrel monkeys that
received single or repeated weekly doses of methylmercury nitrate by stomach tube at about
0.8 mg/kg bw Hg, was about 20% in liver, about 50% in kidney, 30-85% in bile and < 5% in
brain, showing that methylmercury is demethylated (Berlin ef al., 1975). Similarly, inorganic
mercury was demonstrated in the kidney and to a lesser extent in the liver of rats given daily
doses of methylmercury dicyandiamide (Magos & Butler, 1972).

The relative concentration of inorganic mercury in mice increased gradually after a
single intravenous injection of 25 pg methylmercury chloride and was about 30% after
22 days; the author concluded that mice obtain a lower fraction of inorganic mercury in the
kidney than rats (Norseth, 1971). Cats fed either methylmercury-contaminated fish or
methylmercury hydroxide added to fish accumulated inorganic mercury in the liver and
kidney; 62% was recovered as methylmercury in kidney and 80% in liver. The metabolism of
the methylmercury in the contaminated fish and of the added hydroxide was similar (Albanus
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et al., 1972). Similar results were found in cats fed methylmercury-contaminated fish or
methylmercury chloride (Charbonneau et al., 1976), and no difference in metabolism was

seen in rats given four different salts of methylmercury orally or subcutaneously (Ulfvarson,
1962).

Methylmercury added as the chloride in vitro to erythrocytes from humans, rabbits and
mice was complexed to a low-molecular-weight compound—probably glutathione. In rats,
such binding was minimal (Naganuma et al., 1980). Following the addition of methylmercury
chloride to erythrocytes from mice, rats and humans in another study, mercury was found to
be bound to haemoglobin—probably cysteinyl residues (Doi & Tagawa, 1983). In rats,
L-cysteine enhanced the uptake of mercury by the brain after administration of methyl-
mercury chloride by intracarotid injection. There were indications of a transport system
carrying methylmercury over the brain capillary endothelial cell membrane (Aschner &
Clarkson, 1988).

In rats injected intravenously with methylmercury chloride, methylmercury was present
in the bile as a low-molecular-weight compound complex, which was identified as methyl-
mercury glutathione on the basis of thin-layer chromatography, gel filtration and ionic
exchange (Refsvik & Norseth, 1975).

After intravenous injection into rats, methylmercury was excreted into the bile,
predominantly as methylmercury cysteine, which is largely reabsorbed from the intestine.
There is thus enterohepatic circulation of methylmercury (Norseth & Clarkson, 197 1). Inrat
gut, however, a fraction of methylmercury is converted to inorganic mercury, which is then
excreted mainly in the faeces (Rowland ef al., 1980).

Hamsters administered a single oral dose of 10 mg/kg bw methylmercury chloride
excreted about 50% of the mercury (only about 10% of which was inorganic mercury) in the
urine within one week. In rabbits given 0.4 mg/kg bw intravenously, < 2% was excreted in
the urine (Petersson et al., 1989).

After addition of 250 ng methylmercury chloride to three hydroxyl radical producing
systems, copper ascorbate, xanthine oxidase hypoxanthine-ferric monosodium ethylene-
diaminetetraacetate and hydrogen peroxide-ultraviolet B light, analysis of inorganic
mercury revealed significant dealkylation, which appeared to be unrelated to either super-
oxide or hydrogen peroxide production alone (Suda et al., 1991). In rat liver microsomes
treated with 500 ng methylmercury chloride, both inorganic mercury and hydroxy radical
contents increased after addition of NADPH and were further increased by KCN (Suda &
Hirayama, 1992).

Selenium affects the tissue distribution and excretion of methylmercury. For example,

selenite increased the brain levels of mercury in rats treated with methylmercury (Magos &
Webb, 1977).

(c) Phenylmercury and methoxyethylmercury compounds

Faecal excretion of 0.120 mg/kg bw Hg as phenylmercury acetate in rats was 65% during
48 h after a single oral dose and 30% after intravenous administration of the same dose,
indicating that more than half of the phenylmercury salt was absorbed (Prickett et al., 1950).

