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IDENTIFICATION AND MONITORING
OF NON-RADIOLOGICAL CARCINOGENS
A report prepared by C.A. Chuaqui, A. Petkau, C.L. Greenstock and C.P. Brown, AECL Research,
Whiteshell Laboratories, under contract to the Atomic Energy Control Board.

ABSTRACT
This study examines the feasibility of identifying and monitoring occupational exposures to nonradiological carcinogens in the workplace at Canadian nuclear establishments (Whiteshell
Laboratories, Pickering Nuclear Generating Station, Cameco Limited and Canadian General Electric
Company Limited). Recent epidemiological studies recommend that potential confounding factors of
a non-radiological nature be identified and analyzed, particularly non-radiological carcinogens that
may be present in the workplace at nuclear facilities.
The feasibility of identifying and measuring occupational exposures to non-radiological carcinogens in
Canadian nuclear facilities is examined. Also, the report describes the problem of chemical
carcinogens and the mechanisms involved in chemical carcinogenesis; the epidemiology related to the
problem, followed by a description of the analytical aspects of detection, monitoring and analysis of
carcinogens, as well as a discussion on the regulatory aspects and the regulations in place; and the
findings, recommendations and concluding remarks of this study.
Several problem areas became apparent as the study proceeded. For example, the classification of a
chemical as a human carcinogen is a difficult problem, as is its adequate monitoring and analysis.
This situation reflects, in turn, the regulatory aspects in the workplace.
A list of chemical carcinogens used industrially at the four Canadian nuclear facilities has been
identified. The list includes arsenic, asbestos, benzene, cadmium, beryllium, nickel, polychlorinated
biphenyls, lead and trichloroethylene.
Several recommendations are made in relation to the need for practical and efficient monitoring
methods for chemical carcinogens, the definition of radiation and chemical dose equivalencies, and the
classification of human chemical carcinogens, as well as their disposal.
RÉSUMÉ
La présente étude porte sur la faisabilité d'identifier et de mesurer les expositions professionnelles à
des agents carcinogènes non radiologiques dans quatre installations nucléaires canadiennes
(Laboratoires de Whiteshell, centrale nucléaire Pickering, Cameco Limited et Compagnie générale
électrique du Canada Limitée). Des études épidémiologiques récentes recommandent d'identifier et
d'analyser des facteurs de confusion non radiologiques possibles, notamment les agents carcinogènes
non radiologiques pouvant se trouver en milieu de travail dans les centrales nucléaires.
L'étude examine aussi la faisabilité d'identifier et de mesurer les expositions professionnelles à des
agents carcinogènes non radiologiques dans des installations nucléaires canadiennes. Le rapport
décrit, en outre, la question des agents carcinogènes chimiques chez les humains et les mécanismes
d'induction du cancer par des produits chimiques, ainsi que les caractéristiques épidémiologiques qui
s'y rattachent. L'étude décrit aussi les aspects analytiques de la détection, du contrôle et de l'analyse
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des agents carcinogènes, puis aborde les aspects réglementaires et la réglementation en vigueur, avant
de présenter les résultats, des recommandations et des observations finales.
L'étude fait ressortir plusieurs problèmes, par exemple, la difficulté de classer tel ou tel produit
chimique comme agent carcinogène chez les humains, ainsi que de le contrôler et de l'analyser. Cette
situation se répercute nécessairement à son tour sur les aspects de la réglementation du milieu de
travail.
Les auteurs dressent une liste de produits chimiques carcinogènes utilisés à l'échelle industrielle dans
les quatre installations nucléaires canadiennes, notamment l'arsenic, l'amiante, le benzène, le
cadmium, le béryllium, le nickel, les diphényles polychlorés, le plomb et le trichloréthylène.
Le document contient plusieurs recommandations relatives à la nécessité de méthodes pratiques et
efficaces de mesure des expositions aux agents carcinogènes chimiques, à la définition d'équivalences
entre les doses de rayonnement et les doses de produits chimiques, ainsi qu'à la classification des
agents chimiques carcinogènes et à leur évacuation.

DISCLAIMER
The Atomic Energy Control Board is not responsible for the accuracy of the statements made or
opinions expressed in this publication and neither the Board nor the author assumes liability with
respect to any damage or loss incurred as a result of the use of the information contained in this
publication.
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EXECUTIVE SUMMARY
The monitoring of occupational exposures to ionizing radiation in the workplace is well-established
and regulated. Thus, adequate methods are in place in Canadian nuclear establishments to that effect.
However, hazardous agents of non-radiological nature, such as non-radiological chemical carcinogens,
can also exist in the workplace at Canadian nuclear facilities. Exposure to these agents may have
consequences to the health of radiation workers. In fact, it has been recommended that potential
condounding factors, both occupational and non-occupational, be identified. Particularly important to
that effect are non-radiological carcinogens that may be handled in nuclear facilities. Hence, this
project was set to identify these substances and the means to measure them. For the purpose of this
study Whiteshell Laboratories, Pickering Nuclear Generating Station, Cameco Limited (formerly
Eldorado Resources Limited) and Canadian General Electric Company Limited were the designated
Canadian nuclear facilities.
The tasks of this project included the nature of the problem, the placement of regulations, the
assessment state of the art and the production of a comprehensive report.
Section 1, discusses the nature of the problem.
Section 2, discusses chemical carcinogenesis, and the chemical categories and reaction mechanisms
involved. The chemical categories are alkylating agents, N-nitroso compounds, aromatic amines and
azodyes, polycyclic aromatic hydrocarbons, metals and detivatives, and miscellaneous.
Section 3, discusses the epidemiology of the problem and the qualitative and quantitative criteria that
ideally could be applied to the carcinogenic hazard. It also refers to the characterization of population
exposures.
Section 4, reviews in detail the detection, monitoring and analysis of carcinogens. The chemical and
biological methods are presented. Included is a discussion on practical considerations for the different
classes of carcinogens, and the methods of analysis recommended by the Workplace Hazardous
Materials Information System (WHMIS). Also, there is a brief section that deals with the disposal of
chemical carcinogens.
Section 5 discusses the regulations. This part refers to the basis required to establish regulatory
procedures, and it discusses regulations and their application.
Section 6, deals with the findings of this project and the selection of criteria to define non-radiological
chemical carcinogens. Accordingly, it was necessary to decide which chemicals would be included in
an operational list of chemical carcinogens, since lists proposed by different organizations and
committees do not entirely agree. There are two main groups of carcinogens present in the nuclear
facilities: chemicals used in research work, and thus required in small quantities; and chemicals used,
produced or disposed of in larger quantities. It was also found that some of the most commonly used
analytical procedures, although reliable in certain conditions, may sometimes lead to erroneous
readings. In general, considering the available technology and the practice, there appears to be a
disparity among potential existing methods. In part, this may be due to economical reasons, as well
as the need for developmental work in the implementation of methods.
Section 7 contains the recommendations and conclusions from this study.
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1. NATURE OF THE PROBLEM
1.1

INTRODUCTION

1.1.1

Purpose of the Study and Its Objective

Cancer is a chronic disease that may be caused by exposure to a
wide range of physical and chemical carcinogens. The probability of its
occurrence increases with exposure to carcinogens. However, there is
generally a long delay between the initial exposure to the carcinogen and
the onset and appearance of the disease. The workplace contains many known
and suspected chemical carcinogens.
However, recent epidemiological studies have not considered nonradiological carcinogens as a potential factor in the induction of cancer
among radiation workers, because of the lack of information on these
hazardous agents. In fact, it is possible that the results of these
studies are the reflection of compounded effects, where non-radiological
factors, such as carcinogens, may play a role. In order to resolve this
situation, it is necessary to identify the presence of these agents in the
workplace and to determine their concentrations.
The information obtained from the study of non-radiological
carcinogens in the workplace at Canadian Nuclear facilities would allow
study of occupational exposures to ionizing radiation in conjunction with
the potential effect of non-radiological carcinogens, including possible
synergistic effects between radiological and non-radiological factors that
may occur in the process of carcinogenesis.
The present aim of this project is to examine the feasibility of
identifying and measuring occupational exposures to non-radiological
carcinogens in Canadian nuclear facilities.
1.1.2

Organization of the Report

This report describes in some detail the problem of chemical
carcinogens, the mechanisms involved in the processes of chemical
carcinogenesis, the epidemiology related to this problem, and the
analytical aspects of detection, monitoring and analysis of carcinogens.
Also the current regulatory aspects and regulations are presented and our
findings, recommendations and concluding remarks are given.
We have made every possible effort to provide an adequate balance
between two or more subjects that are, in principle, equally important. In
several cases, however, this goal has been difficult to achieve since
information on a given subject was not readily available.
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2.
2.1

CHEMICAL CARCINOGENESIS

INTRODUCTION

Non-radiological carcinogenic substances are mainly chemical
carcinogens that belong to different chemical classes. Each chemical class
induces cancer by a different mechanism and acts on a different target. It
is important to understand these mechanisms in relation to the general
problem of carcinogenesis and possible interactions with other carcinogenic
agents.
2.2

CHEMICAL CARCINOGENS

It is estimated that over 85% of the human cancers are produced
by environmental factors such as UV-visible and ionizing radiation, viruses
and chemicals, with the latter being responsible for most of the cancer
fatalities in the United States [14].
The number of chemicals known today is over six million, from
which about 60 000 are used daily in domestic and industrial applications.
Also impressive is the number of new chemicals being synthesized, estimated
to be about 250 000 compounds per year. Many of them are used in
applications shortly after their discovery and may enter our environment in
large amounts [14,15].
Clearly, modern industrial societies cannot afford to miss the
benefits brought about by these applications. However, some of the new
chemicals introduced may represent serious hazards that are not necessarily
apparent in a short time frame. Whereas acute toxicological problems are
readily detected, chronic deleterious effects may not show for years, when
preventive action is already too late and only palliative measures are
available.
Most chemical carcinogens may be classified into the following
categories: aromatics, amines and azodyes, n-nitroso compounds, alkylating
agents, metals and derivatives, and miscellaneous. The latter category
includes all substances that act by unknown mechanisms.
Examples of carcinogens in each category are given below:
Aromatics

Benzene
Benz(a)pyrene
7,12-dimethylbenz(a)anthracene
Soots
Tars

Amines and
Azodyes

4-aminobiphenyl
Benzidine
a-naphtylamine
b-naphtylamine
4-aminostilbene
4-ni troazobenzene
4-dimethylaminoazobenzene
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N-nitroso
Compounds

N-nitrosopiperidine
N-methyl-N-nitrosourea
N-methyl-N-nitroso-N'-nitroguanosine

Alkylating
Agents

Mustard gas
Melphalan
Chlornaphazin
bis(chloromethyl)ether
Vinyl chloride
Aflatoxin Bl

Metals

Nickel, chromium, cadmium and several of their
compounds

Miscellaneous

Asbestos
Diethylstilbestrol
Hematite mining
Supinidine

2.3

MECHANISMS OF CHEMICAL CARCINOGENESIS

2.3.1

The Problem

Chemical carcinogenesis, like most forms of radiation
carcinogenesis, has long latency periods, so that the risk from any
particular chemical carcinogen may only be slowly realized and be quite
difficult to assess.
In spite of the urgency to screen chemicals for carcinogenicity,
there are no adequate, fast and infallible tests. Appropriate
carcinogenicity studies for one chemical, using experimental animals, may
take several years and the results obtained may not be applicable to
humans, since there are many cases where carcinogenicity is a function of
the species of the experimental animal used. On the other hand, the
generally good correlation between mutagenicity and carcinogenicity may be
used to support less time-consuming mutagenicity tests. The bulk of
results obtained for one chemical must then be carefully assessed [16,17].
The process of carcinogenesis consists of several stages, which
include chemical activation, initiation and induction, promotion, and
propagation of changes that culminate in malignancy. Different hazardous
agents act at specific stages in the developing process. Because of this,
it is justified to classify hazardous agents according to the specific
stage at which they act, in addition to their chemical class [1-3]. For
example, ionizing radiation, ultraviolet light and alkylating agents act at
the first stage as initiators; whereas croton oil, dimethylsulfoxide and
12-0-tetradecanoyl phorbol-13-acetate (TPA) are promoters.
Initiation appears to involve a permanent biological change of
genetic material at the time of exposure to the initiator [3].
Promotion appears to involve a change in the biological response
of the cell to the permanent damage formed in the initiating event [2].
Repeated application of promotors renders the cell incapable of maintaining
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its defence mechanisms, detoxification or repair processes, and of
preventing the harmful expression of the biological consequences.
Membranes may be an important target for promotors [A], and the action of
promotors on membranes may render the cell progressively more susceptible
to the Irreversible chemical changes produced by initiators.
In principle, chemicals that have been activated to ultimate
carcinogens [5] can act on proteins [6], phospholipids [5,7] or nucleic
acids [8,9].
Some chemical carcinogens react directly with target molecules in
organisms, whereas others must undergo an activation process that yields
the actual carcinogenic reactive species. This difference is most
important in classifying and studying carcinogens. In the first situation,
where the so-called direct carcinogen is the species that binds to the
biological material, model reactivity studies are directly related to the
reaction occurring in biological systems. In the second case, however, the
carcinogen is activated in vivo by enzymic and other processes, which are
not necessarily reproducible in chemical model studies. Also, the precise
identification of the actual carcinogenic intermediate may be difficult.
For example, identification of the biological activation processes of
polycyclic aromatic hydrocarbons (PAH) is an on-going problem where several
species produced during activation must be identified and each of them
studied as a possible carcinogen. The first demonstration of protein-bound
PAH was achieved by means of spectroscopic and fluorescence methods,
whereas the detection of covalent linkage of carcinogens with nucleic acids
required the use of radioactive carcinogens in experimental animals
[18,19].
Many apparently dissimilar chemical carcinogenic species act by
very similar mechanisms. It is likely that the common feature of these
carcinogens is their ease to yield (in vivo) strong electrophiles. Thus, a
conceptual general mechanism considers that the chemical carcinogen is or
generates a strong electrophile, which, upon reaction with nucleophilic
centres at cellular targets, yields products that block and alter the
normal metabolic functions and lead to cancer [20-22].
The diversity in structural features within carcinogens, as well
as that of molecular biological targets, is readily appreciated. In
addition, media effects influence the intrinsic structural characteristics.
The result is a challenging and complex problem from the standpoint of
chemical reactivities, since each electrophile may react at several
different nucleophilic centres of the target molecules. The products of
these reactions and their proportions would be determined by many
properties inherent to the reactant, solvent and other conditions. Thus,
it is of vital importance to learn how to recognize, interpret and quantify
these reactivity parameters.
Most chemical carcinogens must change in vivo to become
oncogenic. This is usually done by oxidation reactions catalyzed by
microsomal mixed-function oxygenases. For example, in the liver and
kidneys, where these enzymes are more abundant, amines are converted to
hydroxylated intermediates, whereas aromatic hydrocarbons are oxidized to
oxides and vicinal hydroxylic derivatives. N-nitroso and halogen compounds
may be activated enzymically to free radical or electrophilic centres in
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their structures. The fate of the resulting electrophilic species is
determined by structural factors (intrinsic target), as well as by
environmental factors that affect or modify the intrinsic characteristics
of the reactants.
The constituents of nucleic acids are then multi-reactive centres
that possess several types of nucleophilic and metal ion ligand centres.
In general, electrophilic reactivity may be approached using the
hard and soft acid and base (HSAB) principle, which allows one to make
distinctions between different types of electrophiles, nucleophiles and
ligand centres.
An example of an important source of chemical carcinogens is
cigarette smoke (Table 1) [23]. Most interestingly, almost every category
of carcinogen is found in the listed compounds, creating the opportunity
for many possible synergisms and potentiation of carcinogenesis.
TABLE 1
CARCINOGENS IN CIGARETTE SMOKE
Aminostilbene
Arsenic
Benz(a)anthracene
Benz(a)pyrene
Benzene
Benzo(b)fluoranthene
Benzo(c)phenanthrene
Cadmium
Chrysene
Dibenz(a,d)anthracene
Dibenzo(a,e)fluoranthene
Dibenz(a,h)acridine
Dibenz(a,j)acridine
Dibenzo(c,g)carbazone
Polonium-210

2.3.2

N-Dibutylnitrosamine
2,3-Dimethylchrysene
Indenol(l,2,3-cd)pyrene
5-Methylchyrsene
Methylfluoranthene
b-Napthylamine
Nickel compounds
N-Ni trosodiemthylamine
N-Nitrosomethylethylamine
N-Ni trosodiethylamine
Ni trosonornicotone
N-Ni trosonanabasine
N-Nitrosopiperidine
N-Nitrosopyrrolidine

Role of Free Radicals in Chemical Carcinogenesis

Free radicals are involved in a number of normal biological
processes, where they are formed during enzymic reactions and electron
transfers between metal ions and organic substrates. These free radicals
are kept under control by scavenging mechanisms that include simple organic
compounds (tocopherols, thiols, etc.) as well as enzymes (superoxide
dismutase, catalase, etc.). However, there are some pathological
conditions where free radical species occur in abnormally high
concentrations. This increase in free radicals may occur as a result of
certain pathological conditions, radiolysis, photolysis and by the action
of certain chemicals [33-35].
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The reactivity of free radicals is determined to a large degree
by their polar characteristics, which depends on the nature of the orbital
occupied by the lone electron. For example, when the orbital is p or sp 3 ,
the radical is nucleophilic; when the orbital is sp 2 , the radical is
neutral; whereas an sp orbital makes the radical electrophilic. Size,
geometry and polarizability are other intrinsic factors that influence the
reactivity of the radical, whereas the environment determines the way in
which this reactivity is manifested.
As a result, free radicals react in several different ways:
abstraction, addition and substitution modes [36-38]. In chemical
carcinogenesis there are examples where the foregoing modes of free radical
reactions may be identified, some of which will be discussed in the
following section.
Ionizing radiation produces radical cations and hydrated
electrons, which decay to produce neutral radicals such as the hydroxyl
radical. These radicals interact with target molecules, inducing lipid
peroxidation and modification of proteins and nucleic acids.
Several chemicals undergo one-electron transfer processes,
particularly with oxygen species, to yield either active oxygen species or
organic radical ions that are able to modify structural target molecules
[33,34].
One-electron transfer (ET) reactions of peroxidic compounds occur
with or without the participation of metal ions. The latter case is
represented by the action of nucleophiles on peroxidic compounds (XOOY).
The nucleophilic attack may occur (i) as a nucleophilic substitution (SN2)
reaction, or (ii) as a one-electron transfer (ET) process that generates
free radicals.
The pathway that predominates depends on the characteristics of
the nucleophile and the properties of the 0-0 bond in the peroxide
derivative. Thus, when X and Y are good leaving groups, the possibility of
an SN2 reaction is enhanced. When X and Y are poor leaving groups, the ET
mechanism is favoured. These processes are the organic equivalent to the
one-electron and two-electron enzymic pathways, and also to some electron
transfers in non-enzymatic reactions of transition metal ions.
The factors that determine whether an SN2 or an ET process
predominates are very subtle. However, the consequences produced in each
case, could be very different.
Experimental results suggest that one-electron transfer reactions
occur during the metabolism of hepatotoxic compounds such as carbon
tetrachloride and other chlorocarbons [33]. The activation of PAH
(Scheme 6) represents another example where free radical intermediates are
involved.
Most interesting in the field of free radicals in biology are the
radical ions and their reactivity in radical aromatic substitution
reactions. The process may be started by an anion or nucleophile (R-) that
reacts with an adequate substrate (ArX) in a one-electron transfer process,
to yield a neutral radical (R-) and a radical anion (ArH-• ). The latter
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breaks down to yield another neutral radical (Ar-) and an anion (X")
(39,40). In several situations it is possible to identify R- with a
nucleophile or anion derived from a foreign chemical, and ArX with part of
the structure of a protein or a nucleic acid.
Identifying the consequences of the above reactions, as well as
predicting their occurrence, is a difficult problem, particularly because
of the complexity of the many factors that influence the fate of the
reactants.
2.3.3

