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BSTRACT

 

: This paper outlines the aims and potential scope of experimental
research for risk identification and assessment in industrial carcinogenesis
(environmental and occupational). It then reviews the basic, general, and spe-
cific requisites of a rigorously scientific nature that are required to render ex-
periments to be more appropriate and better geared to the information they
seek. A range of experimental approaches to risk assessment are illustrated by
results achieved in the Cancer Research Centre of the Ramazzini Foundation
(CRC/RF). The paper ends with a call for closer relations and integration
among experimental, epidemiologic, and biostatistical studies.

 

INTRODUCTION TO THE ROLE OF EXPERIMENTAL 
CARCINOGENICITY STUDIES (BIOASSAYS)

 

The risks of cancer can be identified, characterized, and quantified by means of
two basic methodologies, epidemiologic research on man and experimental research
on animals. 

Epidemiology studies would theoretically be the most direct method. However,
this method grows less and less viable, in that it presupposes prolonged exposure of
a human population. It is also complicated by a series of factors: (1) the need for ex-
tremely long observation periods, according to the length of latency time; (2) the
large number of confounding situations; (3) the ensuing need to find sufficiently
broad and relatively homogeneous exposed populations as well as proper control
groups; (4) the complex web of political interference. Such factors explain why far
too few epidemiology studies are being performed, why they often give ambiguous
or borderline results, and why, if they are to give any useful result, their duration
tends to outstrip that of the industrial compounds they refer to and the market for
these compounds.

Experimental studies on animals, if conducted in keeping with certain binding
scientific requirements, may provide information that leads not only to identification
of cancer risk factors, but also to the quantification of those cancer risks according
to the dose (dose-response ratio), duration, and chronology of exposure. This applies
both to characterization of specific risks (i.e., the type of tumor produced), and to
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correlating the biological risk factors with exposed individual/population character-
istics. Such information may be extrapolated to man and form a basis for preventive
norms and strategies. The experimental trial run by our laboratories on vinyl chlo-
ride, the largest trial ever published on a single chemical agent, stands as a para-
digm.

 

1

 

 To date, bioassays have been performed on some 200 industrial agents

 

2,3

 

 by
the CRC/RF. Many of the agents studied have involved trials that are comparable
with that for vinyl chloride. Such studies concern, for example, gamma radiation,
vitamins, and aldehydes. Many of these studies have been published, some are being
written up, some are still in progress. It has been claimed that experimental research
is unduly expensive, especially when run on adequate groups and using a sufficiently
large number of animals with the trials protracted throughout their life. Such a falla-
cy cannot be too forcibly rebutted. It is without substance, serving as an excuse to
justify limiting the number of adequate bioassays conducted on environmental
carcinogens, especially of an industrial kind. The real cost of such studies, as with
our mega-experiment on vinyl chloride, is meager in comparison with the economic
impact of the agents being studied, and damage to health and environment that they
may cause. Accordingly, we should persevere with the experimental studies. They
can: (1) make a decisive contribution to risk assessment, which forms the kernel of
primary tumor prevention in the case of agents that are already at large in the envi-
ronment; and (2) offer viable prospects for predicting the existence of potential can-
cer risks from agents that result from mass production and commercialization. 

To date, attention has been limited, almost exclusively, to cancer risks from ex-
posure to individual agents. However, humans are exposed, at the same or at differ-
ent times, to a whole range of carcinogens, whereas a body of data in the literature
suggests that exposure to multiple carcinogens may give rise to additional/multipli-
cative effects (syncarcinogenesis). The time has come to promote syncarcinogenesis
research and to deal with multiple carcinogen exposure and mixtures of various
agents. The data and arguments that follow concern both single and multiple expo-
sures.

 

BASIC KNOWLEDGE OF CARCINOGENESIS TO BE 
CONSIDERED IN EXPERIMENTAL CARCINOGENICITY BIOASSAYS

 

Physical or chemical carcinogens occur with a range of carcinogenetic power. In
general highly potent agents are found to give rise to a high incidence of tumors, with
a relatively short latency time (high potency carcinogen). Others have a low tumor
incidence and a long latency (low potency carcinogen). Between these extremes lie
agents with various degrees of carcinogenetic power. Chemical carcinogens may act
directly on the tissues (direct carcinogens), or may achieve their effect by metabolic
biotransformation in the organism (procarcinogens).