In rats given an intraperitoneal injection of phenylmercury acetate, the compound was
metabolized rapidly to mercuric mercury (Magos et al., 1982).
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Daniel et al. (1971) administered a single subcutaneous dose of methoxy-“C-ethyl-
mercury chloride to rats. Within three days, about half of the radiolabel appeared in exhaled
air, with 44% in ethylene and 5% in carbon dioxide (44% after pyrolysis of air). Mercury was
accumulated in kidney: A few hours after dosing, inorganic mercury constituted about
one-half of the total mercury in that organ; after one day, all of the mercury was inorganic.
About 25% of the radiolabel was excreted in urine over 4 days and about 10% after 8 days.

4.2 Toxic effects

The toxic effects of inorganic mercury (WHO, 1976; Kark, 1979; Berlin, 1986; Clarkson
et al., 1988a; Dayan et al., 1990; WHO, 1991; Clarkson, 1992), methylmercury compounds
(WHO, 1976; Berlin, 1986; Clarkson et al., 1988a; Dayan et al., 1990; WHO, 1990) and
phenylmercuric acetate (Skerfving & Vostal, 1972; WHO, 1976; Berlin, 1986; Clarkson et al.,
1988a) have been reviewed.

4.2.1 Humans

(@) Inorganic mercury

Workers accidentally exposed for 4-8 h to metallic mercury at levels estimated to have
ranged from 1 to 44 mg/m?> developed chest pain, dyspnoeic cough, haemoptysis, impairment
of pulmonary function and interstitial pneumonitis (McFarland & Reigel, 1978). Acute
massive exposure to metallic mercury vapour can result in psychotic reactions with delirium
(for review, see Kark, 1979).

Troen et al. (1951) reported 18 cases of human poisoning by ingestion of single doses of
mercuric chloride. In nine fatal cases, the lowest estimated dose was 2 g. Gastrointestinal and
renal lesions were observed at autopsy.

Roels et al. (1985) examined 131 male and 54 female workers exposed to metallic
mercury vapour in several factories in Belgium and 114 and 48 unexposed control male and
female workers. In responses to a questionnaire, several symptoms of central nervous system
disorder (memory disturbances, depressive feelings, fatigue and irritability) were more
prevalent among exposed subjects than controls. A significantly increased prevalence of
hand tremor was recorded in the group of exposed men, as compared to male controls
(15 versus 5%). The average concentrations of mercury in urine were 52 pg/g creatinine in
exposed men and 37 pg/g creatinine in women; the corresponding levels in controls were 0.9
and 1.7 pg/g creatinine.

In a study of 89 chloralkali workers with a median urinary mercury concentration of
25 pg/g creatinine (range up to 83) and a control group of 75 workers from other industries
(median concentration, 2 pg/g creatinine), an association was observed between urinary
mercury concentration, self-reported symptoms—tiredness, confusion and degree of neuro-
ticism (Langworth et al., 1992a)—and urinary excretion of N-acetyl-B-glucosaminidase, a
lysosomal enzyme originating from tubular epithelial cells. No significant effect on serum
titres of autoantibodies (including antiglomerular basement membrane and antilaminin) was
observed (Langworth ef al., 1992b). Elevated excretion of N-acetyl-B-glucosaminidase was
also reported by Barregdrd ef al. (1988) in chloralkali workers.
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Of 44 African women with nephrotic syndrome, 70% used or had used mercury-
containing skin-lightening creams; the corresponding fraction among other general medical
female in-patients was 11% (Barr et al., 1972). In eight other cases of nephrotic syndrome,
IgG and C3 complement deposits were observed in glomeruli (Lindqvist ef al., 1974).
Proteinuria and the nephrotic syndrome have also been described in workers exposed to
mercury compounds (Kazantzis ef al., 1962).

Lauwerys et al. (1983) studied 62 workers in a chloralkali plant and a zinc-mercury
amalgam factory with a mean urinary mercury concentration of 56 pg/g creatinine. Eight
exposed workers, but none of 60 control workers who were not occupationally exposed to
heavy metals but were matched to the exposed group with respect to age and socioeconomic
status, had serum antibodies towards laminin, a non-collagen glycoprotein foundinter alia in
the glomerular basal membrane. No alterations were seen in a large battery of renal function
tests.