Reaction Mechanisms by Chemical Category

The following brief descriptions are given of the reaction
mechanisms by which chemical carcinogens of different categories react.
Since carcinogenicity is influenced by numerous factors, only one of which
is chemical reactivity, the discussion of individual reaction mechanisms
does not permit any correlation between carcinogenic potency and chemical
reactivity.
2.3.3.1

Alkylating Agents

There is a large diversity of structural features within
alkylating agents. This structural diversity results in differences in
chemical reactivity, which expresses itself not only in terms of rate, but
also in terms of selectivity of target molecules and reaction centres.
Thus, some carcinogenic alkylating agents cause in vivo modifications of
amino acid residues in proteins and enzymes. Also, within nucleic acids
there are various nucleophilic centres that may react differently with each
alkylating reagent. For example, the principal nucleophilic sites in DNA
are the nitrogen at position 7 in guanine; nitrogens 1, 3 and 7 in adenine;
and the exocyclic oxygen at position 6 in guanine. Alkylation at these
centres will proceed according to their own characteristics and those of
the carcinogens [20,24].
In general, alkylating reagents may be divided in two groups:
(a) compounds without nitrogen, which have relatively low reactivity and
lower tendency to ionize. (Typically, the alkyl group is bonded through
oxygen, sulfur, etc.); (b) nitrogen-containing alkylating compounds, which
contain R-NN-0 or R-NN-N systems and generate diazomethane. These
nitrogen-containing compounds are easier to ionize and are more reactive
than compounds in the first group. This classification is important, since
it has been shown that the resulting product distribution after alkylation
of DNA depends largely on the characteristic of the alkylating electrophile
[20-22,24].
It is important to note at this point that, although N-nitroso
derivatives are alkylating agents belonging to Group (b), they will be
treated as a different category of carcinogens, in keeping with most
literature reports [22 and references therein].
The mechanistic examples that will be discussed here belong to
Group (a). The specific cases selected are vinylchloride and related
compounds, safrole, aflatoxin Bl and alkylating agents with cross-linking
properties.
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Vinyl chloride and related compounds. Vinyl chloride (see
Table 5.2) produces haemangiosarcoma of the liver with one of the shortest
latent periods known for any chemical carcinogen. Hence, it has to be
considered one of the most powerful carcinogens [20].
Vinyl chloride nay be oxidized to chloroethylene oxide or
chloroacetaldehyde. Then, Initial alkylatlon occurs at N-l of
deoxyadenosine residues and N-3 of deoxycytidine residues. The process
continues with the formation of a new ring system, as shown in Scheme 1.
The imidazocyclization illustrated in the scheme is produced in vivo by
vinyl chloride and constitutes an important biochemical lesion. Similar
processes take place with chemicals that have comparable blfunctionalities.
For instance, glycidaldehyde (CH2-CH-CH0) is attached at one of the carbons
supporting the oxide function, followed by imidazo-ring formation at the
aldehyde group (20],
There is a striking structural similarity between glycidaldehyde
and malondialdehyde (MDA), particularly if the enolic form of HDA is
considered. Thus, it appears that the formation of the imidazo-ring system
provides the molecular basis for the mutagenicity and carcinogenicity of a
series of structurally related compounds. These compounds must possess two
or three carbon atoms, an alkylating centre (electrophile) and a second
functional group that may undergo cyclization. Another compound that
belongs to this bifunctional type is Bromoacetaldehyde, a metabolite of
1,2-dibromo-ethane, which is mutagenic and carcinogenic in rodents.
Safrole (4-allvl-l.2-methvlenedioxvbenzene^ and related compounds
are aromatic constituents of essential oils that possess carcinogenic
activity. The structure of some of these compounds are shown below.

MeO
MeO
Safrole

Isosafrole

Asarone

Safrole has weak hepatocarcinogenic activity in adult mice and
rats; it may produce lung tumours in infant mice after subcutaneous
administration and esophageal tumours by oral dosing [25].
A major metabolic route of safrole, common to humans and rats, is
the ring opening of the methylene-dioxy system) yielding metabolites
similar to asarone (1,2-dihydroxy-, l-hydroxy-2-methoxy- and 2-hydroxy-lmethoxy-4 allylbenzene). Other metabolic pathways include epoxidation
followed by hydrolysis. Host of the available evidence supports the
conclusion that l'-hydroxysafrole is a proximate carcinogen. This
metabolite is further metabolised to a sulfate and some oxide forms, which
have very high electrophilic reactivity. These metabolites then bind
covalently to nucleophilic centres of nucleic acids and proteins. Host
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CI-CH 2 =CH 2

[O]
•*- CI-CH:

H

N
CI-CH

CI

-H20

CI
-HCI

Scheme 1
Formation of 9-(j8-D-2-deoxyribofuranosyl)
imidazo[2,1=i] purine from chloroacetaidehyde,
an oxidation product of vinyl chloride.
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likely, nucleophilic centres would react with l'-hydroxy- and l'-acyloxy
safrole at the 3'-carbon with rearrangement of the allylic system (see
Scheme 2 ) . It has not been established if epoxide metabolites show a
preferred direction for the ring opening of the oxirane ring by the
nucleophile and it very well may be that a mixture of products is formed.
The product shown in Scheme 2 may be isolated and degraded by a mild acid
hydrolysis, to yield 3'-hydroxy-isosafrole [20,25].
Aflotoxin Bl. a member of a family of powerful mycotoxins, has
also been found to be carcinogenic. The mechanisms of action are shown in
Scheme 3, and involves a metabolic activation process consisting of an
oxidation to a 1,2-oxide, followed by reaction at the formed epoxide site
with the nucleophilic centres of DNA. The reaction yields a nucleic acid
residue substituted with a very voluminous substituent. This situation
almost certainly implies important conformational changes would be imposed
on the DNA, in addition to any other functional changes that the covalently
bound substituent would bring about [20,26].
Several groups of alkylating agents form inter-strand DNA crosslinks. Generally, these compounds are bifunctional alkylating agents such
as psoralens, mitomycin C, pyrrolizidine alkaloids, mustard gas
(di(2-chloro-ethyl)sulfide) and bis(chloromethyl) ether. Compounds that
are structurally related to cross-linking agents, but are unable to form
cross-links (e.g., chloromethyl ether is related to
bis(chloromethyl)ether), are much less toxic, indicating that cross-links
increase the damage produced by the agent. An illustration of this
difference is found in the methylation of the N-7 in guanine of DNA, which
may not have any effects; but reaction of the same nucleophilic centre with
mustard gas produces inactivation of the DNA template [27].
2.3.3.2

N-Nitroso Compounds

As mentioned earlier, N-nitroso compounds are in fact a type of
alkylating agent, particularly toward nucleophilic centres of nucleic
acids. N-Nitroso compounds include mainly N-nitrosamides and
N-nitrosamines. In the case of N-nitrosamides, the electrophiles that
alkylate the nucleophilic centres are produced spontaneously, whereas
nitrosamines need metabolic activation to generate the reactive
electrophilic species. The more stable nitrosamines require metabolic
hydroxylation at the alpha carbon to yield an unstable intermediate, which
is the alkylating agent. On the other hand, the more unstable
N-nitrosamides do not need metabolic activation and generate the
corresponding electrophilic species spontaneously. Thus, the production of
a putative common alkylating intermediate from both nitrosamides and
nitrosamines occurs by very different mechanisms. The different
reactivities between the two types of N-nitroso compounds means, for
instance, that nitrosamines, although distributed uniformly in the body of
an animal, will be activated only in the organs and tissues that contain
the mixed function oxidases (also called hydroxylases or demethylases).
Thus, the liver is the organ most affected, followed by kidneys, lungs and
spleen. Nitrosamides do not show any organ selectivity, since their
reactivity is not dependent on metabolic pathways [20,24].
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OH

safroie

lv-hydroxysafrole

safrole-lx-sulfate

H2N
deoxyguanosine residue

O8-{isosafrole-3 -yl) deoxyguanosine

Scheme 2
Example of reactions of metabolites of safroie
with DNA components.

dR(orR)
OH

OCH3

OCH3

aflatoxin B,

I

Scheme 3
Metabolic activation of Aflatoxin Bt and further reaction of its metabolite
with guanosyl residues of DNA (or RNA).
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Scheme 4 represents a summary of the chemical transformations
needed for dimethylnitrosamine (DMNA) and N-methylnitrosourea (NHU),
selected as representatives of the two types of N-Nitroso compounds. The
scheme does not show all the pathways required for DMNA. It simply
attempts to illustrate that a common intermediate is required in both
cases, although this intermediate is arrived at by very different
processes.
2.3.3.3

Aromatic Amines and Azodyes

Aromatic amines are converted in vivo to phenolic metabolites in
processes catalysed by the mixed function oxidase enzymes. The phenolic
products are eliminated as O-glucuronides and O-sulfates. Their carcinogenic activity is the result of a relatively minor reaction, which produces
the N-oxidation of the original amine. N-hydroxy derivatives are the only
metabolites produced that are able to react non-enzymatically with
biological target molecules [28].
Aminoazodyes have been considered a separate class of
carcinogens. However, they are activated by metabolic pathways common to
aromatic amines, where the proximate carcinogens also correspond to those
formed from amines. Hence, aminoazodyes will not be considered separately
in this report. It should also be mentioned that some nitroaromatic
compounds can be reduced to carcinogenic intermediates, which are the same
N-hydroxy derivatives formed by oxidation of the corresponding amine. This
reduction may occur in the gastric mucosa and liver. For example,
4-nitroquinoline-l-oxide is reduced to 4-hydroxylamino quinoline-1-oxide, a
carcinogen [15].
The carcinogenicity of aromatic amines is strongly affected by
some of their physical and chemical properties:
(1) Aromatic amines that are readily soluble in water can be promptly
eliminated and are expected to be non-carcinogenic.
(2) A detoxification processes exists for less soluble amines, which
consists of an oxidation reaction that introduces a phenolic
group in para position to the amino function, followed by
conjugation as a sulfate or another soluble ester derivative.
Amines with the para position available for this detoxification
process are non-carcinogenic or less carcinogenic than those
where the para position is hindered or already substituted. For
example, aniline is non-carcinogenic whereas 2,4-xylidine is
carcinogenic.
(3) An additional factor concerns the electronic effects of
substituents at the aromatic ring. The activation of aromatic
amines to N-hydroxy derivatives continues with the formation of
ArNH + , which being very electrophilic, is able to react and
modify DNA. Thus, any electron withdrawing substituent that
destabilizes ArNH+ is expected to decrease the carcinogenicity of
the original amine [28,29].

HOCH2

CH 3

\

mixed function
N-N =

\
N-N = O

•
oxidase enzymes
CH

CH

-HCHO

(DMNA)

DNA
CH3-NENOH

CH3

\

methylated
DNA

CH
N-N

N-N =
-

H 2 N-C

H2N-COOH

O
(MNU)

Scheme 4
Representatives of N-Nitrosamines (DMNA) and N-Nitrosamides (MNU) in their
reactions to produce a common alkylating species by different pathways.
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There are three industrial carcinogens that belong to the class
of aromatic amines. They are 2-naphtylamine, benzidine and 4-bifenylamine, all associated with the production of bladder tumours. The active
electrophile ArNH+ (or ArNR+) reacts with nucleic acid bases, as indicated
in Scheme 5. Of the two products with DNA in vivo, compound 1 is eliminated in a relatively short time, implying that good DNA repair mechanisms
are possible. Compound 2, however, persists and cannot be repaired [28].
2.3.3.4

Polycyclic Aromatic Hydrocarbons (PAH)

As in the case of aromatic amines and N-nitrosamines, microsomal
mixed function oxidase enzymes play a key role in the metabolic activation
of PAH.
The general characteristics to observe are (a) the metabolic
oxidation of the PAH to produce some diols and epoxides, followed by
further hydroxylations; (b) some of these oxidation products are good
electrophiles to undergo reaction with nucleophilic centres in
biomolecules; and (c) the identification of the precise active carcinogen,
among the group of metabolites produced from one PAH compound, could be a
most difficult problem [30,31].
Although there are many variations for each type of PAH, the
general features may be illustrated with the following example. Scheme 6
shows some of the known metabolic pathways for benz[a]pyrene, and the
reaction of an active metabolite with a guanosine residue to yield
covalently modified DNA [30].
2.3.3.5

Metals and Derivatives

Some metals - particularly chromium, nickel and cadmium - are
associated with industrial cancer. However, since this subject has been
studied for a short time only, it is not clear yet which are the reactive
forms involved in the carcinogenic process. Some isolated examples based
on the fragmentary information available follows.
It has been shown that Cr 6+ binds to DNA and is a mutagen in
standard tests, but Cr 3+ is non-mutagenic and does not associate strongly
to DNA [20-22].
Cis-diamminedichloroplatinium (II) is a mutagen and serves as a
model for a family of chemotherapeutic agents. The trans-isomers, however,
do not show any activity. In order of decreasing reactivity, the reaction
of some Pt complexes with nucleosides follows the order guanosine,
adenosine and deoxycytidine. These complexes, which are electrophiles,
show almost the same specificity towards nucleophiles in DNA as alkylating
agents do [20-22]. In addition to their nucleophilic reactivity, nucleic
acid components may be ligands of metal ions at the ribose, phosphate,
purine and pyrimidine bases. Although in principle, it is possible to
establish the different reactivity characteristics of the diverse centres
of DNA, it is questionable if these characteristics would be different
enough to induce selective reactions at a particular site [3?.]. Instead,
because of electronic delocalizations and possible steric factors, mixed
reactivity may be expected. Exceptions are model systems, where extreme
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1
Scheme 5
Reaction of ArNH (or ArNR) with deoxyguanosine
to yield the N-(deoxyguanosine-8-yl)-N-Ar derivative (\)
and the N-[3-deoxyguanosine-N2-yI)- Ar] derivative (2).
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Scheme 6
Some of the steps involved in the metabolic activation of benz[a] pyrene and
reaction of an active eiectrophiiic endoperoxide metabolite with deoxyguanosine residues.
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conditions prevail. Certainly, the analysis and study of complex formation
in vivo constitutes an extremely difficult problem, both from the
structural and functional viewpoints.
2.3.3.6

Miscellaneous

A number of diverse carcinogenic agents may be included here.
Although their physical, chemical and pathological characteristics are
quite different, our present limited knowledge about them justifies the
existence of a class of miscellaneous compounds.
Asbestos represents a carcinogen that acts by physical contact or
irritation. This type of action is very difficult to characterize and
mechanisms of action, even tentative ones, are largely unknown [41].
2.4

REFERENCES

1. I. Berenblum, and P. Shubik. A new qualitative approach to the study
of the stages of chemical carcinogenesis in the mouse's skin. Br. J.
Cancer I, 383-391, 1947.
2. R.K. Boutwell. Biochemical mechanisms of tumour promotion. In
Carcinogenesis - A Comprehensive Survey. Vol. 2. Mechanisms of Tumour
Promotion and Cocarcinogenesis, T.J. Slaga, A. Sivak and R.K. Boutwell
(Editors), Raven Press, New York, pp. 49-58, 1978.
3. A. Dipple, P.D. Lawley and P. Brookes. Theory of tumour initiation by
chemical carcinogens; dependence of activity on structure of ultimate
carcinogen. Eur. J. Cancer 4, 493-506, 1968.
4.

I.B. Weinstein, L.S. Lee, P.B. Fisher, R.A. Mufson and H. Yamasaki.
Action of phorbol esters in cell culture, mimicry of transformation,
altered differentiation, and effects on cell membranes. J. Supramol.
Struct. 12, 195-208, 1979.

5. D.F.H. Wallach. Membrane anomalies of neoplastic cells. Med.
Hypotheses 2, 241-256, 1976.
6.

E.C. Miller and J.A. Miller. Mechanisms of chemical carcinogenesis.
Cancer (Philadelphia) 47, Suppl. 5, 1055-1064, 1981.

7.

J.F. Mead, G.S. Wu and R.N. McElhaney. In Lipid Peroxides in Biology
and Medicine, K. Yagi (Editor), Academic Press, New York, 1982.

8.

P. Brookes and P.D. Lawley. Reaction of some mutagenic and
carcinogenic compounds with nucleic acids. J. Cell Comp. Physiol. 64,
Suppl. 1, 111-128, 1964.

9.

R.S. Umans and B. Pullman. Mechanisms of binding of polycyclic
aromatic hydrocarbons to nucleic acids: theoretical investigation.
Int. J. Quantum Chem. 5, 575-582, 1971.

10.

T.A. Dix and L.J. Marnett. Detection of the metabolism of polycyclic
aromatic hydrocarbon derivatives to ultimate carcinogens during lipid
peroxidation. Methods Enzymol. 105, 347-352, 1984.