The type of tumor produced partly depends on the physicochemical properties of
the agents involved, how they spread and are metabolized by the organisms exposed,
how they are administered (since this may affect both absorption and diffusion/me-
tabolism), and how toxic they are. The latter may in turn affect the weight and sur-
vival of the animal. Such factors are known to play an important part in the
neoplastic response. A wide range of data show the connection between exposure
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level (dose/agent concentration multiplied by duration of treatment) and neoplastic
response.

The type of animal experiment is all important. According to the species, strain
and sex of the animals, large differences are to be found in their tendency for spon-
taneous general or specific tumor formation (basic tumorigram). Under the effect of
carcinogens, various experimental animal types tend to preferentially develop, with
a greater incidence and/or shorter latency time, those tumors that they are prone to
generate spontaneously. There are, therefore, both qualitative and quantitative paral-
lelisms between the basic tumorigram and the type of neoplastic response to be ex-
pected from exposure to carcinogens. This emerges clearly in the case of agents that,
by virtue of their properties, are able to reach the various anatomical regions of an
organism.
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 The choice of animal, therefore, has a decisive influence on the results of
experimental carcinogenicity trials, both in assessing the general carcinogenicity of
an agent, and in defining the precise oncological action for the site and type of tumor
produced. The age of animals at the start of exposure also affects the neoplastic re-
sponse. Biological targets may react differently at various ages.

Many carcinogens have been shown to be multipotent; that is, to cause various
kinds of tumor in various tissues and organs of various kinds of animals. This effect
depends on the ability of the agent to reach targets in various organs and tissues, and
on the specific tissue/organ responsiveness of the animals studied. From the evi-
dence we possess and basic assumptions from biology, we may conclude that, if ap-
propriately tested, all carcinogens are presumably multipotent. The possibility that
an agent may cause various kinds of tumor leads to a sort of tumor competition.
More specifically, depending on the experimental conditions, animals treated with a
carcinogen die mainly of high-incidence/short-latency tumors, thus curtailing the
chance for other neoplasias to develop.

The neoplastic response depends not only on the kind of agent, its physicochem-
ical and toxicologic properties, the mode of exposure, and the type of animal, but
also to a great extent, on the length of the biophase in relation to the latency time of
the tumor being caused, which varies and may be very long. The experimental find-
ings concur that the latent neoplastic potential for causing a tumor increases with the
length of the biophase (i.e., observation time or age). That is why we are convinced
that experimental carcinogenicity trials should continue until spontaneous animal
death and not be cut short before. Cutting short an experiment after two years of
biophase may mask a possible carcinogenic response. Beginning exposure in the em-
bryo or neonate may have a positive effect on the neoplastic response, not only
through the greater responsiveness of some organs at that age, but also because it
prolongs the experimental biophase. For experiments to be planned correctly these
basic notions of carcinogenesis must on no account be ignored.

 

GENERAL PLANNING AND METHODOLOGY PREREQUISITES FOR
OPTIMIZING EXPERIMENTAL CARCINOGENICITY BIOASSAYS

 

There are several prerequisites that must be fulfilled if experimental carcinoge-
nicity trials are to be optimized. Some of them are general in nature, others concern
specific points of information that the bioassays are designed to provide. 
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The following general prerequisites are imperative, in our view, for protecting
this branch of research from the amateur or anecdotal approach:

1. Use of animal species and strains whose basic tumorigram and kind of
response to cancer stimuli is not too remote from the human counterpart. For exam-
ple, one should avoid strains of mouse or rat that are peculiarly prone to certain
kinds of tumor that may shorten their life-span, compete with other potential neo-
plastic latencies and, hence, cramp the onset of other kinds of tumor, and may
potentially giving rise to metabolic alterations in the organism that confuse the pic-
ture of neoplastic response.