In studies of dentists and chloralkali workers exposed to metallic mercury vapour (mean
urinary mercury concentration, 1.3 nmol/mmol [2.3 pg/g] creatinine in dentists and
26 nmol/mmol [46 ug/g] creatinine in chloralkali workers), no significant effect on
endocrine function (pituitary, thyroid and adrenal glands, testis) was observed as compared
to controls (0.4-0.6 nmol/mmol [0.7-1.06 mg/g] creatinine) without occupational exposure
(Erfurth ef al., 1990). Similar results were reported by Langworth et al. (1990) in dental
personnel.

In a study reported in detail on p. 271, Barregard e al. (1990) studied mortality among
1190 chloralkali workers who had been monitored biologically for exposure to metallic
mercury vapour for at least one year in 1946-84. For workers with > 10 years of latency,
mortality from all causes was not significantly increased (SMR, 1.1; 95% CI, 0.9-1.3), but
mortality from circulatory disease was slightly increased (SMR, 1.3; 95% CI, 1.0-1.5). No
such elevation was reported in another study of workers exposed to metallic mercury (Cragle
et al., 1984; see p. 269).

Contact dermatitis with sensitization against metallic mercury has been reported. For
example, Ancona et al. (1982) reported such a case in a dentist who had a positive
epicutaneous patch test. Finne ef al. (1982) performed patch tests on 29 patients with
amalgam fillings and oral lichen planus. Positive reactions to mercury were found in 62% as
compared with 3% of controls (2300 eczema cases). After the amalgam fillings had been
removed from four patients, an improvement in the oral changes was recorded.

In the 1940s, ‘pink disease’ (acrodynia), presenting as irritation, insomnia, sweating,
photophobia and general rash in children, was reported to be associated with exposure
mainly to calomel (mercurous chloride) in, e.g. teething powder and ointments (Warkany,
1966). Cases have also been associated with exposure to other chemical forms of mercury,
e.g. metallic mercury vapour from broken fluorescent tubes (Tunnessen et al., 1987). The
mechanism by which the condition occurs has not been elucidated. Three of six children with
mucocutaneous lymph node syndrome (Kawasaki disease), including increased serum IgE
and eosinophilia, had urinary concentrations of mercury (16-25 pg/24 h) higher than
established normal levels (< 10 pg/24 h). The syndrome may represent a hypersensitivity
reaction to environmental pollution with mercury (Orlowski & Mercer, 1980).
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(b) Methylmercury compounds

The first case of ‘methylmercury poisoning’ was described in a worker exposed to
methylmercury phosphate and nitrate for a period of four months (Hunter & Russell, 1954).
Since then, numerous descriptions have been published, mainly in connection with outbreaks
of poisoning in subjects consuming contaminated fish in J apan (Minamata disease) (Igata,
1991) or seeds treated with methylmercury dicyandiamide, e. g. inIraq (Bakir et al., 1973). Its
main features are that: (i) the target organ is the central nervous system; (ii) there is a latent
period between exposure and onset of clinical disease: (iii) the symptoms and signs include
paraesthesia in the hands, feet and lips, concentric constriction of visual fields and ataxia; and
(iv) morphological changes occur in the visual and precentral cortical areas as well as in the
cerebellum. There is also evidence of peripheral neuropathy (Rustam ef al., 1975).

In the cohort study in two administrative subunits in the vicinity of Minamata City, Japan
(Tamashiro et al., 1986; see pp. 275-276), significantly elevated SMRs were observed for
cerebral haemorrhage (1.67, 95% CI; 1.24-2.24), liver disease (2.00; 1.33-2.89), senility
(2.34; 1.67-3.26) and violent death (accident, poisoning, suicide) (1.48; 1.12-1.97).

(c) Phenylmercury, ethylmercury and methoxyethylmercury compounds

A study of 509 infants exposed to phenylmercury acetate from contaminated diapers
showed a clear dose-response relationship between the concentration of organomercury
compounds in urine and urinary excretion of y-glutamyl transpeptidase, an enzyme in the
brush borders of renal tubular cells. Children with the highest mercury excretion also had
increased 24-h urine volumes. Some of the children also had ‘pink disease’ (Gotelli et al.,
1985).