- 19 -

11.

M. Munn. Alkylating agents as industrial carcinogens. Brit. J.
Cancer 32(2), 261-262, 1975.

12.

D.T. Beranek, C.C. Veis and D.H. Svenson. A comprehensive
quantitative analysis of methylated and ethylated DNA using high
pressure liquid chromatography. Carclnog. I, 595-606, 1980.

13.

A.H. Conney. Induction of microsomal enzymes by foreign chemicals and
carcinogenesis by polycyclic aromatic hydrocarbons: G.H.A. Cloves
Memorial Lecture. Cancer Res. 42, 4875-4917, 1982.

14.

S.B. Oppenheimer. Cancer: A Biological and Clinical Introduction.
Allyn and Bacon, Boston, 1982.

15.

D. Schottenfeld and J.F. Haas. Carcinogenesis in the workplace.
Cancer Journal for Clinicians 29, 144-149, 1979.

16.

P.D. Lawley. Hethylation of DNA by carcinogens: some applications of
chemical analytical methods in screening tests. In Chemical
Carcinogenesis, IARC Sci. Publ. No. 12, R. Montesano, H. Bartsch and
L. Tomatis (Editors), International Agency for Research on Cancer,
Lyon, 1976, pp. 181-210.

17.

M. Radman, P. Caillet-Fauquet, M. Défais and G. Villami. Molecular
mechanism of induced mutations and an in vivo biochemical assay for
mutagenesis in screening tests. In Chemical Carcinogenesis, IARC Sci.
Publ. No. 12, R. Montesano, H. Bartsch and L. Tomatis (Editors),
International Agency for Research on Cancer, Lyon, 1976.

18.

E.C. Miller and J.A. Miller. The presence and significance of bound
aminoazo dyes in the livers of rats fed p-dimethylamino-azobenzene.
Cancer Res. 7, 468-480, 1947.

19.

E.C. Miller and J.A. Miller. The metabolism of chemical carcinogens
to reactive electrophiles and their possible mechanism of action in
carcinogenesis. In Chemical Carcinogenesis, C.E. Searle (Editor), ACS
Monograph 173, Am. Chem. Soc, Washington, DC, 1976.

20.

D.E. Hathway and G.F. Kolar. Mechanisms of reaction between ultimate
chemical carcinogens and nucleic acid. Chem. Soc. Rev. 9, 241-264,
1980.

21.

L.N. Ferguson.
688-694, 1975.

Cancer: How can chemists help?

22.

L.N. Ferguson.
1975.

Cancer and chemicals.

23.

U.S. Department of Health, Education and Welfare, Smoking and Health.
A Report of the Surgeon General. Washington, DC, 1979.

J. Chem. Educ. 52,

Chem. Soc. Rev. 4, 289-320,

- 20 -

24.

G.P. Margison and P.J. O'Connor. Nucleic acid modification by nnitroso compounds. In Chemical Carcinogenesis and DNA, P.L. Grover
(Editor), CRC Press Inc., Boca Raton, Florida, 1979, Vol. I,
Chapter 5.

25.

C.C.J. Culvenor and M.V. Vago. Carcinogenic plant products and DNA.
In Chemical Carcinogens and DNA, P.L. Grover (Editor), CRC Press Inc.,
Boca Raton, Florida, 1979, Vol. I, Chapter 6.

26.

R.C. Garner and C.N. Martin. Fungal toxins, aflatoxins, and nucleic
acids. In Chemical Carcinogens and DNA, P.L. Grover (Editor), CRC
Press Inc., Boca Raton, Florida, 1979, Vol. I, Chapter 7.

27.

M.H.L. Green. Mutagenic consequences of chemical reaction with DNA.
In Chemical Carcinogens and DNA, P.L. Grover (Editor), CRC Press Inc.,
Boca Raton, Florida, 1979, Vol. II, Chapter 4.

28.

E. Kreik and J.G. Westra. Metabolic activation of aromatic amines and
amides and interactions with nucleic acids. In Chemical Carcinogens
and DNA, P.L. Grover (Editor), CRC Press Inc., Boca Raton, Florida,
1979, Vol. II, Chapter 1.

29.

S.N. Mohammad and A.J. Hopfinger. Chemical reactivity of a
methyldiazonium ion with nucleophilic centers of DNA bases. J. Theor.
Biol. 87, 401-419, 1980.

30.

D.H. Phillips and P. Sims. Polycylcic aromatic hydrocarbon
metabolites. Their reaction with nucleic acids. In Chemical
Carcinogens and DNA, P.L. Grover (Editor), CRC Press Inc., Boca Raton,
Florida, 1979, Vol. II, Chapter 2.

31.

A. Bjorseth (Editor), Handbook, of Polycyclic Aromatic Hydrocarbons,
M. Dekker, Inc., New York, 1983.

32.

E. Buncel, A.R. Norris, W.J. Racz and S.E. Taylor. Metal ionbiomolecular interactions. Synthesis, spectroscopic, and magnetic
resonance investigations of methylmercury (II) complexes of the
nucleosides guanosine and inosine. Inorg. Chem. 20, 98-103 1981.

33.

V.A. Pryor. The formation of free radicals and the consequences of
their reactions in vivo. Photochem. Photobiol. 28, 787-801, 1978.

34.

W.A. Pryor. The role of free radical reactions in biological systems.
In Free Radicals in Biology, Chapter 1, Vol. I, W.A. Pryor (Editor),
Academic Press, New York, 1976.

35.

W. Troll, G. Witz, B.D. Goldstein, D.S. Stone and T. Sugimura. The
role of free oxygen radicals in tumour promotion and carcinogenesis.
Carcinog. 7, 593-597, 1982.

36.

J.M. Tedder. Which factors determine the reactivity and regio
selectivity of free radical substitution and addition reactions?
Angew. Chem. Int. Ed. Engl. 21., 401-410, 1982.

- 21 -

37.

M. Tiecco. Formation and fate of radical ipso intermediates in the
reactions of carbon radicals with aromatics. Radical Ipso
Substitution. Pure Appl. Chera. 53» 239-258, 1981.

38.

H. Chanon and H.L. Tobe. ETC (Electron Transfer Catalysis): A
mechanical concept for inorganic and organic chemistry. Angew.
Chem. Int. Ed. Engl. 21, 1-23, 1982.

39.

R.A. Rossi. Phenomenon of radical anion fragmentation in the course
of aromatic S R N reactions. Ace. Chem. Res. 15, 164-170, 1982.

40.

A. Petkau and C.A. Chuaqui. Superoxide dismutase as a radioprotector.
Radiât. Phys. Chem. 24, 307-319, 1984.

41.

CRC Handbook of Identified Carcinogens and Noncarcinogens:
Carcinogenicity-Mutagenicity Data Base. J.V. Suderman (Editor), CRC
Press Inc., Vol. I, Boca Raton, Florida, 1982.
3.

3.1

EPIDEMIOLOGY

INTRODUCTION

A recent review of occupational cancers in Ontario concluded that
less than 5% of all cancers were attributable to exposure to carcinogens in
the workplace [1,2]. Workers in hard-rock mining and in the woodworking
industries were found to be at increased risk. Also, it was found that
smoking of cigarettes by asbestos workers resulted in a synergistic effect
on the incidence of cancer. Other substances identified by this study as
carcinogenic were metals such as arsenic, chromium, nickel and cadmium, a
number of aromatic hydrocarbons and herbicides, and radon. The latter
agent relates directly to the nuclear industry, particularly to uranium
miners.
The principles of protection against chemical carcinogens in the
workplace are the same as for occupational exposure to ionizing radiation,
namely, (i) control exposure to acceptable limits, and (ii) monitor
individuals for possible exposure to ensure that the implemented safety
procedures are effective and efficient.
3.2

CATEGORIES OF KNOWN CARCINOGENS

For the purpose of putting the first principle into practice, it
is helpful to categorize substances in the workplace in terms of their
known carcinogenic risk to humans. Table 3.2-1 categorizes chemicals in
terms of their carcinogenicity in humans as being known, probable or not
yet proven [3].
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TABLE 3.2-1
EVALUATION OF THE CARCINOGENIC RISK TO HUMANS

GROUP 1
The chemical, group of chemicals, or industrial process,
is carcinogenic for humans.
This category is used only when there is sufficient evidence to
support a causal association between the exposure and cancer.
GROUP 2
The chemical or group of chemicals is probably
carcinogenic for humans.
This category includes chemicals for which the evidence of human
carcinogenicity is almost "sufficient," as well as chemicals for which it
is only suggestive. To reflect this range, this category is divided into
higher (Group A) or lower (Group B) degrees of evidence. The data from
experimental animal studies plays an important role in assigning chemicals
to category 2, and particularly for those in Group B.
GROUP 3
The chemical or group of chemicals cannot be classified
as to its carcinogenicity for humans.

The above classification is useful for monitoring nonradiological carcinogens in nuclear facilities, because it suggests
priority consideration of the Group 1 substances. Table 3.2-2 lists the
substances and processes belonging to Group 1, whereas Tables 3.2-3 and
3.2-4 list those that belong to Groups 2 and 3 respectively [3].
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TABLE 3.2-2
CARCINOGENIC SUBSTANCES IN HUMANS (GROUP 11
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

4-Aminobiphenyl
Arsenic and certain arsenic compounds
Asbestos
Auramine
Benzene
Benzidine
N,N-bis(2-chloroethyl)-2-naphthyl-amine(chlornaphazine)
Bis(chloromethyl) ether; technical-grade methyl chloromethyl ether
Chromium and certain chromium compounds
Diethylstilbestrol
Hematite
Acetone, acetaldehyde, formaldehyde, acetic acid, formic acid and
propylene
Helphalan
Mustard gas
2-Naphthylamine
Nickel refining
Soots, tars and mineral oils
Vinyl chloride

TABLE 3.2-3
CHEMICALS THAT ARE PROBABLY HUMAN CARCINOGENS (GROUP 21
Subgroup A - Higher Degree of Human Evidence
1.
2.
3.
4.
5.
6.

Aflatoxins
Cadmium and certain cadmium compounds
Chlorambucil
Cyclophosphamide
Nickel and certain compounds
Tris(l-aziridinyl) phosphine sulphide (thiotepa)

Subgroup B - Lower Degree of Human Evidence
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Acrylonitrile
Amitrole (aminotriazole)
Auramine
Beryllium and certain beryllium compounds
Carbon tetrachloride
Dimethyl carbamoyl chloride
Dimethyl sulfate
Ethylene oxide
Iron dextran complex
Oxymetholone
Phenacetin
Polychlorinated biphenyls
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TABLE 3.2-A
CHEMICALS THAT COULD NOT BE CLASSIFIED AS TO THEIR
CARCINOGENICITY FOR HUMANS (GROUP 3)

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

3.3

Chloramphenicol
Chlordane/heptachlor
Chloroprene
Dichlorodiphenyltrichloroethane (DDT)
Dieldrin
Epichlorohydrin
Hematite
Hexachlorocyclohexane (technical-grade HCH/lindane)
Isoniazid
Isopropyl oils
Lead and certain lead compounds
Phenobarbitone
N-Phenyl-2-naphthylamine
Phenytoin
Reserpine
Styrene
Trichloroethylene
Tris(aziridinyl)-l-para-benzoquinone (triaziquone)

EPIDEMIOLOGICAL ASPECTS

Astute clinical observations have in the past drawn attention to
the association of unusual and organ-specific cancers with certain
occupations, for example, scrotal cancer in chimney sweeps [8], bladder
cancer in workers in the aniline dye industry and osteogenic sarcomas in
radium-dial painters [9]. These associations were later confirmed by
epidemiological studies. The epidemiological approach has also confirmed
the association of lung cancer and smoking [9]. Contributing to this
latter success was the large number of people exposed over a relatively
long period of time: two factors that ideally should not be obtained in the
workplace. Subsequently, it has been suggested that systematic
surveillance programs for carcinogens in the workplace be instituted
similar to those designed to detect birth defects [9]. Such a program
would require a large continuing effort, i.e., a registry of workers that
are at risk of exposure to occupational carcinogens. The registry should
preferably be free of under-registration and non-uniform registration. The
objective of such programs is to develop a large database from which to
detect unusual cancer incidence rates or clusters of cancers localizable
via space/time relationships to particular workplaces. Although a registry
of atomic radiation workers in AECL already exists, the portion exposed
concurrently to chemical carcinogens has not been identified.
In the absence of dose-response relationships and even threshold
limit values (TLVs) for many non-radiological (chemical) carcinogens [10],
epidemiological data are especially needed to identify the "susceptible
individual" [9] and to evaluate the incidence of cancer in the population
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at risk. In this way, objective data may become available with which to
test the second principle of protection against chemical carcinogens,
namely, to ensure that safety procedures achieve their purpose of
minimizing the incidence of occupational cancers.
However, such epidemiological studies may encounter a number of
difficulties, including
A database too small to detect occupational cancers of low
incidence [11];
A heterogeneous work force in terms of exposure to a variety of
chemicals such that the putative carcinogen is difficult to
monitor and identify [11];
Unusual dose-response relationships such as the inverse dosage
effect [10];
Inadequate, inappropriate and insensitive monitoring of the work
place for carcinogens, so that potential cause:effect responses
are obscured;
Incomplete follow-up of members of the work force during the
post-exposure period due to dropouts from the registry, etc.;
Movement of workers from one job to another for variable periods
or permanently;
Incomplete information on the relevant environmental factors
[12,13], personal [14], dietary [15] and drug-usage histories
[16]; and
Lack of published data on occupational radiation- and chemicalcarcinogenesis on a combined or interactive basis [17].
Nonetheless, strategies for detection of industrial carcinogens
are being developed [18-22] using different approaches, including
Passive or routine monitoring where the cancer incidence in
populations in general is ascertained over a period of time to
detect significant changes [18,19].
Active, exposure-oriented monitoring where the cancer incidence
of populations, defined on the basis of exposure to specific
carcinogens, is compared with the cancer incidence of unexposed
persons [18,19]. This approach requires identification and
follow-up of the exposed populations.
Evaluation of the geographical patterns of cancer, utilizing
mortality maps [19].
Case-control studies [19,20] where the cases come from a
population-based tumour registry. Its advantages are that
occupational experience from recently occurring cases of cancer
is obtained quickly and at low cost.

- 26 -

Quantitative assessment based on computing the probability of
causation [21]. This approach has been developed for exposure to
ionizing radiation [21,22] to estimate the risk at low doses
according to several dose-response relationships [23].
Development of a job-exposure matrix for use in population-based,
case-control studies that incorporate large numbers of job
categories, as well as exposure to chemical, physical and
biological agents [24], and
Cohort studies to determine the soft-tissue sarcoma and malignant
lymphoma risks associated with exposure to phenoxy herbicides
[25].
3.4

CARCINOGENIC HAZARD

Risk estimates for carcinogens should be based on sound
epidemiological and experimental data. However, it is often difficult to
achieve these objectives in practice because [25]
Wide differences in susceptibility exist between species and
strains of animals, and in human populations between individuals
and groups.
The target organ for tumour induction by a given carcinogen may
not be the same for different species of animals.
Induction of tumours by a given carcinogen may require different
dose rates in different animal species.
The relative ratio of carcinogenicity of a given carcinogen
between inbred animal strains can be dose dependent, e.g., as in
the case of 3-methylcholanthrene, the order reversing itself as
the dose is increased from 0.05Z to 5.0%.
Additional uncertainties arise when correlations are attempted
between variable animal and human susceptibilities. The latter
is hard to define because of genetic variability, environmental
differences, intercurrent diseases and multiple exposures to
other carcinogens and modifiers.
Pathways of carcinogen activation and metabolism may differ
between animals and humans. For quantitative risk estimates,
these pathway differences in animal and human target tissues
should be defined. As well, the levels of carcinogen at the
critical target cell or tissue interactions need to be known.
Carcinogen binding to the DNA of human epithelial cells (an
appropriate model cell system for human carcinogenesis) can be
much more variable (50-150 fold) than differences (2.9 fold)
between species [26]. These differences are thought to reflect
greater genetic and environmental heterogeneity.
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Rarely are clinical and environmental histories available on
human subjects from whom target cells have been successfully
cultured and used to quantify carcinogen binding to DNA under
normal, healthy conditions and in the presence of disease.
Consequently, it is not known whether carcinogen binding to DNA
correlates with host susceptibility to tumour induction. A
related question of interest is whether carcinogen-DNA binding in
any given healthy individual is constant over time. Further, it
is not known whether DNA binding by one carcinogen is indicative
of binding by other carcinogens.
Activation of a chemical carcinogen in one cell line may result
in mutagenesis in co-cultivated cells. This form of human cellmediated mutagenesis also shows up differences between
individuals.
The possibility of combined action and/or effects means that the
carcinogenic!ty of a single carcinogen must be evaluated against
a background of exposures to other carcinogens. Thus, the
potential exists for synergistic, additive or inhibitory
interactions and consequences that ultimately determine the
character of the dose-response relationship.
Criteria may be divided into qualitative and quantitative
estimates, as discussed below.
3.4.1

Qualitative Criteria

3.4.1.1

Definition of Carcinogenesis

A report by the Interagency Regulatory Liaison Group (IRLG) [17]
defined carcinogenesis as a "change in the regulatory mechanism of the
target cells, resulting in self-replicating cell lesions. The carcinogenic
event so modifies the genome and/or other molecular control mechanisms in
the target cells that these can give rise to a progeny of permanently
altered cells. This progeny of cells constitutes the basis of the
neoplastic disease. The expression of the toxic injury therefore does not
derive from the same cells originally hit by the toxic agent nor from their
functional products but rather from the proliferation of a new population
of altered cells."
The triggering event may involve a genotoxic mechanism in which
damage to the genome is the critical event. Alternatively, the triggering
event may be epigenetic in nature, meaning that regulatory cell functions
are disrupted, allowing a latent malignant transformation process to be
expressed in the progeny of cells initially exposed to the carcinogenic
substance(s). In either case, self-replication of the progeny of the
target cells is the characteristic feature of the transformed cells and
underlies the irreversibility (usually) of the carcinogenic effect.
3.4.1.2

Evidence of Carcinogenicity in Humans

Three principal sources of evidence as accepted by the 1979 IRLG
group are the following:
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(1)

Epidemiological evidence in exposed human populations (most
convincing);

(2)

Experimental evidence from long-term bioassays in laboratory
animals (usually the advanced basis for concern and decisions);
and

(3)

Suggestive evidence from studies of chemical structure, chemical
reactivity, DNA damage and repair, activation of proto-oncogenes,
mutagenicity, malignant transformation of cultured cells,
induction of pre-malignant changes, or from other short-term
tests that correlate with carcinogenicity.