2. Continuing bioassays until the end of the life of an animal. Truncation of
experiments is an artificial departure from the human model for the principal reason
that, in humans, tumors tend to appear mainly in later life. According to the data of
the Nominal Mortality Registry, for all causes of death, especially tumors, in Bolo-
gna Province, more than 85% of all deaths from cancer occur after age 60. Sacrific-
ing mice or rats after about two years is like carrying out epidemiologic studies on
man excluding the “third age” that is only taking subjects younger than 45–55 (in
reference to the lifespan of the rodents most often used in bioassays).

3. Following the rules of Good Laboratory Practice as a minimum standard in
experiment management. Those practices may of course themselves be improved.

4. Choosing precise parameters to assess neoplastic response. In our opinion,
such parameters are: total number and percentage of animals carrying benign and
malignant tumors and the various kinds of tumor; total number of benign and
malignant tumors, and number of the various kinds per 100 animals (in view of the
fact that one and the same animal may develop multiple tumors of various kinds at
various sites); latency time for all specific benign and malignant tumors; and inci-
dence of malignancy precursors.

5. Standardizing the experimental conditions for conducting experiments,
parameter assessment, and data presentation. Thus, the results of various experi-
ments may be compared and used, say, in assessing the relative cancer risk of vari-
ous agents — an important factor in industrial decisions and prevention strategy.

All too frequently the failure to adopt such minimal standards leads, on one hand,
to a spate of inadequate data and, on the other, to spawning nonintegrable, usually
discordant, information that no amount of systematic revision will ever bring into
line (and that obviously brings discredit on the whole experimental approach). 

Planning experimental bioassays and setting the specific methodological prereq-
uisites depends on the type and extent of the information the research is required to
provide. The bioassay plan must, therefore, make it quite clear just what kind of in-
formation is desired.

 

WHAT INFORMATION MAY BE OBTAINED FROM BIOASSAYS

 

Potentially, bioassays may provide a whole range of scientific information. This
may consist of:

1. Exposure of the carcinogenic potential of an agent in general terms, what-
ever the experimental conditions used, but always observing the rules out-
lined in the previous section.
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2. Information on the effect of exposure routes and chronology with special
regard to those features that link with human scenarios.

3. Information on the neoplastic response at various doses of the risk agents
under test; that is, information on dose-response.

4. Indicating the organs that form the main targets, the types of tumor and
precursors that are found with the agent under study.

5. Detection of any correlated or cancer-associated pathologies.
6. Information on the relative carcinogenic potency among agents.
7. Exposing weak/diffuse cancer risks, including those due to multiple expo-

sure or mixtures of agents.
As previously mentioned, in planning a proper carcinogenicity bioassay one must

clearly establish what information one wishes to know about, so that a targeted ex-
periment protocol may be drawn up. As a general rule, it is not professional to make
assumptions, or ask questions, about a bioassay beyond the scope for which it was
specifically designed.

 

PLANNING BIOASSAYS IN RELATION TO THE INFORMATION
FOR WHICH THEY ARE BEING PERFORMED

 

 It follows from the aforegoing argument that bioassays must take account of the
list of general requisites common to all bioassays, as well as specific requisites that
vary from experiment to experiment, and yet are absolutely essential to the rationale
of the study in question.

 

Identifying Potential Carcinogens

 

In this case any type of responsive animal may be used (except for those overly
prone to developing certain kinds of tumor), and any exposure route (even widely
divergent from the routes encountered by humans), employing high doses, although
not so high as to markedly shorten the life-span through toxic effects. Such experi-
ments are obviously most limited. In particular, should the data prove negative, one
cannot be sure that by varying the dose, exposure route, and, hence, the target organ
one might not find them positive. In any case, the result is always to be interpreted
within the context of the test conditions.