A few cases of systemic poisoning by ethylmercury and methoxyethyl compounds have
been reported (for review, see Skerfving & Vostal, 1972). Most patients showed symptoms
and signs of disorders in the gastrointestinal tract and kidneys (albumin, red cells and casts in
urine).

4.2.2 Experimental systems

(@) Metallic mercury and inorganic mercury compounds

Application of 2 ml of a solution containing 0.24 mol [65 g] mercuric chloride resulted in
the death of 3/20 guinea-pigs after two days (Wahlberg, 1965).

Ashe et al. (1953) reported damage to brain, liver, kidney, heart and lungs of rabbits
exposed to mercury vapour at a concentration of 29 mg/m? air. Damage was seen after
exposure as short as 1 h. Microscopic changes were observed in mitochondria of the renal
proximal tubule after 12 or 25 daily doses of 1 mg/kg bw Hg as mercuric chloride to rats
(Bergstrand e al., 1959).

In a susceptible strain of rats (Brown-Norway), subcutaneous injections of mercuric
chloride caused a systemic autoimmune nephritis characterized by the production of various
antibodies to self and non-self antigens and an increase in total serum IgE concentrations. A
biphasic autoimmune glomerulonephritis occurred: initially, anti-glomerular basement
membrane antibodies were produced, resulting in linear IgG deposition along the
glomerular capillary walls. Later, granular IgG deposits appeared which are responsible for
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an immune-complex type glomerulonephritis (Druet et al., 1978). Mercuric chloride appears
toinduce a T cell-dependent polyclonal activation of B cells in Brown-Norway rats (Pelletier
et al., 1986); most animals develop proteinuria, which in some animals progresses to a
nephrotic syndrome that is sometimes lethal (Druet et al., 1978), while in other animals the
condition is transient. There is a striking strain difference. By crossing susceptible rats with
unsusceptible Lewis rats, susceptibility was shown to depend on three or four genes, one of
which is located within the major histocompatibility complex (Druet et al., 1982). Certain
strains of mice may develop similar glomerular conditions after injection with mercuric
chloride (Hultman & Enestr6m, 1987).

In Lewis rats injected subcutaneously with mercuric chloride (1 mg/kg bw three times a
week for up to 4 weeks), no autoimmune disorder was observed. Instead, animals showed
proliferation of suppressor/cytotoxic T cells in the spleen and lymph nodes. As a
consequence, they developed a non-antigen-specific immunosuppression and responded to
neither classical mitogens nor alloantigens (Pelletier et al., 1987a). Mercuric chloride could
also inhibit the development of an organ-specific autoimmune disorder, Heymann’s
nephritis (Pelletier ef al., 1987b).

Micromolar concentrations of mercury have been shown to increase the release of
acetylcholine in frog neuromuscular preparations (Manalis & Cooper, 1975) and that of
dopamine in adult mouse brain homogenates (Bondy et al., 1979).

Significant decreases in the activities of several enzymes of the glutathione (GSH)
metabolic pathway in kidney—GSH disulfide reductase, GSH-peroxidase, y-glutamyl-
cysteine synthetase and y-glutamyl transpeptidase —were seen 24 h after subcutaneous admi-
nistration of 10 umol[2.5 ml]/kg bw mercuric chloride to Sprague-Dawley rats; in the liver,
only the activity of GSH disulfide reductase was decreased. After administration of 30 mol
[7.5 mg]/kg bw, the decreases in specific enzyme activities were accompanied by large losses
of cellular protein and decreased GSH concentrations in both kidney and liver. The effects
could be blocked by sodium selenite (Chung et al., 1982). The mercuric ion binds to reduced

sulfhydryl groups in proteins and inhibits a wide range of enzymes (for review, see Kark,
1979).

In Holtzman rats given a lethal intravenous dose of 3 mg/kg bw Hg as mercuric chloride
and sacrificed after 4 h, there was extensive renal haemorrhage. Kidney mitochondria
contained mercury at 4-5 nmol[0.8-1 pg]/mg protein and showed uncoupling of oxidative
phosphorylation.