In many instances, the epidemiological and experimental evidence
is insufficient for a definitive assessment of carcinogenicity. Consequently, only a small number of chemicals are known to be carcinogenic on
the basis of satisfactory epidemiological and experimental data. An
example is the list prepared by the International Agency for Research on
Cancer (IARC) [18]. The IARC reviewed 442 substances and found sufficient
evidence of carcinogenicity in experimental animals in 142 (32X) of these.
Out of the 142, only 10 were found with enough evidence to classify them as
human carcinogens, whereas for another 14 substances the evidence suggested
probable carcinogenicity in humans. In addition, the IARC group identified
eight other chemicals as known- and four as probable-human carcinogens for
which no sufficient evidence of carcinogenicity was found in animals.
Thus, the result of these evaluations illustrates the unreliability of
animal data in implicating or excluding a particular substance as a
carcinogen in humans.
For the IARC, "sufficient" evidence of carcinogenicity in humans
was the induction of malignant tumours, without defining the criteria for
differentiating the tumours into functional types, transplantibility,
invasiveness, metastasizing property, and histological characteristics. By
"limited" evidence the IARC group meant that the laboratory data suggest
carcinogenicity but are limited because they apply to a single species (of
animals), involve a limited dosage range, or the tumours induced also occur
spontaneously (a signal to noise ratio problem).
3.4.1.3

Quality of Epidemiological Evidence

The 1979 IRLG report [17] emphasized that "negative epidemiologic
data usually do not adequately establish the non-carcinogenicity of
suspected materials but may indicate the upper limits of the effects under
the conditions of exposure." Such negative results must also be assessed
against the smallest possible increase in tumour incidence that could be
detected under the particular study conditions. Another important
criterion is disease classification, i.e., the use of a broad
classification such as lung cancer may obscure a real increase in lung
cancer of a particular type, e.g., plural mesotheliomas whose incidence
relative to the totality of lung cancers is small.
3.4.1.4

Quality of Experimental Evidence of Carcinogenesis in Animals

A positive bioassay result in experimental animals would show
that the test chemical causes either an increase in the cancer incidence or
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a decrease in the latency period. Concluding that a causal relationship
exists is a complex decision process requiring professional experience and
judgement. The judgement of causality should be based on an excess of
tumours being observed in the exposed animals, their progression from premalignancy to malignancy in a logical temporal sequence, the metabolism and
transport of the etiological agent to cells in target organs, and its
chemical reactivity toward cellular target molecules under physiological
conditions. Consideration of possible interference factors would also be
essential, such as the presence of more highly carcinogenic impurities in
the test substance.
Long-term animal tests need to be well-designed and carefully
performed. Protocols may require standardization, particularly if a number
of tests are to be compared, involving at least two species, both sexes and
proper controls. Recommended animals are mice, rats and hamsters if the
data are to be used for determining human risk. Non-mammalian species are
thought to provide only suggestive evidence of carcinogenic!ty when
positive and inconclusive evidence when negative. Because of genetic
variability, it is important to know the background incidence of tumours in
the test animals. These so-called spontaneous tumours should preferably be
characterized as to histological type; otherwise the quality of a positive
carcinogenic response to a test substance is downgraded.
Acceptable animal models of carcinogenesis provide a reproducible
and controlled counterpart to human cancer pathophysiology and are used
experimentally to identify mechanisms of pathogenesis, effects of modifiers
and host susceptibility status. A variety of chemically induced animal
models for human cancers have been developed that show similar
morphological and biological characteristics as their human counterparts,
e.g., cancers of the bronchus, larynx, esophagus, glandular stomach, colon,
pancreas, kidney, bladder, mammary gland, endocrine organs, vascular tissue
and hematopoietic tissue. With these models, it is possible to
Investigate specific pathogenic responses to chemical
carcinogens,
Identify the cells of origin and the carcinogen-induced lesions
at an early stage,
Study biochemical mechanisms of carcinogen metabolism and
interaction,
Study the role of cofactors,
Evaluate the extent of analogy between the human and animal
responses in corresponding target tissues,
Explore for early markers of carcinogenesis,
Search for susceptibility factors, and
Assess absorption, tissue distribution and retention of
carcinogenic substances.
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3.4.1.5

Identity of Test Substances

Analytical chemical methods are used to identify carcinogens in
accordance with their physical and chemical characteristics. Their
accuracy and specificity often need improvement.
3.4.1.6

Dose Levels

The U.S. Pood and Drug Administration (FDA) and the IRLG
recommend that testing be done at doses and under experimental conditions
likely to yield maximum tumour incidence. This does not mean that the
highest possible dose should be used since, if complex dose-response
relationships prevail, the maximum tumour incidence may not occur at the
highest test dose. The highest dose used should not produce signs of
interfering toxicity or pathology other than that resulting from
carcinogenesis.
3.4.1.7
(1)

Other Criteria
Age of test animals
Exploitation of the enhanced susceptibility to carcinogens during
the perinatal period is complicated by difficulties in selecting
the right dose levels for this period of changing susceptibility.
The susceptibility may vary between tissues and species insofar
as it concerns fetal development, differentiation, carcinogen
metabolism and interactions, such as carcinogen binding, DNA
damage and repair. The ability to predict human fetal
susceptibility on the basis of animal data needs development.

(2)

Evaluation and Pathology
The data should have internal consistency and be reproducible
within an experiment, between experiments and in different
laboratories.
A positive dose-response is helpful but not necessary to conclude
that a test substance is carcinogenic.
Results under different test conditions should be concordant.
Tumour incidence is to be based on pathological findings using
expert diagnostic judgement.
Evaluation of tumour morphology should recognize that the way
pathology data are categorized may determine the final results.
The emphasis should be on correctly identifying malignant
lesions.
The evaluation should give the total number of animals with
tumours in each group, the total number of individual tumours and
the index of tumour multiplicity in tumour-bearing animals.
Statistical analysis, giving the level of significance of the
malignancy incidence, should be done.

- 31 -

3.4.1.8
(1)

Laboratory Tests for Carcinogens
Identifying the causative agents
In general, tests designed to give rapid, reproducible data
suggestive of carcinogenicity rely on genotoxicity and/or
transformation responses. The former involve tests of
mutagenicity in bacteria (Ames test) and in mammalian cells, or
of effects on mammalian chromosome structure or on DNA repair
synthesis. Figure 1 illustrates the comprehensive mutagenicity
testing strategy recommended recently by the Department of
National Health & Welfare/Department of Energy Environmental
Contaminants Advisory Committee on Mutagenesis [19].
Transformation tests are usually done with hamster embryo cells
or mouse embryo (C3H 10T1/2) fibroblasts. Neither cell line is
of epithelial origin, as are the majority of human cancers.
Consequently, there is always a degree of uncertainty regarding
the applicability of the data to human carcinogenesis,
particularly with respect to dose-response relationships.
Nonetheless, the transformed cells, being different in phenotype,
are useful experimental indicators of a potentially carcinogenic
response. However, verification of transformation to the
malignant state still depends on demonstrating their
tumourgenicity in experimental animals.

(2)

Mechanisms of pathogenesis
Laboratory studies of pathogenesis are directed at defining the
role and mechanisms of metabolic activation of carcinogens, their
detoxification, tissue distribution, and interaction with
macromolecules such as DNA, proteins and membranes. Tests for
unscheduled DNA repair are often performed. Additionally, tests
are done to identify stages of induction, promotion, progression
and undifferentiation of tumours. As well, recognition of host
susceptibility states and definition of markers are important
research objectives for laboratory work.

(3)

Preventive measures
An objective is to develop and apply accurate analytical
techniques for measuring carcinogenic substances in the
workplace. Other objectives are to identify the people at risk
in the workplace and to develop criteria of hazard evaluation
under different conditions, e.g., different methods of exposure.

3.4.1.9

Enhancement of Carcinogenicity

This topic is of direct interest to the proponents of this
project, inasmuch as the purpose is to find ways of identifying interactive
population responses to both ionizing radiation and non-radiological
carcinogens. Such interactive responses could be additive, subtractive or
synergistic, the latter term meaning that the combined effect is larger
than the sum of the responses to each agent separately. Promoters, such as
the phorbol esters, constitute another type of enhancing factor, even
though they do not induce tumours per se.
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Different mechanisms of action are expected to be involved but,
as yet, there is no general methodology for testing and evaluating enhanced
effects. Both in vitro and in vivo models are needed to assess the role of
enhancing factors. The relevance of existing models to the study of
enhancing factors in human carcinogenesis is unclear and requires further
study.
3.A.1.10 Variable Carcinogenic!ty
The effect of a given carcinogen may vary over a vide range among
species, strains, sexes, ages and individuals. Large differences in
individual susceptibility exist as evidenced by xerodermapigmentosum, a
genetic disorder in DNA repair that predisposes such patients to a high
incidence of skin cancer from sunlight. For such patients, avoidance of
direct sunlight is effective treatment [20]. More such markers need to be
found with which carcinogen-susceptible individuals could be identified.
3.4.1.11

Qualitative Judgement Factors

Ideally, judging a chemical substance to be a carcinogen in
humans would be based on all the supportive evidence from:
Epidemiological studies
Clinical data
Bioassay data from experimental animals
Laboratory tests
Host often, however, such a body of comprehensive information is
not available and, consequently, conclusions that specific substances are
carcinogenic are based either on positive epidemiological studies, positive
bioassav results in animals, or both. Suggestive evidence is provided by
laboratory data. The IRLG group concluded that a substance poses a
carcinogenic risk to humans if it produces a positive response in a
well-designed animal bioassay, a negative bioassay in another animal or
negative epidemiological data notwithstanding. This viewpoint appears to
underlie the categorization of chemicals listed in Table 1 as carcinogens
in humans, since the majority of them have not yet been so identified by
the IARC and no threshold limit values are given in the 1986/87 edition of
the booklet published by the American Conference of Governmental Industrial
Hygienists [21]. Thus, the U.S. approach illustrates the statement given
in Section 5.1, item (a), namely, "exposure to occupational carcinogens
should be recognized, defined and controlled even before relevant
epidemiological data are available."
3.4.2

Quantitative Criteria

Mathematical models have been used for extrapolating from high to
low doses within a given biological system. The five basic models are the
following [17]:
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3.4.2.1

Mantel and Bryan Model

This model uses the log-probit relationship to extrapolate to
lower doses. Log-probit is often used to define median lethal doses, as in
radiation survival studies. The log-probit relationship is not based on
any underlying mechanism but fits a lot of stochastic data. It is not
considered to be sufficiently conservative when used to extrapolate to low
doses.
3.4.2.2

One Hit Model

This model assumes that a tumour can be induced after a single
susceptible target has been exposed to a single effective dose of a
carcinogenic substance. The assumed underlying mechanism implies a linear
dose-response relationship, analogous to the exponential radiation survival
curve for mammalian cells, meaning that the probability of tumour induction
is proportional to dose. Use of this relationship is thought to give an
upper limit to the risk estimate if the real dose-response curve is
sigmoidal and the extrapolation to lower doses is done from its upper
inflection point. Thus, the use of this model is thought to yield a
conservative estimate of the true risk, the validity or otherwise of the
underlying mechanism notwithstanding.
3.4.2.3

Armitage and Doll Model

This model assumes carcinogenesis to be a multistage process,
involving the development of a malignantly transformed cell through a
series of mutations. Each mutational step is considered to be a Poisson
process in which the transition rate is approximately linear in dose rate.
The lifetime probability of tumour induction (P(d)) as a function of the
dose d is then given approximately by:

P(d) = l-expt-^-^d

-Mk)

where A A >0 for all values of i and k corresponds to the number of
mutational stages. Since, as in the preceding model, the response is
approximately linear in the low-dose region, this model is also thought to
give upper limits to risk estimates.
3.4.2.4

Time-to-Tumour Model

In carcinogenesis, the total incidence of tumours and the time of
their occurrence are important. Time-to-tumour is the period required to
detect, or observe (by palpation, gross morphology, microscopic
examination) tumour formation. Early data suggested that the median time
for tumour induction increased with decreasing dose [27]. This observation
inspired the hope that, at low doses, the median time-to-tumour period
would exceed the expected lifetime; thus resulting in defining de facto a
practical "threshold." Another study [28] showed that a log-normal timeto-tumour distribution could be used to derive a probit-log dose
relationship. However, further work showed that even if the median-totumour appearance period extends beyond the expected lifetime, a
significant number of members in the exposed population may develop tumours
within the normally expected lifespan. Moreover, human data do not support
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the concept that lower doses of chemical carcinogens result in longer
latency [29]. In this respect, chemical carcinogens differ from ionizing
radiation.
3.4.2.5

Linear Non-Threshold Model

The linear, non-threshold dose-response relationship, so familiar
to radiobiology, is also the most used in estimating risk from chemical
carcinogens. Reasons for its use in chemical carcinogenesis are its good
scientific base, a lover likelihood of underestimating the risk and a
feeling that it provides an upper limit to risk estimates. It also
encompasses the notion that no dose, however small, is safe.
3.4.3

Characterization of Population Exposures

Application of derived risk estimates to exposed populations
requires consideration of important qualitative and quantitative factors
including
Identity of human exposures, including natural and man-made
occurrences;
Analytical methods for detecting chemical carcinogens in what may
be poorly defined conditions;
Analytical methods for measuring in vivo levels of carcinogen(s)
in the whole organism and in the target tissues or cells;
Identification of the routes and conditions of exposures,
including their duration, frequency and intensity. Hence, the
inclusion of short-term exposure limits (STEL) in Tables of
Threshold Limit Values (TLVs) [21];
Defining the size of the exposed population and the distribution
of exposures within that population; and
Characterizing the exposed population in terms of its age,
distribution, composition and personal lifestyles.
3.5

REFERENCES

1.

P. Ernest and G. Theriault. Known occupational carcinogens and
their significance. Can. Med. Assoc. J. 130, 863-867, 1984.

2.

A.C. Chovil, V.J. McCracken, E.C. Dowd, C. Stewart, D.F. Burton
and D.W. Dyer. Occupational cancer: Experience in Ontario. Can.
Med. Assoc. J. 125, 1237-1241, 1981.

3.

R. Saracci. The IARC monograph program on the evaluation of the
carcinogenic risk of chemicals to humans as a contribution to the
identification of occupational carcinogens. In Banbury Report 9:
Quantification of Occupational Cancer. Cold Spring Harbor
Laboratory, pp. 165-176, 1981.

- 35 -

4.

J.A. Bonnell (Editor). Epidemiology, occupational hygiene and
health physics. In Radiation Protection. A Systematic Approach
to Safety. Pergamon Press, Oxford, pp. 1149-1154, 1980.

5.

J.K. Selkirk, and F.J. Viebel. Comparative metabolism of
benzo(a)pyrene in rodent liver and embryonic cells in tissue
culture. Prog. Exp. Tumor Res. 24» 61-72, 1979.

6.

G.H. Cohen, R. Hehta and M. Meredith-Brown. Large
interindividual variations in metabolism of benzo(a)pyrene by
peripheral lung tissue from lung cancer patients. Int. J. Cancer
4, 129-133.

7.

The Recommendations of the International Commission on
Radiological Protection, ICRP Publication 26 (1977) 1-53.

8.

P. Pott (1775). Chirurgical observations relative to the
cataract, the polypus of the nose, the cancer of the scrotum, the
different kinds of ruptures, and the mortification of the toes
and feet. Chirurgical observations, reprinted in Nat. Cancer
Inst. Monogr. .10, 7-10, 1963.

9.

D.T. Janerich and C.E. Lawrence. Epidemiological strategies for
identifying carcinogens. Hutat. Res. 33, 55-63, 1975.

10.

R. Truhaut. The problem of thresholds for chemical carcinogens
- its importance in industrial hygiene, especially in the field
of permissible limits for occupational exposure. Am. Ind.
Hygiene Assoc. J. 41, 685-692, 1980.

11.

G.M. Paddle. A strategy for the identification of carcinogens
in a large, complex chemical company. In Banbury Report 9:
Quantification of Occupational Cancer. Cold Spring Harbor
Laboratory, pp. 177-189, 1981.

12.

R.J. Shamberger and C.E. Willis. Selenium distribution and human
cancer mortality. CRC Reviews in Clin. Lab. Sci. 2, 211-221,
1971.

13.

D. Cohen, S.F. Arai and J.D. Brain. Smoking impairs long-term
dust clearance from the lung. Science 204, 514-517, 1979.

14.

A. Haugen and C. Harris. Asbestos carcinogenesis: asbestos
interactions and epithelial lesions in cultured human
tracheobronchial tissues and cells. Recent Results in Cancer
Res. 82, 32-42, 1982.

15.

J.G. Babish, G.S. Stoewsand, A.K. Purr, T.F. Parkinson,
C.A. Cache, W.H. Gutenmann, P.C. Vszolek and D.J. Lisk.
Elemental and polychlorinated biphenyl content of tissues and
intestinal aryl hydrocarbon hydroxylase activity of guinea pigs
fed cabbage grown on municipal sewage sludge. J. Agric. Food
Chem. 27, 399-402, 1979.

- 36 -

16.

S. Johansson and L. Angervall.
Science 204, 129-130, 1979.

17.

M.A. Zanetos, J.C. Varling and G.M. Marsh. Health effects of
occupational exposure to hazardous chemicals: a comparative
assessment with notes on ionizing radiation. NUREG/CR.3118 Vol. 1, 1-20, 1983.

18.

C.S. Huir, R. MacLennan, J.A.H. Vaterhouse and K. Magnus.
Feasibility of monitoring populations to detect environmental
carcinogens. INSERM Symposia Series 52, 279-294, 1976.

19.

E.D. Acheson. Towards a strategy for the detection of industrial
carcinogens. Br. J. Cancer 44» 321-331, 1981.

20.

J. Siemiatycki, M. Gerin, L. Richardson, J. Hubert and H. Kemper.
Preliminary report of an exposure-based, case-control monitoring
system for discovering occupational carcinogens. Teratog.
Carcinog. Mutagen. 2, 169-177, 1982.

21.