 

Information on the Effect of the Administration Route
and the Exposure Chronology

 

The route of administration may affect distribution of the test agents and hence
the tissue/organ dose of the agent or its biotransformation products, thereby condi-
tioning the neoplastic response in qualitative or quantitative terms. The tissue or or-
gan dose can likewise be affected by varying the exposure schedule. The
administration route may again influence the neoplastic response with direct or top-
ical action agents, depending on the responsiveness of the tissues they are brought
into contact with. Hence, if one is seeking information on the effects of a dose and
administration schedule that may be extrapolated to man, the experiment needs to
test various forms of administration and various schedules, with close reference to
the human scenario and its characteristics.
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Information on the Dose and its Effect

 

It has long been known that the carcinogenic effect, however expressed, increases
as the dose increases. Quantifying the risk in relation to the dose is of vital impor-
tance and is a

 

 sine qua non

 

 in deciding the compatibility or otherwise of an agent in
the environment and 

 

socially acceptable

 

 exposure standards (although let it be
stressed, once and for all, there are no biologically safe dose levels in carcinogene-
sis). The doses tested must, at least, include the highest tolerable dose, a dose of the
order of those that humans are exposed to, and a midlevel dose. Naturally, the higher
the number of doses studied, the better the information for quantitative assessment.
In our bioassay project on vinyl chloride, 14 concentrations were tested by inhalato-
ry exposure. Having those data available accelerated the implementation of interna-
tional norms to establish an acceptable exposure level in the workplace.

 

1,2

 

Information on the Site and Type of Tumors and Their Precursors

 

In experimental conditions, various kinds of animal are prone to develop tumors
and their precursors of various kinds. Thus, there is a range of neoplastic responses
to carcinogen exposure in qualitative and quantitative terms. If we wish to acquire
knowledge leading to a forecast for which human organs will be targeted by expo-
sure to a given carcinogen, we must choose experimental animals with the closest
possible tumorigram to that of man (or, at least, one that is not too dissimilar).

 

Information on Pathologies in some way Related to Carcinogens

 

As well as tumors and their precursors, carcinogens may produce pathological al-
terations of a phlogistic and degenerative kind in the main tumor site organs and tis-
sues, or at other sites, and these may relate in some way to, or be associated with, the
neoplastic process. In any case, they may act as short- or medium-term markers, or
may throw light on the cancer mechanisms specifically triggered by the agent in
question. To acquire information on such lesions, the clinical, necropsy, histopathol-
ogy, and laboratory investigations must include systematic observation of all lesion
types.

 

Information on the Relative Cancer Potential of Various Agents

 

Such information bears heavily on production and marketing decisions, as well
as on setting priorities for preventive action. It may be obtained by comparing the
data from carcinogenicity tests on a range of agents, provided the tests have been
carried out under comparable experimental conditions.

 

Weak or Diffuse Cancer Risk Exposure 

 

One of the main problems with industrial carcinogenesis today is the weak cancer
risk connected with exposure to single, multiple, or mixed cancer agents, often in-
volving broad segments of the population, and, at times, the whole human race.
These risk situations are due to low- or extremely-low doses of high- or medium-
power carcinogens, or to weak or very-weak carcinogens at various doses (even
small doses) and combinations of these factors.

By their very nature, traditional epidemiologic investigations are unsuited to
detecting the tiny variations in cancer effects produced by such kinds of exposure.
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Experimental trials offer a clear advantage in that they are conducted in strictly con-
trolled conditions. For bioassays to be effective, their protocols must step up their
power to reveal the effects of risks. In this case, not only must one make sure all the
previously described general and specific requisites are met, but we must also have
available a large animal population so as to reduce chance fluctuations and, as far as
is possible, prolong the observation times, anticipating exposure to the prenatal
period, and thus managing to cause a sufficient number of pathological events. The
CRC/RF has wide experience here
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 and has reported on it in another paper in this
volume.
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EXAMPLES OF VARIOUS TYPES OF EXPERIMENT GEARED TO 
PROVIDING CLEARLY DEFINED PLANNED INFORMATION

 

Paradigm examples of data that provide information for risk identification and
assessment are reported here. All derive from lifespan experiments performed at the
CRC/RF laboratories.

 

Experiments to Identify Potential Carcinogens

 

Such experiments may be rather simple, the number of animals being limited and
the exposure route easy. Subcutaneous injection or insertion is a speedy way of treat-
ment for agents predicted to act topically or directly (direct carcinogen). 