In mitochondrial preparations of kidney cortex from Sprague-Dawley rats, mercury at
concentrations of 2 nmol/mg protein and above affected mitochondrial respiration: clear
stimulation of state 4, mild stimulation of state 3 and inhibition of the 2,4-dinitrophenol-
induced uncoupled respiration rate. These effects were both preventable and reversible by
addition of albumin or dithioerythritol to the in-vitro system (Weinbergez al., 1982a), but not
in mitochondria isolated 3 h after subcutaneous administration of mercuric chloride at
5 mg/kg bw, when the concentration of mercury in mitochondrial protein was 0.72 +
0.10 nmol/mg (Weinberg et al., 1982b).

Addition of mercuric chloride at concentrations of 1-6 um [0.2-1.2 mg] mercury to
preparations of mitochondria from rat kidney cortex and heart in the presence of antimycin
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A decreased the production of superoxide but increased hydrogen peroxide production. The
authors concluded that mercuric ion caused dismutation of the superoxide, leading to
increased hydrogen peroxide formation, which could lead to oxidative tissue damage.
Addition of mercurous ions did not affect superoxide production (Miller ez al., 1991). [The
Working Group noted that the mercury concentrations employed were high.]

Mercuric ions from mercuric chloride, added at 1 mM (270 mg), reacted in vitro with
isolated DNA (Eichhorn & Clark, 1963). [The Working Group noted the very high concen-
tration used.] No study has shown covalent binding to DNA, e. g. by isolating such an adduct
from DNA after complete hydrolysis to nucleosides.

Inhibition of protein synthesis was observed in cell-free systems prepared from mouse
glioma after addition of mercuric chloride at a concentration of 2 x 10-5 M [5 mg] (Nakada
et al., 1980). [The Working Group noted the high concentration used.] Mercuric chloride at
a concentration of 10 uM [2.3 mg] reduced lipid synthesis in isolated mouse sciatic nerve
(Cloez et al., 1987).

Sodium selenite dramatically decreased the acute nephrotoxicity of mercuric chloride in
rats, when given simultaneously or even 1 h after mercury (Pafizek & Ostadalova, 1967).

(b) Methylmercury compounds

There are clear species differences in symptoms and signs of poisoning by methyl-
mercury compounds. Blindness has been reported in man, rats, monkeys and pigs, but not in
cats (for reviews, see WHO, 1976, 1990). Man, monkeys and cats develop ataxia; but in rats
dosed orally with methylmercury chloride reduced conduction velocities and histopatho-
logical changes occurred in peripheral nerves, while the central nervous system was not
affected (Fehling et al., 1975).

Renal damage is a typical finding in rats. Male Wistar rats fed mercury at 0.250 mg/kg bw
per day as methylmercury chloride for up to 26 months developed severe renal tubular
damage. The estimated mercury level in kidney was 30.2 mg/kg in males and 60 mg/kg in
females (Munro et al., 1980). Nuclear swelling and vacuolar degeneration of the cytoplasm
were seen in SPF ICR mice fed a diet containing 10 ppm methylmercury chloride for
26 weeks (Hirano et al., 1986). Treatment of monkeys with daily oral doses of 80125 ng’kg
bw methylmercury hydroxide for 3-12 months did not appear to affect the general well-being
of the animals, but ultrastructural changes occurred in the kidneys, with intracytoplasmic
vacuoles and electron-dense inclusion bodies in the proximal tubuli (Chen et al., 1983).

In mice fed mercury at 3.9 mg/kg diet as methylmercury chloride for 12 weeks, thymus
weight and cell number were decreased, the lymphoproliferative response to T and B
mitogens was increased in thymus and spleen, and natural killer cell activity was decreased in
the spleen and blood (Ilback, 1991). Mice fed methylmercury chloride at doses of 1-
10 mg/kg diet for 84 days had significantly higher mortality rates when inoculated with
encephalomyelitis virus (nononcogenic) than did animals not given methylmercury (Koller,
1975).