P.B. Roberts. Probability of causation: a quantitative approach
to attributing blame for existing disease to a carcinogen such as
ionizing radiation. New Zealand J. Sci. 27, 125-131, 1984.

22.

T.W. Anderson. Radiation exposures of Hanford workers: a
critique of the Mancuso, Stewart and Kneale Report. Health Phys.
35, 743-750, 1978.

23.

BEIR 1980. Committee on Biological Effects of Ionizing
Radiation: The effect on populations of exposure to low levels
of ionizing radiation, 1980. National Academy of Sciences,
National Research Council Report, Washington, DC. National
Academy Press, pp. 1-524, 1980.

24.

B. Pannett, D. Coggon and E.D. Acheson. A job-exposure matrix
for use in population based studies in England and Wales. Br. J.
Indust. Med. 42, 777-783, 1985.

25.

E. Lynge. A follow-up study of cancer incidence among workers in
manufacture of phenoxy herbicides in Denmark. Br. J. Cancer 52,
259-270, 1985.
4.

4.1

Carcinogen!city of phenacetin.

DETECTION, MONITORING AND ANALYSIS OF CARCINOGENS

INTRODUCTION

A survey has been made of current international practices in the
detection and measurement of non-radiological carcinogens. In Canada the
situation at four nuclear facilities* has been considered through on-site
Whiteshell Laboratories, Pinawa, MB; Cameco Limited, Port Hope, ON;
Ontario Hydro Pickering Nuclear Generating Station, Pickering, ON;
Canadian General Electric Company Limited, Nuclear Products,
Peterborough, ON
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visits and information exchange. Lists of chemicals used, methodologies,
Whiteshell instrumentation and technology available have been documented
and compared.
This report includes a discussion of both chemical monitoring
techniques and biological testing, the practical aspects of detecting and
measuring specific carcinogens, and the strengths and weaknesses of the
principal methods in common use today.
4.2

DETECTING AND MONITORING CHEMICAL CARCINOGENS

4.2.1

Chemical Methods

Detecting and monitoring chemical carcinogens depend on the state
of development of chemical technology. Presently, there is no universal
monitor of hazardous chemicals. A wide variety of spectroscopic and
analytical methods exists, each with its own advantages and disadvantages.
Tables 1-3 attempt to categorize these methods according to several
important criteria including sensitivity, specificity, reproducibility,
convenience or simplicity, cost-effectiveness, etc.. Many techniques are
complementary, making it often necessary to combine several different
methodologies. In general, the more sophisticated, expensive and timeconsuming the method, the more useful and universally applicable it is.
Sophistication not only implies expensive hardware, but also the necessity
for well-trained and experienced technologists to operate the system, adapt
it to special or unusual circumstances and interpret the data.
There is a need for personnel monitoring devices for routine
measurements of potentially carcinogenic chemicals frequently found in the
workplace. The overriding criteria for such monitors are reliability,
simplicity, low cost, direct reading capability and sensitivity. This form
of monitoring is best suited for detection and measurement of a narrow
range of known contaminants, particularly those found in the atmosphere
that are si.'.ble enough to be trapped or collected on filters. These can
either be monitored in the field using portable devices or sampled in-house
by batch mode using a central monitoring station.
The reactivity of any chemical may be influenced by the
monitoring environment (temperature, humidity, pH, light, redox, etc.) and
its form (solid, liquid, gas, stability, volatility, solubility, etc.);
thus, the monitoring conditions must be specified, particularly for longterm tests. When dealing with such conditions it is important to develop a
system to monitor the time-dependent changes of all the products, with
suitable calibration methods and reference standards.
Chemical dosimetry is much less well-developed than radiation
dosimetry, partly because there is no unifying mechanism of action. Each
chemical or class of chemical has its own spectrum of physical properties
and reactivity. Many chemicals undergo chemical, physical or biological
changes in which the starting material can be transformed to a more- or
less-active spectrum of products, each having its own unique reactivity;
therefore, there is no simple or universal structure-activity relationship.
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Chemical dosimetry in biological systems also requires the
ability to follow the different pathways leading to human exposure,
including information on metabolism (activation, digestion, degradation),
uptake kinetics (inhalation, ingestion, adsorption), bio-distribution
(organ specificity, concentration, partitioning) and elimination
(retention, excretion).
There is also biological variability and adaptability in response
to different chemicals based on inherited or environmental factors. More
research is necessary to find the factors that determine inherent chemical
susceptibility, identify active carcinogens and their key targets (organs,
cell types, subcellular sites), and understand the mechanisms of carcinogenesis and any complicating factors (additivity, inhibitory, synergism).
4.2.1.1

Filtration

A number of analytical procedures are based on samples collected
by air filtration. The adsorbed material is extracted or otherwise
transferred to a solution and analyzed. Depending on the nature of the
analyte, it is possible to have losses of the sample during the filtration
process. For instance, oxidation reactions may take place on the surface
of the filter while a stream of air (some times with a considerable amount
of water) passes through. It is not known to what extent the above
situation constitutes a serious problem. However, it should be a concern,
particularly when large quantities of air must be filtered in order to
obtain detectable amounts of analyte.
Filtration is simple and inexpensive, but its effectiveness
depends on the adsorbent. In some cases the trapped material collected
must be extracted with methanol-ammonia, and analyzed in liquid form by a
suitable method such as High-Performance Liquid Chromatography (HPLC).
Many adsorbents may be suitable for collecting other carcinogens in liquid
samples (including cellulose, charcoal, kaolin, kieselguhr, ion exchange
resins, etc.), but practical studies have not been reported.
Blue cotton, used in Draeger tubes, adsorbs and detects
halogenated hydrocarbons, p.-lycyclic aromatic hydrocarbons and watersoluble dyes or antibiotics, and is suitable for aqueous solutions. In
some cases the trapped material collected must be extracted with methanolammonia, and analyzed in liquid form by a suitable method such as HPLC.
However, it is important to be alert to specific problems in each case of
application, since interferences and changes in sensitivities may occur.
For further discussion on specific applications and potential problems, see
Section A.3.4 and Section 6.
4.2.1.2

Fluorescence Spectroscopy

Fluorescence analysis is highly sensitive. It is suitable for
detecting naturally fluorescent materials or materials that can be
chemically converted to fluorescent products. Often some, but not all, of
the metabolites of toxic compounds, particularly polycyclic aromatic hydrocarbons, are fluorescent. Unfortunately, different metabolites of a given
compound have similar fluorescence spectra and cannot be resolved
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spectroscopically. In unknown samples, undergoing metabolic transformation, fluorescence analysis will be unable to characterize the extent or
nature of the metabolites, or identify related compounds in the mixture.
Resolution is improved by performing the fluorescence analysis at
low temperatures or by using derivative spectroscopy, but not all metabolites can be unambiguously resolved by these methods.
4.2.1.3

High-Performance Liquid Chromatography (HPLC)

HPLC is a universal method for screening most classes of carcinogens. HPLC is a powerful technique capable of separating out the various
compounds in a complex mixture. In principle, individual components can be
identified and quantified, but this is time-consuming, expensive and
requires an experienced operator and the ability to synthesize authentic
samples for comparative purposes. Considerable knowledge and skill, and
often much preliminary experimentation, are required when setting up and
optimizing each new HPLC separation. Sometimes HPLC cannot separate or
monitor a particular chemical or mixture of chemicals.
4.2.1.4

Aflatoxin Analysis

This is a specific method for monitoring aflatoxins and is not
readily adapted for monitoring other carcinogens. These are International
Union of Pure and Applied Chemistry (IUPAC) approved methods where either
thin-layer or high-performance chromatography techniques are used. The
methods can be adapted for use on filtrates also [21].
4.2.1.5

Aflatest 10

This depends upon recent developments in biotechnology, specifically the use of monoclonal antibodies. It is a sensitive and highly
specific test, and also inexpensive. It remains to be demonstrated how
well this new technology can be adapted to monitor the wide range of other
carcinogens.
4.2.1.6

Atomic Absorption and Atomic Emission Spectroscopies

These complementary techniques are best suited to detecting
elements, particularly carcinogenic metals. Atomic emission is generally
more sensitive, but atomic absorption is less prone to inter-element
interference. Atomic absorption varies with the logarithm of the sample
concentration (Beer's Law), which allows a wider dynamic range for
detection, whereas atomic emission varies linearly with sample
concentration.
Long-standing problems with non-atomic absorption and selfabsorption have largely been eliminated with modern double-beam
instruments. However, some elements with low ionization potentials produce
ionic spectra that interfere with the atomic spectra and sometimes
contribute to misidentification.
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Separate radiation sources and discrete line sources designed for
individual elements are an advantage in allowing high wavelength resolution
to provide specificity, and narrow band-width operation, producing high
resolution and avoiding interference from overlapping emission lines. The
disadvantage of specific radiation sources lies in the inability to easily
scan through a wide wavelength range for preliminary qualitative analyses,
particularly with multielement mixtures.
Efficient vaporization of the sample depends on many variables
involving handling problems and the sample itself, rendering the
application of the technique to practical monitoring rather difficult.
These mainly involve incomplete vaporization/nebulization. Sample
viscosity, surface tension, density, heterogeneity, and the nature of the
solvent all affect the efficiency of vaporization. Water vapour from
aqueous samples interferes in two ways: by producing non-emitting radicals
and even oxides, and because of its molecular emission. Solid particles,
refractory compounds and products of incomplete combustion may interfere
through self-absorption, and lead to irreproducibility by contributing to
loss of sample.
The advent of the inductively coupled argon plasma (ICP) has led
to significant improvements by eliminating many of the above problems, and
has resulted in more reliable, reproducible, sensitive and selective
analyses.
4.2.1.7

Gas Chromatography

Gas chromatography (GC) is a widely used, versatile technique for
monitoring volatile compounds. It is accurate, highly sensitive, fast,
applicable to a wide range of compounds, and can be used with a variety of
detection methods.
The conventional flame ionization detector (FID) is the most
widely used but lacks selectivity. For nitrogen-containing compounds,
alkali flame ionization and electrolytic-conductivity detection are more
specific. For nitro compounds or halogenated compounds and other oxidizing
agents with a high electron affinity, electron capture is a very sensitive
and selective form of detection.
Gas chromatography can be combined with mass spectrometry (GC/MS)
for the unambiguous, quantitative detection, analysis and complete
structural characterization and identification of all the components in
complex samples. Such sophisticated and other non-routine analyses require
expensive instrumentation and a highly trained and experienced, scientific
and technical support staff.
4.2.1.8

Neutron Activation

Neutron activation analysis is based on counting radioactive
isotopes formed from bombardment of a sample with slow neutrons and is
suitable for samples with high-capture cross sections for thermal neutrons.
Detection is based on the characteristic lifetime of the radioactive isotope formed by neutron capture. The technique is specialized and requires
a high-flux source of neutrons (nuclear reactor), but is generally more
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sensitive than atomic absorption spectroscopy (AAS). Elements most readily
detected and quantitated by activation analysis include copper, manganese,
silver, gold, dysprosium, europium and certain transuranic elements.
Sophisticated nuclear counting techniques are required for short-lived
isotopes and the method is not suitable for resolving mixtures of elements.
4.2.2

Biological Methods

Carcinogenic!ty testing in vivo is time-consuming, expensive, and
often equivocal. The in vivo results may be sufficient to raise suspicions
about a cancer-suspect agent, but often fail to confirm that a substance is
carcinogenic, particularly when a chemical is not tumour- or tissuespecific, or contributes only a slight increase to the high natural
incidence of certain commonly found tumours.
In vivo studies are most satisfactory if the experimental results
apply for a large number of test animals having high survival rates to
tumourgenicity, and statistically significant tumour incidence. The effect
must also be demonstrated in more than one species, at more than one dose
(concentration) and in more than single experiment.
In vivo tests are time-consuming and cannot cope with the
proliferation of chemicals in the workplace. Important consideration must
be given to establishing criteria for selecting those chemicals that are
potentially most hazardous for priority treatment in terms of in vivo
screening. There is an urgent need for fast, simple and effective
biological screening of carcinogens.
In vitro tests using mammalian cells are an important supplement
to in vivo testing. However, ultimately experiments must be carried out to
clearly establish a firm correlation between any in vitro test and its in
vivo counterpart. The advantage of human cells in culture is that gene
mutation and other end points can be tested in the same cell line in vitro.
Biological tests should be predictive of carcinogenicity, and
ideally free of false positive or false negative results. They should be
sufficiently sensitive to observe effects with weak carcinogens or with low
occupational levels of potential carcinogens. Another technical difficulty
arises when considering what level of effect constitutes a positive
response. In the Ames test, chemicals are generally considered to be positively mutagenic only when they demonstrate statistically at least a
doubling of the background mutation rate. Some laboratories, for practical
purposes because of the large uncertainties involved in in vitro screening,
only score as positive those chemicals that produce a five-fold increase in
the mutation rate.
Many carcinogens require metabolic activation by specific
enzymes. Thus, in vitro tests must be able to mimic the in vivo metabolic
activation. It may be necessary to study a variety of different
metabolizing systems (activating enzymes) in order to establish an in vitro
system relevant to the in vivo situation.
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Non-mammalian or subcellular screening tests based on mutation,
genotoxic effects or the capacity to measure chemical changes in DNA, are
an indication of genetic risk but may not be a relevant measure of carcinogenicity. Any correlation between these data and cancer in humans may or
may not establish a causative or mechanistic link.
4.2.2.1

Microscopy

Microscopy of samples is a qualitative technique and is rather
subjective in analyzing small particulates and fibres. The technique lacks
sensitivity and is not suitable for detecting carcinogenic material in
complex mixtures, because of interference in the field of view from the
high background level of non-carcinogenic material, and the inability to
distinguish, visually, between carcinogenic and non-carcinogenic material.
4.2.2.2

Cell Survival

Cell survival tests measure the ability of a chemical to kill
cells, or prevent or impair cell proliferation. The method is relative and
depends upon many variables: the cell line chosen, culture conditions, cell
density, etc.. Also, the results may not necessarily be relevant to in
vivo carcinogenesis. However, tests have shown an inverse relationship
between survival and mutagenesis of chemically treated mammalian cells.
This has led to the use of the ratio: number of mutations per viable cell,
a ratio that is used to explore dose-response relationships.
4.2.2.3

Ames Test

The Ames test measures mutagenicity in bacteria, and this
biological end-point is often but not always correlated with
carcinogenicity. The test is simple, fast and inexpensive, but at best
provides a preliminary qualitative and relative estimate of in vivo
carcinogenicity. To be adequate, the Ames test should be applied under
several different sets of conditions with different enzyme-metabolizing
systems and various different bacterial subspecies or mutants, and an
effect should be demonstrated over a wide range of carcinogen
concentrations. The Ames test is well-suited to a pre-screening program to
select those chemicals that are most potent and deserving of more detailed
follow-up studies. The Ames test is being set up at Whiteshell
Laboratories (WL), principally as a research tool, but also to provide a
service when needed.
4.2.2.4

Unscheduled DNA Synthesis

This test is still largely a research procedure and more
information is required to establish a firm link between unscheduled DNA
synthesis and carcinogenicity, and to investigate those factors that
control or influence it.
4.2.2.5

Thymine Glycols in DNA

This test is still at the laboratory stage. More studies are
needed to establish the extent of correlations between this type of DNA
damage and carcinogenicity. Many attempts to develop chemical dosimeters
based on genotoxic effects are unsuccessful because of lack of sensitivity
or specificity, or non-reproducibility.
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4.2.2.6

Clastogenic Factor

The interest in testing for clastogenic factors arises from the
fact that most human tumours have specific chromosome defects. These
defects, which prevail throughout the malignancy, take different forms: the
two most common being exchanges and rearrangements. Such defects
apparently disrupt mechanisms by which the activity of oncogenes is
normally controlled. The development of such defects often involves
fragile sites. Thus, of the 41 specific chromosomal rearrangements so far
known to be associated with various human cancers, 38 involve fragile
sites, 9 of which are known to lie near known oncogenes. Thus,
identification of fragile sites that may be commonly affected by the
radiation-induced clastogenic factor and by non-radiological carcinogens is
of much interest.
4.2.2.7

Microbial Degranulation

As already noted in Table 4, degranulation of polysomes by
chemical carcinogens can interfere with their metabolic activation and
detoxification. Thus, this laboratory procedure may well prove useful in
elucidating the role of microsomes in determining susceptibility to
carcinogens at the target cell level.
4.2.2.8

Hemolysis

Its appearance in workers may signify overexposure to chemicals
such as phenylhydrazine. The hemolysis process may involve lipid
peroxidation, now known to have both mutagenic and carcinogenic potential.
4.2.2.9

Cell Transformation

This is a specialized technique requiring experienced operators
and skilled interpretation of the results. It is costly and timeconsuming. Factors other than the carcinogen itself influence both the
spontaneous and chemically induced transformation rates. Cell
transformation is generally, but not always, a true indication of in vivo
carcinogenici ty.
4.2.2.10 Mammalian Cell Mutagenesis
Although there is a good correlation between carcinogenesis and
mammalian cell mutagenesis, this test has been used to show that not all
mutagenic chemicals are carcinogenic.
4.2.2.11

Cotransformation of Human Epithelial Cells

Cotransformation of mammalian cells implies that at least two
genetic switches are thrown whereby regulation/function of DNA is
disrupted, resulting in the creation of an aberrant cell that ultimately
leads to carcinogenesis. The individual effects of the two switches being
thrown are interactive, a phenomenon that is consistent with the multi-hit
concept of carcinogenesis.
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4.2.2.12 Flow Cytometry
Flow cytometry is a laser-based, automated technique whereby
cells are quickly characterized as to size, shape, granularity, DNA
content, position in the cell cycle, etc.. Cells with a given set of
characteristics can be sorted and analyzed for chemical carcinogens and
their metabolites. The technique uses expensive equipment.
4.3

PRACTICAL CONSIDERATIONS FOR DIFFERENT CLASSES OF CARCINOGENS

4.3.1

Alkylating Agents

Although this class of compounds represents a single
classification based on the nature of their direct acting chemical
interactions with cellular macromolecules, it includes a variety of
different chemical structures. This structural diversity results in a wide
variation in chemical reactivity, selectivity towards target sites
(particularly within proteins and nucleic acids), and mechanisms of action.
This leads to species-specific and organ-specific responses as well as
variations in individual responses based on metabolic and physiological
characteristics. Consequently, each alkylating agent must be considered
separately and monitoring procedures must be developed specifically to
detect and quantitate exposure to, and the biological effects of, a
particular alkylating agent.
4.3.2