Impairment of adrenal and testicular function occurred in rats given 23 intraperitoneal
injections of 0.26 mg methylmercury chloride over six weeks (Burton & Meikle, 1980);
thyroid function was impaired in mice given two intraperitoneal doses of § mg/’kg bw
(Kawada et al., 1980).
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Female Charles River CD rats were given 3-10 mg/L methylmercury hydroxide in
drinking-water four weeks prior to mating and through day 19 of pregnancy. With
concentrations of 3-5 mg/L, there was decreased synthesis of mitochondrial structural
proteins in the livers of the fetuses and inhibition of several mitochondrial enzymes (Fowler
& Woods, 1977a). In male rats of the same strain treated similarly for six weeks, electron
microscopy revealed swelling of the renal proximal tubule cell mitochondria at a dose of
5mg/L. The respiratory control ratios were decreased (mitochondrial respiratory
dysfunction), and effects were seen on enzyme activities, including decreased monoamine
oxidase and cytochrome oxidase and increased 8-aminolaevulinic acid synthetase. The rats
had increased urinary excretion of porphyrins but no deterioration in standard renal function
tests (Fowler & Woods, 1977b).

Mouse glioma cell cultures treated with methylmercury chloride (5 x 106 M for 4 h)
showed inhibition of cell mitosis, by blockage of the polymerization of tubulin to micro-
tubuli, with accumulation of cells during mitosis. Electron microscopy showed an absence of
microtubuli as mitotic spindle fibres and disorganization of chromosomes (Miura et al.,
1978).

Sodium selenite, and possibly also the chemically unknown form of selenium found in
marine foods, delayed the onset of the toxic effects of methylmercury chloride in rats and
reduced the severity of its effects (Chang & Suber, 1982).

Methylmercury hydroxide added to fish homogenate and methylmercury-contaminated
fish were equally neurotoxic to cats (Albanus ef al., 1972). Similar results (ataxia, loss of
balance or motor incoordination, loss of nerve cells) were found in cats fed either
methylmercury chloride or methylmercury-contaminated fish (Charbonneau et al., 1976).

(c) Phenylmercury, ethylmercury and methoxyethylmercury

Renal damage was observed in mice, rats and rabbits given phenylmercury nitrate and
chloride intraperitoneally or intravenously (Weed & Ecker, 1933). Ethylmercury poisoning
has been described in rats, rabbits, cats, sheep, swine and calves. The symptoms are similar to
those of methylmercury poisoning (Skerfving & Vostal, 1972). In rats administered the
fungicide methoxyethyl mercury chloride (2 mg/kg bw for 50 days or 0.2 mg/kg bw for 80
days) intraperitoneally, impaired weight gain, renal damage and signs of nervous system
damage (e.g. tremor, ataxia) were seen (Lehotzy & Bordas, 1968).

4.3 Reproductive and prenatal effects
4.3.1 Humans

The effects of inorganic and organomercury compounds on human reproduction and
development have been reviewed (Khera, 1979; Inskip & Piotrowski, 1985; Schardein, 1985;
Burbacher et al., 1990; Roeleveld et al., 1990; Shepard, 1992).

(@) Metallic mercury and inorganic mercury compounds

(i) Exposure of women

Adverse pregnancy outcomes have been reported following exposure to mercuric
chloride tablets (Afonso & de Alvarez, 1960), to mercuric iodide-containing soap (Lauwerys
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et al.,, 1987) and in a dental surgery unit where the concentration of mercury exceeded the
threshold limit value of 0.05 mg/m? (Gelbier & Ingram, 1989). After exposure of a woman
prior to week 17 of pregnancy to metallic mercury in a contaminated carpet (24-h urinary
concentration of mercury, 230 ug/L), no adverse effect was seen on birth weight, growth or
on acquisition of developmental milestones in the child at the age of two (Thorpetal.,1992).

Heidam (1984) conducted a historical prospective study of pregnancy outcomes in
women in 12 selected occupations in the Danish county of Funen. Controls were employed in
occupations with less exposure to chemicals. Dental assistants returned 94% of the
772 mailed questionnaires on pregnancy history. The incidence of spontaneous abortions in
dental assistants in private clinics was 11.2% in 259 pregnancies, yielding a crude odds ratio
of 1.1 (95% CI, 0.7-1.8). After control for confounding variables, including age at gravidity,
pregnancy order and maternal age at pregnancy, the odds ratio was 1.0 (0.6-1.6). Dichoto-
mization of dental assistants according to whether they reported exposure to inorganic
mercury compounds also showed no increase in the spontaneous abortion rate in the exposed
subgroup.