N-Nitroso Compounds

N-Nitrosamines, from a structural point of view, represent a
single class of carcinogens, the more stable of which require metabolic
hydroxylation to produce ultimate carcinogens that react with nucleophilic
sites in cellular targets. Since the mixed function oxidases responsible
for this metabolic activation are located mainly in the liver, kidney,
lungs and spleen, these compounds show organ-specificity.
Volatile N-Nitrosamines are readily collected on charcoal filters
by conventional air monitoring. Analysis and monitoring of N-Nitrosamines
is generally by gas chromatography/mass spectrometry (GC/HS) using
ultraviolet (UV) spectroscopy. A commercial instrument is available based
on thermoluminescence.
4.3.3

Aromatic Amines and Azo Dyes

These compounds are activated metabolically through
N-hydroxyl&tion, the resulting metabolites reacting further with target
nucleophilas in DNA and proteins. These compounds are organ-specific: the
industrial carcinogens, 2-naphthylamine, benzidine and 4-biphenyl amine
being associated with bladder tumour formation.
Amines are not easily detected by conventional analyses, but
their derivatives formed by substitution reactions are. Primary and
secondary amines undergo acylation, and secondary amines also undergo
condensation reactions to form Schiff bases. Tertiary and quaternary
amines do not easily form derivatives. Analysis of amines is complicated
by differences in solubility, volatility, basicity, amphoteric character,
etc., and there is no universal method for their detection and measurement.
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Generally accepted and most widely used analyses following
derivatization include trace liquid chromatography (TLC) and HPLC with
absorbance, fluorescence and colourimetric detection, and GC using electron
capture detection. More recent methods that are still in the development
stage use HPLC with electrochemical detection.
Many of the chemicals used for derivation are unstable, thus care
must be taken in their preparation, storage and use, to ensure high
efficiency and reproducibility. Incomplete derivatization and/or
extraction and handling lead to loss of quality control. The non-specific
nature of these analyses and the necessity to isolate, identify or confirm
the presence of a specific amine or amines detract from the usefulness and
cost-effectiveness of amine analysis.
At the Whiteshell Laboratories (WL), benzidine and its
derivatives are used in standard mammalian cell staining procedures in the
cell culture laboratory, Building 402. Stock solutions are prepared and
stored in a glove box operated under negative pressure and vented through
High-Efficiency Particulate Air (HEPA) filters. Small aliquots are
transferred to test tubes containing cells in suspension and after five
minutes a single drop of the stained cell suspension is transferred by
mechanical pipe to a microscope slide. The air-dried microscope slides are
handled with gloves and observed under the microscope, and after use are
disposed of in sealed plastic bags, labelled as carcinogenic waste, put in
metal containers and taken to a designated disposal site.
A.3.4

Polvcyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs), as with aromatic amines
and N-Nitrosamines, require activation by complex pathways. Because PAHs
vary so widely in their chemical and physical form, a separate analytical
methodology must be developed for each compound.
Adequate methods for the collection and sampling of PAHs are
essential to their quantitative analysis. Care must be taken to ensure
that the sampling and handling processes are reproducible and relevant to
the carcinogenic risk, taking into account variables based on water
solubility, particle size and size profile distribution, sampling conditions, etc.. A variety of solvents may be needed for complete extraction.
Blue Cotton contains trisulfo-copper-phthal-ocyanine residues
covalently linked to the cellulose fibres of adsorbent cotton. This
imparts complexing properties to the material, which may be used to trap
certain chemical carcinogens into solution.
Substances retained by Blue Cotton are PAHs, particularly those
with more than three fused rings, several dyes, such as ethidium bromide
and crystal violet, certain heterocyclic amines, polycyclic antibiotics and
others. The filtering material does not show any particular specificity
towards a given class of compounds, so that a number of substances not
mentioned above may also be retained.
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A procedure to use Blue Cotton as the trapping agent would
consist of complexing (or adsorbing) the filtered substance to the cotton
while the samples are in solution. The complexed material is then eluted
by means of a proper solvent mixture, such as raethanol-NHAOH (50:1) and
analysed.
The nature of the above procedure suggests that it is relatively
convenient to use, it is not very selective, and it appears adequate for
qualitative (and perhaps semi-quantitative) analysis of samples. However,
it does not appear adequate for accurate quantitative procedures, since it
involves a number of operations and extraction steps that would be
difficult to standardize, such as the amounts of complexing agents attached
to the cotton, as well as the experimental conditions used during the
complexation process.
Since most filtration samples will contain a large number of
individual compounds, only sophisticated, high-resolution, analytical
techniques would be acceptable. Presently, the most efficient method for
separating complex mixtures of volatile PAHs is capillary GC using flame
ionization detection. Other chromatographic techniques capable of
analyzing simple mixtures include PHLC and TLC using UV absorbance,
fluorescence or phosphorescence spectroscopy.
Following chromatographic separation, individual PAHs can often
be quantitated by fluorescence or phosphorescence spectroscopy,
particularly at low temperatures where spectroscopic fine structure is
resolved by the phenomenon of line-narrowing.
4.3.5

Metals

Several inorganic salts and metal complexes are thought to be
carcinogenic, including nickel, arsenic, chromium and cadmium compounds,
although the mechanism of action is not known.
In the past, these compounds were generally analyzed by
conventional inorganic chemical methods of gravimetric or volumetric
analysis, or by ashing on filters and detection by atomic absorption
spectroscopy. More sensitive methods of analysis at present include
UV-visible and fluorescence spectroscopies, differential pulse
polarography, neutron activation analysis and atomic emission spectroscopy,
using an inductively coupled plasma (ICP) source. At WL, air-filtration
samples have been analyzed for beryllium, lead and cadmium using ICP
methods as described by National Institute for Occupational Safety and
Health (NIOSH). In the case of lead, a 4-h sampling period at 3 L/min was
required in order to check for lead in air at 0.05 mg/m3.
Delayed neutron activation analysis is being used by Canadian
General Electric Company Limited, Peterborough, to analyze uranium from the
atmosphere as collected on filter papers, or in urine or water samples.
The filter samples are analyzed by Monserco Limited and the liquid samples
by AECL (Ottawa).
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4.3.6

Miscellaneous

4.3.6.1

Asbestos

Membrane filter methods are generally used to monitor airborne
asbestos. Routine detection using phase-contrast optical microscopy is low
cost and quick, but is only qualitative and limited by the size of fibres
detectable and by the need for expert interpretation of the results.
X-ray diffraction and differential thermal analysis cannot
differentiate between fibrous and non-fibrous forms of asbestos. Both
techniques are limited in sensitivity for bulk samples (0.1 to 1.0%
detection limits).
Transmission electron microscopy is used for research purposes
but its application to environmental monitoring is limited because analyses
are time-consuming, and require considerable manual operation and
interpretation by experienced personnel.
4.3.6.2

Polychlorinated Biphenyls and Other Halogenated Compounds

Polychlorinated biphenyls (PCBs) and other organo-halogen
compounds, whether present in industrial solvents, pesticides, insecticides
or taken up in the environment, are generally in the form of complex
mixtures dispersed in organic solvents.
The most powerful analytical method for monitoring and
quantitating these compounds (10-100 ppb) is GC/MS with electron capture
detection. Higher sensitivity (< ppb) can be obtained using capillary
glass columns.
Other methods for analyzing PCBs, particularly for initial
screening, include TLC, PC, solvent partitioning, ion-exchange and gel
permeation chromatography, and acid-base hydrolysis treatment.
Because many PCBs are insoluble in water, samples must first be
extracted in suitable solvents or separated on alumina or silica gel
columns before analysis.
4.4

RECOMMENDED METHODS BY THE WORKPLACE HAZARDOUS MATERIALS
INFORMATION SYSTEM (WHMIS)

The WHMIS project was started by Labour Canada using a tripartite
Steering Committee with representatives from organized labour, industry and
the federal government. Representatives of provincial governments and
other industry groups also participated as ex-officio members. One of the
major questions in the WHMIS system was the definition of "hazardous,"
since this definition would determine the materials to which the system
would apply. Another consideration was how to deal with mixtures. The
WHMIS system [14] is designed to make the best use of existing
toxicological data in order to avoid additional testing.
The following listings summarize the classes and subclasses of
hazardous materials agreed to by the Steering Committee:
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COMPRESSED GAS
FLAMMABLE AND COMBUSTIBLE MATERIAL
.
.
.
.
.
.

Flammable gas
Flammable liquid
Combustible liquid
Flammable solid
Flammable aerosol
Reactive flammable material

OXIDIZING MATERIAL
POISONOUS AND INFECTIOUS MATERIAL
. Very toxic material
. Toxic material
. Biohazardous infectious material
CORROSIVE MATERIAL
DANGEROUSLY REACTIVE MATERIAL
TOXIC AND VERY TOXIC MATERIALS
This category includes materials that
•
•
•
•
•
.
•
•
•
•
.

are acutely lethal in animal assays
elicit chronic toxic effects in animal assays
are teratogenic or embryotoxic in animal assays
are listed as carcinogenic in specified internationally
accepted references
are documented as causing respiratory tract sensitization in
humans following occupational exposure
cause acute dermal irritation/corrosion in animal assays
cause eye irritation/corrosion in animal assays
cause skin sensitization in animals assays
are documented as causing skin sensitization in humans
following occupational exposure
are documented as causing an adverse effect in humans following
occupational exposure
are documented as causing adverse reproductive effects in
humans following occupational exposure or in animal assays.

A consensus could not be reached on the subject of mutagenicity.
The proposed WHMIS system has three elements:
(1) The label,
(2) The Material Supply Data Sheet (MSDS), and
(3) The Worker Education Program.
Each element is applicable to all workplace materials classified as
hazardous by WHMIS criteria.

- 49 -

A total of 123 chemical substances was included in the study.
The group of substances for study was assembled as a reasonably random
selection of entries from the TLVs for chemical substances in the Work
Environment adopted by the American Conference of Government Industrial
Hygienists (ACGIH) for 1984-85. The list was prepared by taking every
fifth entry from the TLV list beginning with acetone.
The criteria adopted for carcinogenicity were as given in
reference lists of carcinogens published by the International Agency for
Research on Cancer (IARC) (See below). These lists contain a number of
entries referring to families of chemicals such as Ni or Cr compounds,
based on nickel carbonyl or zinc dichromate. It was decided that, based on
information in the IARC monographs for these families, nickel carbonyl did
not meet the criteria, but that zinc dichromate and similar chromate
compounds were carcinogenic. Carcinogens listed were
Chlorodiphenyl (54* Cl)
Dimethylcarbamoyl chloride
Hexachlorobutadiene
Hexamethylphosphoramide
Hydrazine
Methyl iodide
4'4-Methylenedianiline
beta-Naphthylamine
2-Nitropropane
beta-Propiolactone
Propyleneimine
Vinyl chloride
Zinc dichromate
The Canada Occupational Safety and Health Regulations SOR/86-304
recommend methods for analysis for specific chemical carcinogens as follows
[11]:
Acrylonitrile
Arsenic
Arsenic trioxide
Asbestos
Benzene
Chromium
Cadmium
Beryllium
Nickel
Lead
Styrene
Méthylène chloride
Methyl iodide
Dimethyl sulphate
Chloroform
Carbon tetrachloride

Gas Chromatography (GC), with Flame Ionization
Detector (FID); sampled on a charcoal tube
Atomic Absorption (AA); ICP - cellulose ester filter
AA Graphite Furnace - Na2C03 impregnated filter
X-ray powder diffraction, microscopy
GC, FID charcoal tube
Inductively coupled argon plasma (ICP), cellulose
ester filter
ICP, cellulose ester filter
ICP, cellulose ester filter
ICP, cellulose ester filter
ICP, cellulose ester filter
GC, FID charcoal tube
GC, FID charcoal tube
GC, FID charcoal tube
GC electrolytic conductivity detector
GC, FID charcoal tube
GC, FID charcoal tube
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Formaldehyde
Benzo(a)pyrene
Vinyl bromide
Vinyl chloride
4.5

Visible absorption spectrophotometry, polarographs,
GC, FID
HPLC, fluorescence/UV detection or GC, FID
GC, FID
GC, FID

DISPOSAL OF CHEMICAL CARCINOGENS

A general rationale to follow in the handling, analysis and
disposal of non-radiological chemical carcinogens should consist mainly of
three stages: (1) Handling of materials; (2) Physical and chemical
characterization, and (3) Removal and disposal.
Each of the above stages requires veil-defined procedures and
personnel that have been trained in these procedures. In situations where
carcinogens are present in small amounts, mainly as part of research
projects or analytical procedures, the problem of handling the materials is
minimal. However, the problem of removal and disposal remains critical.
For some chemicals there are established procedures for their
destruction. The small amounts usually used permit adequate monitoring and
control of the reactions involved, which are generally drastic oxidative
processes, followed by analytical monitoring of residues. Some specific
examples are given below.
Alleviating Agents
Although there are not well-established procedures for the
destruction of alkylating agents in general, special cases applicable to
the disposal of aflatoxins, for instance, have been described and verified.
The reactivity characteristics of alkylating agents, such as
dimethylsulfate, methyl iodide and propane sultone, indicate that they may
be destroyed by treatment in a strong alkaline medium containing an
oxidant, or after treatment in a basic medium followed by oxidation. The
base would induce an alkylation reaction of itself, whereas the oxidant
would oxidize the alkylated base. This procedure should not be difficult
to test and implement for laboratory quantities of materials, including the
analytical techniques required to monitor the progress of the disposal. It
appears that the products formed would not be carcinogenic, since the above
mentioned alkylating agents would yield mainly C0 2 under strong oxidizing
conditions.
Alkyl-X + Base- --> Alkyl-Base + XBase-Alkyl + Oxidant --> C0 2 + H 2 0
Polycvclic Aromatic Hydrocarbons (PAHs)
Three techniques have been used to destroy PAHs with high
efficiencies:
(1) Treatment of a solution of PAHs in dimethyl sulphoxide (DMSO)
vith concentrated sulfuric acid,
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(2) Treatment of a solution of PAHs in acetone with saturated aqueous
solution of potassium permanganate, and
(3) Treatment of a solution of PAHs in any adequate solvent with a
solution of potassium permanganate in sulfuric acid.
The above procedures have been properly validated by
international collaborations that systematically tested the different
stages involved.
Aromatic Amines
Amines, such as 1- and 2-Naphthylamines, may be destroyed
following a described method, which is based on the oxidation of the amines
with potassium permanganate in sulfuric acid solutions. The procedure
destroys these substances in yields of 99.8% or better.
Other methods, such as oxidations with halogens, Mn(III) or
Ce(IV), are less effective, since they have been shown to yield varied
amounts of carcinogenic products.
The method of oxidation with potassium permanganate in sulfuric
acid medium can be applied also to the destruction of substances such as
4-nitrobiphenyl, 4-aminobiphenyl and others.
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5.1

REGULATIONS

INTRODUCTION

It has been noted that occupational exposures to carcinogens,
once recognized, have a high degree of preventability [15]. However, only
recently has exposure in the workplace to chemical carcinogens, such as
asbestos and vinyl chloride, been recognized as a public health problem.
To the present, relatively few occupational carcinogens have been
identified by epidemiological studies. In contrast, laboratory tests have
shown many more chemicals to be carcinogenic, raising considerations of
their possible hazard to workers. Such considerations include the
following criteria:

5.2

(a)

Exposure to occupational carcinogens should be recognized,
defined and controlled even before relevant epidemiological data
are available.

(b)

Development of a scientific basis for solving such public health
problems requires appropriate laboratory studies, clinical
surveillance of exposed workers and investigation of suspected
disease.