Brodsky et al. (1985) conducted a postal survey of 30 272 female dental assistants in
California (USA) regarding the use of anaesthetic agents and mercury amalgams and health
and pregnancy histories for the years 1968-78. The response rate was 70%. Exposure was
categorized on the basis of the number of amalgam restorations prepared per week into no,
low (0-40) or high (> 40) . Outcomes were adjusted for maternal age and ci garette smoking.
No relationship was observed between exposure and spontaneous abortion or congenital
abnormalities.

Sikorski ef al. (1987) evaluated reproductive function and outcome in 81 women
(45 dentists, 36 dental assistants) exposed occupationally to metallic mercury and in
34 unexposed women [occupational details not given] recruited at random in the Lublin
region of Poland. Exposure was ascertained by determination of mercury in samples of scalp
and pubic hair; the mercury content in hair was related to duration of employment and to the
number of amalgams used per week. A total of 57 exposed women had 117 pregnancies, 24%
of which ended in spontaneous abortion, stillbirth or congenital malformations (including
five cases of spina bifida). Thirty unexposed women had 63 pregnancies, 11% of which ended
in an adverse outcome. Reproductive failure was associated with the mercury content of the
hair. The frequency of menstrual disorders was also high in exposed women and was related
to the number of years employed and to the mercury content of scalp hair. [The Working
Group noted that temporal matching of exposure and pregnancy was not carried out, that no
mention of potential confounders was made and that hair mercury levels poorly reflect
exposure to metallic mercury.]

Ericson and Killén (1989) evaluated 8157 infants born to dentists, dental assistants and
dental technicians in Sweden between 1976 and 1986. Outcomes were standardized for
maternal age and parity, year of birth and sex of the infant. There was no suggestion of an
increased rate of stillbirths or congenital malformations. The risk ratio for low birth wei ght
(< 2500 g) was 0.9 (95% CI, 0.7-1.2) for dentists, 1.2 (1.0-1.3) for dental assistants and 0.8
(0.5-1.4) for dental technicians. Data on spontaneous abortions were available only for
1980-81, and the rates for dentists, dental assistants and dental technicians corresponded to
expected figures. The authors also reported no increase in the rates of spontaneous abortion
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or neural tube defects among women working in dentistry, as ascertained in a small
prospective study in Malmé in 1964-65. [The Working Group noted that no marker of
exposure to mercury was used.]

De Rosis et al. (1985) studied the possible effects on reproductive function and outcome
in women of exposure to mercury vapour in two mercury vapour lamp factories in Italy.
Workers were exposed to mercury in only one plant, where time-weighted averages exceeded
0.05 mg/m? in 1972-76; they were subsequently reduced to < 0.01 mg/m>. Workers in a
second plant were used as the reference group. Participation was 79% (153 women) in the
exposed plant and 88% (293) in the reference plant. Past health events were ascertained by
interview. The prevalence and incidence of menstrual cycle disorders were higher in the
exposed group, with an age-standardized ratio of abnormal cycles of 1.4. Exposed married
women also had a higher prevalence of primary subfecundity. No difference in the rates of
spontaneous abortion was found, but the malformation rate, particularly of dislocations of
the hip, was higher in the exposed group (6/106 births) than in the unexposed group (0/218
births); however, the authors noted that the prevalence of the condition differed between
northern and southern Italy.

(if) Exposure of men

A questionnaire on fertility was distributed to the total male work force of three
factories in which workers were exposed to mercury vapour and of two control plants with
comparable work characteristics in Belgium (Lauwerys ef al., 1985). Blood and urine
mercury concentrations were used as indices of exposure. The mercury-exposed group
consisted of 17 workers in a zinc-mercury amalgam factory, 35 workers in a chloralkali plant
and 51 workers in plants for the manufacture of electrical equipment. The 50th and 95th
percentiles of mercury in the urine were 36.9 and 147.1 pg/g creatinine. No difference 