(c)

Correlation of laboratory data with clinical and epidemiological
studies forms a sound basis for defining preventive measures.
These criteria can be discerned as underlying the regulations
pertaining to occupational exposure to chemical carcinogens.
ESTABLISHING THE BASIS FOR REGULATIONS

The 1956 Conference of the International Union Against Cancer
developed the first set of criteria for identifying and evaluating
carcinogens as a basis for public health policy. Initially, these criteria
dealt with chemical additives and contaminants in foodstuffs but were later
extended to considering the carcinogenicity of pesticides, drugs and
pollutants, by adapting policies developed in different countries. These
policies reflected a product-oriented approach and hence tended to be
uneven.
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By 1968, the need for a more comprehensive set of criteria became
clear. Consequently, the U.S. National Cancer Institute named an Ad Hoc
Committee on the Evaluation of Low Levels of Environmental Chemical
Carcinogens to define a set of general criteria. This committee developed
evaluation criteria within a conceptual framework based on the scientific
information available. These criteria were subsequently used by various
agencies to develop policies of their own.
In 1979, an Interagency Regulatory Liaison Group (IRLG) was
convened to review the criteria used by the different agencies to identify
and evaluate carcinogens. The IRLG group sought to incorporate the results
from an updated evaluation of the scientific information available into a
cohesive set of general criteria by which carcinogenic risks throughout
federal regulations could be assessed. Their report F171 recognized the
difficulty in reconciling the qualitative criteria for identifying
substances as carcinogenic with the quantitative criteria for estimating
the risks to exposed populations. The report decided in favour of keeping
the two concepts clearly distinct, believing that they represent
independent and successive phases of the scientific evaluation, upon which
regulatory decisions should be based. The IRLG report was approved by the
Regulatory Council in September, 1979 as a statement of policies to be
followed by U.S. regulatory agencies, attempting to prevent or limit human
exposures to carcinogens.
5.3

REGULATIONS

Ve include the detailed regulations of several countries, as well
as the Canadian Provincial regulations, in Appendix A. These regulations
vary widely from one country to another in respect to carcinogenic
substances. In Canada, the analytical procedures for chemicals are
contained in the Canada Occupational Safety and Health Regulations SOR/86304 [11], which were discussed in Section 4.4.
5.4

COMPARISON WITH WORKPLACE CARCINOGENS

In reviewing the statutes and regulations pertaining to chemical
carcinogens in the workplace [4], we found the standards published by the
United States of America (U.S.A.) in the Federal Register: Vol. 39, No. 10,
1974, pp. 3756-97; Vol. 39, No. 194, 1974, pp. 35890-98; and Vol. 40,
No. 197, 1975, pp. 47652-64; most helpful, particularly in respect to the
descriptions of the scientific evidence of carcinogenicity. We summarized
our findings in Table 1 of the second report [4] and it is reproduced here
as Table 6 for convenience. Table 6 identifies the names of the sixteen
chemicals for which the standards were published and ranks their
carcinogenic risk in humans accordingly to the IARC groupings. However,
only seven of the sixteen chemicals identified in the standards were
included in the IARC classification. The lack of agreement is surprising
since the IARC classification was published approximately six years after
the standards in the Federal Register were released. Table 6.1 also
summarizes the basis of carcinogenicity of the sixteen compounds. In every
case, carcinogenicity in experimental animals has been demonstrated.
However, except for 4-aminodiphenyl, benzidine, 2-naphthylamine,
bis(chloromethyl) ether, vinyl chloride and asbestos, carcinogenesis in
humans of the nine remaining compounds was not considered proven insofar as
the authors of the U.S. standards were concerned.
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One of the major questions addressed in the VHMIS system vas the
definition of "hazardous" since this definition would determine the
materials to which the systems would apply. Another consideration was how
to deal with mixtures.
The VHMIS system [5] is designed to make the best use of existing
toxicological data, i.e., no additional testing.
A total of 123 chemical substances were included in the study.
The group of substances for study was assembled as a reasonably random
selection of entries from the TLVs for chemical substances in the Work
Environment adopted by ACGIH for 1984-85. The list was prepared by taking
every fifth entry from the TLV list beginning with acetone.
The criteria for carcinogenic!ty adopted were as given in
reference lists of carcinogens published by ACGIH and IARC. These lists
contain a number of entries referring to families of chemicals such as Ni
or Cr compounds, based on nickel carbonyl or zinc dichromate. According to
information from IARC monographs, it was decided that nickel carbonyl did
not meet the criteria but that zinc dichromate and similar chromate
compounds were carcinogenic.
The WHMIS report on carcinogens lists thirteen chemicals, only
five of which are recognized by the IARC as carcinogenic in humans, as
shown below:
TABLE 5.4-1
VHMIS CARCINOGENS RELATED TO THE IARC GROUPS
VHMIS Carcinogen
Chlorodiphenyl (54% Cl)
Chrysotile asbestos
Dimethylcarbamoyl chloride
Hexachlorobutadiene
Hexamethylphosphoramide
Hydrazine
Methyl iodide
4,4-Methylenedianiline
2-Naphthylamine
2-Nitropropane
/3-Propiolactone
Propyleneimine
Zinc dichromate

1

IARC Group
2a
2b
3

Not included

x
x
x
X
X
X
X
X

x
X
X
X

x

Thus, the VHMIS list of chemicals carcinogens bears little
relationship to the chemicals identified in the IARC classifications as
carcinogenic in humans. A similar conclusion was made for the list of
chemicals identified in the U.S.A. standards.
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6.
6.1

FINDINGS

INTRODUCTION

In accordance with the general objective of this project, this
section examines the feasibility of identifying and measuring occupational
exposure to non-radiological carcinogenic substances in the workplace at
Canadian nuclear facilities. As stated earlier, the nuclear facilities
specified were the Whiteshell Laboratories (WL); Canadian General Electric
Company Limited (CGE), Peterborough, ON; Cameco Limited (CMC), Port Hope,
ON; and the Pickering Nuclear Generating Station (PNGS) of Ontario Hydro.
The work statement further directed this project to focus on chemical
carcinogens and on how they were, or might be, monitored at the specified
nuclear facilities.
6.2

NON-RADIOLOGICAL CARCINOGENS AT NUCLEAR FACILITIES

6.2.1

Whiteshell Laboratories (WL)

A list of chemical carcinogens at the different nuclear
facilities is included in Table 6.1. In general, chemicals are used in
research projects and therefore, are present in relatively small
quantities. In handling these materials, the emphasis has been on
controlled access, authorized users, good housekeeping and safe handling
and storage. In the course of the research work, depending on the specific
carcinogen to be monitored, product analysis is performed using
spectrophotometry, spectrofluorimetry, colourimetry, HPLC and TLC
techniques. The most frequently used chemicals included 2acetylaminofluorene, benzidine, benzo(a)pyrene, 2-naphthylamine,
4-nitroquinoline-N-oxide, 7,12-dimethyl benzanthracene and
4-ni trosodimethylamine.
6.2.2

Cameco Limited (CMC)

Several non-radiological chemical carcinogens are used at CMC
(formerly Eldorado Resources Limited). These chemicals were identified
from the categorized lists provided (see Appendix A) and may be divided
into the categories: (1) chemicals used or present in industrial processes,
and (2) chemicals used in analytical procedures.
The difference between these categories is mainly in the amounts
of chemicals being handled, which implies in several cases special
procedures to dispose of or store them.
6.2.2.1

Chemicals Involved in the Production of UF6

The production of UF6 uses a mixture of anhydrous HF and KF,
which is electrolyzed to produce H 2 and F2. The F2 is used to react with
UF4 to produce UF 6 , whereas the H 2 produced is scrubbed to remove F2 and
vented.
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The anhydrous HP used for the production of P2 formerly contained
up to 800 ppm of arsenic, vhich caused a corrosion problem in process and
storage equipment. Currently this problem has been overcome by specifying
HP with a maximum arsenic content of 50 ppm. Bach HF tank car is sampled
for arsenic prior to unloading into tvo storage tanks, each with a capacity
of 120 tonnes. Approximately one storage tank is loaded each week.
The electrolytic production of F2 generates some sludge that
deposits in the cells and must be removed periodically during shutdown
periods. Since the closing of Granby site, the sludge is in drums. About
50 drums of sludge are generated each year. The sludge contains elevated
levels of As (3000-40000 ppm). However, the analysis of the sludge
generated after restricting the content of arsenic in HF shov a drop in the
concentration of the arsenic content to approximately 800 ppm.
6.2.2.2

Ni/Cr/Cd in Plating Line of Uranium Castings

This process is conducted in a smaller area of the Hetals Plant.
The plating solution is recycled and the plated casting is rinsed in three
water baths. The water from the first two baths is re-used in the plating
process or evaporated. The third rinse bath is disposed into the municipal
sewer.
6.2.2.3

Storage of Polychlorinated Biphenyls

The PCBs are contained primarily in the oils used in process
equipments and the waste oils in storage. All PCB oils on site are
licensed and inspected by Environment Canada annually. As of 1988 March,
about 58 drums of oil contaminated with PCBs (with a concentration about
50 ppm) were stored at the Crane property. Discussions were underway at
that time to dispose of these materials at AECL Chalk River using hightemperature incineration. Negotiations are continuing.
6.2.2.4

Degreasing Processes with Trichloroethylene

Degreasing of process piping for fluorine service is generally
done using trichloroethylene. The operation is carried out in the
decontamination area of the Vest UF6 Plant. Several hundred litres of this
compound are used each week. Most of the chemical is recycled and stored.
Grab samples are taken occasionally when there is complaint of odour from
plant personnel. The Draeger tube is used for sampling. The levels found
in air are around 2 to 4 ppm.
6.2.3

Canadian General Electric Company Limited (CGB)

Continuous ambient air sampling is done in the Beryllium room.
Samples are sent to Balanger Research (Toronto) for analysis using atomic
absorption. The TLV for beryllium is 2.0 mg/m3, whereas the normal value
found for airborne beryllium is 0.2 mg/m3 (minimum reportable is
0.1 mg/m 3 ).
Also, swipe samples are taken and the minimum beryllium
reportable is 1.0 mg.
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Urine samples of the personnel involved in beryllium operations
are normally taken once per month. The samples are sent to MOL for
analysis using fluoroscopy spectrometry. The control limit is 0.05 mg/L of
beryllium. Generally, the results show non-detectable levels of beryllium.
6.2.4

Pickering Nuclear Generating Station (PNGS)

We received chemical listings from PNGS, from which we extracted
the desired information on carcinogenic chemicals. However, it was not
possible to get any additional information from PNGS.
6.2.5

Carcinogens in Nuclear Facilities

Since a large number of chemicals are used in some of the four
nuclear facilities of interest, it was imperative at the outset to
categorize them into a small number of classes based on common
characteristics, and to rank them with respect to their known
carcinogenicity to humans. The application of these criteria reduced the
task of identification considerably and also provided the framework for
discussing monitoring and existing regulations.
Provincial, national and foreign regulations relating to nonradiological carcinogenic substances were surveyed. In general, the lists
of chemicals identified in the different regulations varied greatly in the
number and types of compounds included. In most instances, the health
science rationale for including specific compounds in the list(s) was not
available. Therefore, rather than developing a composite list that would
include all the chemicals named in the different regulations, yet without
the proper health science rationale to support it, we decided to narrow our
focus to those chemicals whose carcinogenicity in humans has been evaluated
by the International Agency for Research on Cancer (IARC) [3]. This
reduced the list of chemicals to a smaller number that could be grouped
according to the carcinogenic risk. The IARC evaluated the carcinogenic
risk to humans of a list of chemicals as proven, probable or suspected.
Substances used at the four Canadian nuclear facilities (WL,
PNGS, CGE and CMC) were surveyed for chemicals considered by the IARC to be
proven, probable or suspected carcinogens. The results of the survey are
given in Table 6.1. The listed chemicals are also categorized in terms of
their reactivity characteristics toward biological target molecules,
especially nucleic acids. In the WL list of chemicals, most of which are
for research laboratory use only, all six categories of carcinogens are
represented. In the lists for PNGS, CGE and CMC, the number of categories
represented are four, one and two, respectively. It seems self-evident
that, if the list of chemicals is short and the number of categories small,
the less complex the monitoring program has to be.
Information obtained from the four nuclear facilities indicates
that the presence of the identified substances in the workplace have been
monitored by the collection and the analyses of samples for the
substance(s) of interest. The frequency of sampling varied widely, ranging
from one per year to seventeen per day in one particular prescribed
restricted area. The cost of monitoring will rise with the number of
samples collected for analysis.
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TABLE 6.1
LIST OF CARCINOGENS PRESENT AT CANADIAN NUCLEAR SITES
Chemical Carcinogens
by Group (IARC Classification)

Class of
Compounds

WL PNGS

CGE

CMC

GROUP 1
Arsenic and arsenic salts
Asbestos
Benzene
Chromium and chromium salts

4
6
3
4

xa
X

xa

(oxides, dichrotnates)

X

Aromatic amines
(benzidine, 2-Naphthylamine)

X»

X
X
X
X

GROUP 2A
Cadmium and its salts
Chlorambucil
Nickel and nickel salts (oxides)

4
1
4

X

1
4
1
1
1

xa

3
4
2
5
2
3
1

xa

xa
X

GROUP 2B
Acrylonitrile
Beryllium and beryllium salts
Carbon tetrachloride
Dimethyl sulfate
PCBs

X

xa
xa
xa

GROUP 3
Chloroamphenicol
Lead and lead salts (oxides)
1-Naphthylamine
Nitrosamines
N-Phenyl-1-naphthylamine
Styrene
Trichloroethylene

X

xa
xa
xa
xa
X

1. Alkylating agent, 2. Amine and azodye, 3. Aromatic compound,
4. Metal, 5. N-nitroso compound, 6. Miscellaneous
a Used in small quantities for R&D purposes only
b Licensed storage site. Not used in manufacturing
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The most frequently used monitoring method for ambient air levels
of chemicals is Draeger tubes. This method is easy to apply; however, as
discussed previously, it may lack specificity and it must considered
semiquantitative at best. The use of Draeger tubes is quite general, owing
to the simplicity of the method. However, as mentioned before, there could
be specific problems with the indiscriminate application of the procedure.
For example, the detection of the degreasing agent trichloroethylene is
based on o-tolidine as the active material. In the presence of Cl 2 ,
o-tolidine undergoes oxidation to an orange substance, whereas chlorine
yields HC1. Several cross-reactions are to be expected. For instance,
o-tolidine may react with other halogenated hydrocarbons, bromine or
chlorine from sources other than the analyte, yielding similar coloured
products. Also, in the presence of petroleum distillate, the sensitivity
of the Draeger tubes is altered, since the non-halogenated hydrocarbons
consume part of the oxidizing agent, which results in lowered readings.
Hence, precise measurement of ambient air levels of these substances is, at
present, difficult or impossible because of the lack, of suitable monitoring
methods to perform the task.
In addition to the Draeger tubes, the principal methods for
analyzing the collected samples include atomic absorption or emission
spectroscopies, colourimetric assays, gas chromatography with or without
mass spectroscopy and high-performance liquid chromatography. None of
these analytical methods has been adapted to the practical needs of
monitoring the ambient level of any given substance.
The above situation regarding analytical methods for chemical
carcinogens markedly contrasts with ionizing radiation, where sensitive
detectors that can monitor ambient levels on a continuously recorded basis
are available.
The number of NIOSH methods available to analyze chemical
carcinogens is small in comparison with the number of substances identified
in the IARC classification of human carcinogenic substances. Also, these
methods sometimes do not match with the specific methods listed in the
WHMIS report.
It is apparent that there are marked differences between general
analytical methods described (and sometimes even specific methods
described) and the methods used in practice. In part, this difference is
due to costs of techniques and instrumentation required, as well as lack of
definition in regulations. It is evident that, by developing more adequate
analytical methods, the area of monitoring and analytical procedures in the
workplace could be improved.
It is most important to note that, at present, the data obtained
from monitoring chemical carcinogens at the four Canadian nuclear
facilities are not integrated with the radiation exposure data. However,
the conjoint role of free radicals in radiation and chemical carcinogenesis
suggests that this be done.
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This task would require developmental work in the definition of
radiation and chemical dose equivalency, dose-response relationships for
acceptable operational models, and epidemiological studies. Also, the
information obtained would have to be analysed according to epidemiological
studies that are able to establish background levels of combined chemical
and radialogical exposures.
The analysis of the above problem is important and requires
effort beyond the scope of the present project.
7. RECOMMENDATIONS AND CONCLUSIONS
A list of chemical carcinogens used industrially at four Canadian
nuclear facilities has been prepared with the aid of the IARC
classification of chemical carcinogens. The list includes arsenic,
asbestos, benzene, cadmium, chromium, beryllium, nickel, polychlorinated
biphenyls, lead and trichloroethylene.
The shortage of efficient monitoring methods for chemical
carcinogens and the disagreement between recommended methods by IARC and
WHMIS, strongly suggests that new monitoring methods be developed that are
specific, quantitative, sensitive and, if possible, able to measure ambient
levels. We recommend that such efforts concentrate first on carcinogens
that represent the greatest occupational health risk to Canadian workers.
We recommend studies on the developmental work in the definition
of radiation and chemical dose equivalency, dose-response relationships for
acceptable operational models, and epidemiological studies to be undertaken
in the future.
Also the study of potential synergisms between chemical
carcinogens and ionizing radiation should be addressed, since potentially
important combined effects may be taking place.
Another important aspect to be considered is the disposal of
chemical carcinogens. Although there are some procedures already available
for the disposal of certain classes of carcinogens, additional methods
should be implemented to dispose of other carcinogens. In addition,
improvement of the methods currently available should be addressed.
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APPENDIX A
CANADIAN STATUTES AND REGULATIONS CONCERNING CARCINOGENS
The Canada Labour Code does not make specific mention of chemical
carcinogens (RSC 1970, cL-1 (Part IV)) [1]. However, general analytical
procedures for chemicals are contained in the Canada Occupational Safety and
Health Regulations (SOR/86-304) [2], which give guiding criteria when
handling hazardous chemicals. The Canada Dangerous Substances Regulations
(CRC 1978 c997) [3] also establish a general safety code for dangerous
substances and state that the concentration of airborne substances must not
exceed the levels prescribed by the ACGIH [4].
More specific codes are contained in the provincial regulations.
Some of these regulations are highlighted below.
CANADIAN PROVINCIAL REGULATIONS
1.1 ONTARIO
Ontario has a Designated Substance Regulation for lead, vinyl chloride and
asbestos [5].
(a) Lead
TWA*
Ceiling

O.Reg.536/81
0.15 mg/m3
0.10 mg/m3 (for tetraethyl Pb)
0.45 mg/m3
0.30 mg/m3 (for tetraethyl Pb)

*TVA = Time Weighted Average
Methods to be used in handling of lead must be in place.
Potential exposures must be determined. Procedures necessary to control any
exposure must be in place. Procedures to monitor airborne lead are
required. The methods used shall be those set out in the Code for measuring
Airborne Lead dated 1981 March 20.
(b) Vinyl Chloride
TWA = 10 mg/m3

O.Reg.516/82

Methods of handling vinyl chloride must be described. Potential
exposures must be determined. Procedures for limiting exposure to vinyl
chloride must be in place. Determining the airborne vinyl chloride will be
as set out in the Code for Measuring Airborne Vinyl Chloride dated 1982
January 11.
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(c) Asbestos
TWA
Amosite =
Crocldolite =
Other Asbestos =

O.Reg.570/82
0.5 fibres/cm3 of air
0.2 fibres/cm3 of air
1.0 fibres/cm3 of air

Maximum Concentrations allowed:
Amosite =
2,5 fibres/cm3 of air
Crocidolite =
1,0 fibres/cm3 of air
Other Asbestos = 5.0 fibres/cm3 of air
The same requirements are established for Pb and vinyl chloride.
Concentrations of airborne asbestos to be determined as set out in the Code
for measuring Airborne Asbestos Fibres dated 1982 July 19 (by Microscopy).
In 1986 December, the Ontario Government passed a regulation (Ontario
Regulation 654/86), respecting the control of exposure to biological or
chemical agents [5].
1.2

SASKATCHEWAN

The Occupational Safety and Health Regulations 24/86 contain the
requirements for carcinogenic materials [6].
Part VIII - Chemical Substances
A list of all chemicals used must be prepared. Procedures for
handling the chemicals used must be available. Education of employees is
required. Permission is required to use, store or manufacture the following
substances:
2-Acetylaminofluorene
4-Aminobiphenyl
Auramine
Benzidine
bis-Chloromethyl ether
o-Dianisidine
3,3'-Dichlorobenzidine
4-Dimethylaminoazobenzene
Ethyleneimine

Magenta
Methylchloromethyl ether
1-Naphthylamine
2-Naphthylamine
4-Nitrobiphenyl
N-Nitrosodimethylamine
beta-Propiolactone
Vinyl chloride

Intake of the following substances into the body must be prevented:
Acrylonitrile
Asbestos
3-Amino 1,2,4-triazole
Benzene
Benzo(a)pyrene
Benzidine derived dyes
Beryllium
Chrysene
4,4-Diaminoanisole
Dimethylcarbamyl chloride
1,1-Dimethyl hydrazine
Dimethyl sulfate
1,2-Dibromoethane

Hydrazine
Lead Chromate
4,4'-Méthylène bis(2-chloroaniline)
Methyl iodide
Monomethyl hydrazine
2-Nitropropane
Nitrosamines
N-Phenyl-2-naphthylaraine
Propane sultone
PCBs
Propyleneimine
o-Tolidine
1,2-Dichloroethane
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Carbon Tetrachloride
.
Vinyl cyclohexene dioxide
Vinyl bromide
Zinc chromate

Epichlorhydrin
Ethylene thiourea
Hexachlorobutadiene
Hexamethyl Phosphoramide

Other exposures are as listed in the American Conference of
Governmental Industrial Hygienists (ACGIH) booklet [4].
Part XI - Asbestos
The use of crocidolite is prohibited. Education and instruction
are required. Labelling of materials containing asbestos is necessary.
Periodical medical examinations of personnel handling asbestos are required.
1.3

NEWFOUNDLAND

No specific regulations for carcinogens. Regulations for
hazardous chemicals are contained in the Occupational Safety and Health
Regulation 104/79 [7]. Section 25 deals with chemical substances. The
Director may prohibit the use of any substance. The Director may subscribe
conditions of use for any substance. Labelling is required. The airborne
contaminant levels must not exceed the Threshold Limit Value (TLVs)
established by the ACGIH [4].
1.4

BRITISH COLUMBIA

No specific regulation for carcinogens. Regulations for chemical
substances are contained in the Mines Regulation, B.C. Reg. 227/83 [8].
Permissible airborne contaminant levels must not exceed TLVs established by
the ACGIH [4].
1.5

ALBERTA

General chemical procedures covered under the Chemical Hazards
Regulation, Alta. Reg. 393/88 [9].
Permissible airborne contaminant levels must not exceed TLVs.
Where a worker is exposed to any of the carcinogens in the TLV list, the
employer shall ensure that each worker is
1.

Trained in procedures that minimize exposure to that substance.

2.

Instructed in proper use and limitations of any protective
equipment provided.

3.

Instructed regarding the health hazards of that substance.

Alberta has a regulation for vinyl chloride, the Vinyl Chloride
Monomer Regulation Alta. Reg. 10/82 requiring
-

Restricted access to working area
Signs clearly indicating vinyl chloride is present
Safe practice procedures available to all users of vinyl chloride
Medical examinations.
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1.6

MANITOBA

Regulations for chemicals are contained in the Workplace Safety and
Health Act S.H. 1976 c63 and Han. Reg. 208/77 [10]. Protection of persons
engaged in any industrial process, particularly processes involving the use
or manufacture of lead or benzol. Containers must be labelled. Medical
examinations are required.
Manitoba Regulation 100/88R [11] refers to workers employed in
certain industries in which fibrosis (including silicosis) may be contacted.
License or temporary permit is required. Medical examination is required.
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APPENDIX B
REGULATIONS CONCERNING CARCINOGENS IN SEVERAL COUNTRIES
1

UNITED KINGDOM

There are regulations in the U.K. that prohibit the employment of
persons in the manufacture of certain carcinogenic substances and prescribe
measures to be adopted to protect workers from hazards arising from such
substances [1]. These regulations define two types of substances:
1. CONTROLLED SUBSTANCES:

alpha-naphthylamine
o-tolidine
dianisidine
dichlorobenzidine and salts
auramine
magenta

For these substances, there are storage and labelling
requirements. Also, personnel handling these substances should undergo
training and receive medical examinations, including urine analyses, every
six months.
2. PROHIBITED SUBSTANCES:

beta-naphthylamine
benzidine
4-aminodiphenyl
4-nitrodiphenyl

Prohibited substances shall not be brought into or used in a
factory.
2. SWEDEN
Regulations for carcinogens are contained in the National Board of
Occupational Safety and Health [2]. Some important articles are summarized
below.
Article 6: Products which contain substances in Group A (See Section 2.9.5)
may not be produced, used or otherwise handled with exceptions as noted in
Articles 7 and 8. This also applies to products which contain 0.1% by
weight or more of such a substance.
Article 7: Such substances (Group A) may be handled after permission by the
National Board of Occupational Safety and Health for: (a) research regarding
the effects of carcinogenic substances (b) developing analytical methods for
such substances (c) situations where there are particular reasons for
handling such a substance. Permission will only be granted for a limited
period.
Article 8: Crocidolite, or products which contain crocidolite, may be
handled during demolitions providing permission has been received from the
Labour Inspectorate. Substances in Group A are considered to increase the
risk, of cancer considerably, even in cases of low exposure. Absorption of
these substances must be prevented, whether the absorption takes place
through the respiratory system, the mouth or skin.
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Article 9: A substance in Group B (See below), and a product which contains
such a substance in an amount of 1% by weight or more, may be produced, used
or otherwise handled only after permission by the Labour Inspectorate.
Permission is only granted if the method of work and the established safety
and handling instructions are considered satisfactory. Safety and handling
instructions for substances in Groups A and B should include the following
information:
-

the separation of handling from other activities
personal safety equipment
marking
storage
handling procedures including those for waste and sanitation
methods for destruction
methods for general hygiene and measures to be taken in case of
contact with eyes or skin.

Handling procedures involving significant risk of exposure should
be presented separately. Methods of sampling and analysis can be found
in [3].
Group A: Cancer-causing substances which, according to Article 6, may not
be produced, used or otherwise handled, are:
2-Acetylaminofluorene
4-Aminodiphenyl Benzidine
Bis-chloromethylether
1,2-Dibromo-3-chloropropane (DBCP)
4-Dimethylaminoazobenzene
Hexamethylphosphotriamide (HHPA)
Crocidolite**
Hethylchloromethylether
20-Hethylcholanthrene (3-methylcholanthrene)
Methylnitrososourea (MNU)
beta-Naphthylamine 4-Nitrodiphenyl
Group B: Cancer-causing substances which according to Article 9 may be
produced, used or otherwise handled, only after permission from the Labour
Inspectorate, are:
p-Aminoazobenzene
Auramine (4,4'-imidocarbonyl-bis (N,N-dimethylaniline)
Benzochloride
Benzotrichloride
Bis(2-chloroethyl)sulfide (mustard gas)
Bis-chloroethylether
beta-Butyrolactone
2,4-Diaminoanisole
2,4-Diarainotoluene
Dianisidine (3,3'-dimethoxybenzidine)
Diazomethane
1,2:3,4-diepoxybutane
Diethylsulfate
3,3'-Dichlorobenzidine
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Dimethylsulfate
Ethylenedibromide
Ethyleneimine
Thiouric substance (thiocarbamide)
Ethylenethiouric substance
Ethylmethansulfonate (EMS)
Phenyl-beta-naphthylamine
Methylenebis(o-chloroaniline or 3,3'-dichloro-4,4'diaminodiphenylraethane, MOCA)
Methylmethanesulfonate (MMS)
alpha-Naphthylamine
N-Nitrosodimethylamine (N,N-dimethylenitrosaraine)
1,3-Propanesultone
beta-Propiolactone
Propyleneimine
Thioacetamide o-Toluidine (3,3'-dimethylbenzidine)
Tris(2,3-dibromopropyl)phosphate
Urethane (ethylcarbamate)
Group C: This group is comprised of cancer-causing substances for which
limit values, marked with a "K" (K = cancer causing), are given.
Acrylonitrile
Arsenic and inorganic compounds
(except Arseniuretted hydrogen)
Asbestos (except crocidolite, see Group A)
Benzene
Benzo(a)pyrene
Benzoyl chloride
Beryllium and compounds
Dimethylhydrazine
Dioxane
Epichlorohydrin
Ethylene dichloride (1,2-dichloroethane)
Ethylene oxide
Hydrazine
Cadmium
Chloroform
Carbon tetrachloride
Chromâtes
Chromic acid
Methyl iodide
Nickel compounds
2-Nitropropane
PCB (polychlorinated biphenyls)
Wood dust
Vinyl chloride

TLV mg/m3
4.5
0.5
0.5 fibres/mL
30
0.005

5
0.002

0.2
90
1.9

4
9
0.1
0.02

10
13
0.02
0.02

6
0.1
35 (maximum)
0.01

4

2.5

The provisions in Articles 6 and 9 also apply to the salts of the
substances in Groups A or B, such as hydrochlorides and sulfates. For
crocidolite, the special provisions in Article 8 apply.
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3. UNITED STATES
The salient aspects of the U.S. regulations on carcinogens are
summarized in the table below [5].
TABLE B-l
U.S. STANDARDS FOR SELECTED CARCINOGENS IN THE WORKPLACE
Chemical Group

IARC

1.

2-Acetylaminofluorene
(2-AAF)

none

2.

4-Aminodi1
phenyl (4-ADP)

Epidemiological studies have shown that 4-ADP
induced bladder tumours in humans. It seems to be
the most carcinogenic aromatic amine.

3.

Benzidine

Carcinogenic in animals. Epidemiological
studies show that it causes mainly urinary bladder
cancer in humans.

4.

3,3'-dichlorobenzidine
(DCB)

5.

4-Dimethylnone
aminoazobenzene (DAB)

Carcinogenic in animals including dogs. Aromatic
amines are similarly metabolized in dogs and
humans, suggesting that DAB is a human carcinogen.

6.

1-Naphthylamine (1-NA)

none

Contaminant of 2-NA, mixed occupational exposures
between 1- and 2-NA. Animal tests show that
N-hydroxy-1-NA, a metabolite of 1-NA, has greater
carcinogenic potential than N-hydroxy-2-NA, a 2-NA
metabolite.

7.

2-Naphthylamine (2-NA)

1

8.

4-Nitrobiphenyl

none

It is a metabolite of 4-aminobiphenyl, which may
induce urinary bladder cancer in humans.

9.

N-Nitrosomethylamine

none

Produces liver and kidney tumours in rats. Also it
is a carcinogen in several animal species, and (MN)
a potential human carcinogen.

none

Basis for Carcinogenicity
In animals is metabolized to N-hydroxy-2-AAF,
more potent carcinogen than 2-AAF. Tests show
that humans also metabolize 2-AAF to N-hydroxy
2-AAF. Thus 2-AAF is considered a human
carcinogen.

Carcinogenic in rats and mice. No clear
evidence of human carcinogenicity, since
workers exposed to it are also exposed to other
carcinogens.

Produces urinary bladder tumours in dogs and rhesus
monkeys. Epidemiological data show clearly that
2-NA is a human carcinogen.
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10. /î-Propiolactone (BPL)

none

Carcinogenic in mice and hamsters. The data
strongly suggest that BPL is a human carcinogen.

11. Bis(chloromethyl) ether
(BCME)

1

Potent carcinogen in rats and mice. Rats exposed to
0.1 to 1.0 ppm of BCME in air develop lung cancer.
High probability that BCME induces lung cancer in
humans.

12. Methyl Chloro
methyl ether
(CHME)

1

Inconclusive results from animal tests because of
contamination with BCME; however, pure CMME is
carcinogenic in animals. Epidemiological studies
strongly suggest human carcinogenesis.

13. 4,4'-Methylenebis(2-chloroaniline)

none

14. Ethyleneimine
(El)

none Animal carcinogen. Data from humans not available.

Animal carcinogen.

Inconclusive results in humans.

15. Vinylchloride

1

Animal and human carcinogen in a number of organs.

16. Asbestos

1

Commercial forms of asbestos are associated with
several diseases including cancers.

The tabulated summary in the above table identifies the chemicals,
relates them to the IARC (International Agency for Research on Cancer)
groupings of carcinogenic risk to humans, and describes the basis of their
carcinogenicity. It should be noted that 9 out of the 16 chemicals are not
mentioned in the IARC classification of human carcinogens, illustrating the
fact that countries pursue their own initiatives in this area.
Other criteria in the U.S. standards are not included in the table
because in most cases they are common to all 16 substances listed. These
criteria are described in order.
(i) Regulated area: Restricted access to area(s) in which the chemicals
are used is required. For vinyl chloride this requirement was modified to
allow "authorized persons" to enter the regulated areas. Such areas are to
be suitably signposted. In every case, regulated areas are required to be
signposted: "Cancer Suspect Agent, Authorized Personnel Only."
(ii) Clothing: Clean, full-body clothing, changed daily, is required. In
areas where vinyl chloride is handled, full-body impervious clothing is not
always necessary, depending on the nature and extent of exposure.
(iii) Respirator usage: Half-face, filter-type respirators are to be used
in every case except for 0-propiolactone, bis(chloromethyl) ether,
chloromethyl methyl ether and ethyleneimine where full-face, supplied air
respirators are required.
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(iv) Personal decontamination is a common procedure: Typically, workers are
required to wash hands, forearms, face and neck, upon each exit from the
regulated area. A shower is required after the last exit of the day. A
shower is mandatory immediately after contact with the chemical carcinogen).
(v) Monitoring: No provisions for this are contained in the standards.
However, the Occupational Safety and Health Administration (OSHA) requested
National Institute for Occupational Safety and Health (NIOSH) to develop
methods for monitoring chemical carcinogens in the workplace both on a
qualitative and quantitative basis. The lack of suitable methods could
account for the absence of the time-weighted average (TWA) and short-term
exposure limit (STEL) values (a 15-minute period at a maximum of
4 times/day) for 11 out of the 16 chemicals listed in Table A-l.
(vi) Laboratory Procedures: Specific measures are described in regards to
mechanical pipetting, fumehood/glove-box use, prevention of surface
contamination, disposal by inactivation and/or incineration.
(vii) Ventilation: The regulated area is to be under negative air pressure
in relationship to surrounding areas. There is to be no connection with
other areas. Decontamination of exhaust air is required.
(viii) Inventory Control: A current inventory of the chemical
carcinogen(s) is specified.
(ix) Employee Identification: Recording of daily rosters is required.
These records are to be kept for 20 years except in the case of asbestos
where the period has been extended to 40 years, or for the duration of
employment plus 20 years, whichever is longer. The 20-year extension
recognizes the induction period for carcinogenesis by asbestos. This
emphasis on record-keeping is designed to facilitate follow-up of workers at
some future date and would make retrospective epidemiological studies
possible.
(x) Employee Training: The training specified in the standards focusses on
the nature of the hazard, the operation itself, the purpose and application
of medical surveillance, and on procedures for decontamination, emergency
responses and first aid.
(xi) Reporting: Reports on operations and on incidents are required. This
information would be of value for a number of reasons such as assessment of
standards, quality control of safety measures, definition of monitoring
requirements and identification of exposed personnel and extent of exposure.
(xii) Medical Surveillance: Physical examinations are required prior to
beginning work with chemical carcinogens, followed by at least one annually.
Records are to be kept. Such clinical data would be very useful in studies
designed to develop dose-response relationships, threshold limit values and
risk estimates.
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APPENDIX C
NIOSH METHODS OP ANALYSIS RECOMMENDED IN SOR/86-304
The Canada Occupational Safety and Health Regulations SOR/86-304
recommend the NIOSH methods for analysis for specific chemical carcinogens
as follows:
Gas chromatography (GC)
with Flame Ionization Detector (FID)
Sampled on a charcoal tube
Arsenic
Atomic Absorption (AA) - cellulose
ester filter used for sampling
Arsenic trioxide
AA Graphite Furnace - Na 2 C0 3
impregnated filter
Asbestos
X-ray powder diffraction, microscopy
GC, FID charcoal tube
Benzene
Inductively coupled argon plasma (ICP),
Chromium
cellulose ester filter
Cadmium
ICP, cellulose ester filter
Beryllium
ICP, cellulose ester filter
Nickel
ICP, cellulose ester filter
Arsenic
ICP, cellulose ester filter
Lead
ICP, cellulose ester filter
Styrene
GC, FID charcoal tube
Méthylène chloride
GC, FID charcoal tube
Methyl iodide
GC, FID charcoal tube
Dimethyl sulphate
GC electrolytic conductivity detector
Chloroform
GC, FID charcoal tube
Carbon tetrachloride GC, FID charcoal tube
Visible absorption spectrophotometry,
Formaldehyde
polarography, GC, FID
HPLC, fluorescence/UV detection or GC, FID
Benzo(a)pyrene
Vinyl bromide
GC, FID
Vinyl chloride
GC, FID

Acrylonitrile
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TABLE C-l
SUMMARY OF MONITORING TECHNIQUES PRESENTLY IN USEf* } OR PROPOSED
Chemical Carcinogen
by IARC Group
Group 1
Arsenic compounds
Asbestos
Benzene
Cr compounds
Aromatic amines
Group 2A
Cd compounds
Chlorambucil
Ni compounds
Group 2B
Acrylonitrile
Be compounds
Carbon tetrachloride
Dimethyl sulfate
PCBs
Group 3
Chloramphenicol
Pb compounds
1,Naphthylamine
Nitrosamines
N-Phenyl-1-naphthylamine
Styrene
Trichloroethylene

Monitoring
in Use(**)

Method
Preferred

AA1-1
Micros1 '^XRD 1

AE(ICP)

GC2
AA1
Colour1

GC(FID)
AE(ICP)
GCMS

AA1

AE(ICP)

AA1'4

AE(ICP)

AA1'3 NA1 Fluor3
GCMS1 GC2

AA1'2
Colour1

GC(FID)
AE(ICP)
GC(FID)
GC(ECD)
GC(ECD)
HPLC,Elec
AE(ICP)

—
Colour1

—
Draeger1> 2•4

GC(FID)
GC(ECD)

1

WL; 2 PNGS; 3 CGE; < CMC
* Estimated cost is $100/h
** NIOSH Methods
AA: Atomic absorption spectroscopy
AE: Atomic emission spectroscopy
Colour: Colourimetry
chromDraeger: Draeger tube colourimetry
ECD: Electron capture detection
Elec: Electrochemical detection
FID: Flame ionization
Fluor: Fluorimetry
GC: Gas chromatography

HPLC: High-performance liquid
chromatography
IPC: Inductively coupled plasma
Micros: Microscopy
MS: Mass spectrometry
NA: Neutron activation
XRD: X-ray diffraction