A clear example of this type of bioassay is provided by a series of experiments
performed on the carcinogenicity of inorganic pigments. The test compounds were
injected 

 

one-off

 

 in the subcutaneous tissues of 8–13-week-old, male and female
Sprague-Dawley rats (a type of animal known to respond to this type of testing). The
animals were kept under observation until spontaneous death. The carcinogenicity
of these compounds was evaluated by the onset of sarcomas at the point of injection.
The experimental plan and carcinogenicity results are presented in T

 

ABLE

 

 1.

 

Experiments to Provide Information on the Effects of the
Route and Site of Administration of Carcinogens

 

Experiments on the carcinogenic effects (production of local mesotheliomas) of
crocidolite and erionite, by injection in the pleural and peritoneal cavities of male
and female Sprague-Dawley rats held under observation until spontaneous death,
have shown clear differences in carcinogenic potency depending on the site of injec-
tion. Furthermore, such experiments have shown that the capacity of crocidolite to
produce mesothelioma is higher when the fibers are injected in the peritoneum, the
opposite being true for erionite (see T

 

ABLE

 

 2).

 

Experiments to Provide Information on the Effects of the 
Carcinogen Dose Administered (Dose-Response Relationship)

 

An example is provided by the carcinogenicity of ceramic fibers. The test com-
pound was delivered one-off at various doses by intraperitoneal injection to male and
female Sprague-Dawley rats kept under observation until spontaneous death. The
onset of topical peritoneal mesotheliomas directly parallel the dose delivered (see
T

 

ABLE

 

 3).
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Another clear example of this type of bioassay is provided by experiments per-
formed on the carcinogenicity of vinyl chloride (VC). The test compound was deliv-
ered by repeated exposure through inhalation, at different concentrations, to male
and female Sprague-Dawley rats, kept under observation until spontaneous death.
Since VC is a multipotential carcinogen and, therefore, there may be competition for
the onset of various different tumors, the dose-response relationship was more con-
sistently revealed by plotting the total malignant tumors per 100 animals, rather than
the percentage of animals bearing a specific tumor, even when the tumor type acts as
a 

 

sentinel

 

 event, as does liver angiosarcoma in the case of VC (see T

 

ABLE

 

 4).

 

Experiments to Provide Information on the Site and Type of 
Tumors (and Possibly Their Precursors)

 

The type of neoplastic response is greatly affected by the type of the animal test-
ed. Thus, in order to assess the extent of multipotential carcinogenic effects of the
test agent it is necessary to use animals that are prone to respond with a variety of
tumors, and to use various types of animals with differing kinds of responsiveness.
Under these experimental conditions we were able to show that VC and benzene are
typical multipotential carcinogens, producing a large spectrum of tumors of different
types or at different sites (see T

 

ABLES

 

 5 and 6). Had bioassays been conducted on a
more limited number of animal types, important information would have been
missed.

 

Experiments to Provide Information on Pathologies Related to Carcinogenesis

 

Such information may help throw light on risk assessment and carcinogenesis
mechanisms. A classic case of this type is the lesions (necrosis) to the renal tubules
of rodents exposed to vinylidene chloride. The incidence and intensity of these in
Sprague-Dawley rats and male and female Swiss mice parallel the induction of renal
tumors (see T

 

ABLE

 

 7).

 

Experiments to Provide Information
on the Relative Cancer Risk of Various Agents

 

Two sets of experiments show paradigmatically that experimental bioassays may
contribute to relative quantitative risk assessment: the first deals with different types
of asbestos (see T

 

ABLE

 

 8), and the other deals with benzene and several related com-
pounds (see T

 

ABLE

 

 9).
For instance, the data on various different types of asbestos provide support for

the assumption that there are no major differences in the carcinogenic potency of the
different type of asbestos, when the results are evaluated as incidence of mesothelio-
mas.

 

Experiments to Assess Weak or Diffuse Cancer Risks

 

This is a highly important field in our opinion.

 

5,6

 

 For years the CRC/RF has been
engaged in this type of experiment, the role of which continues to be mysteriously
underestimated. Five mega-experiments have been, or are being, conducted or
planned in our laboratories. Initial results point to their importance and also show
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that they are the most suitable instrument nowadays to assess such risks. The plans
of the five projects and preliminary data are presented in this volume.

 

5

 

CONCLUSION 

 

When planned for precise purposes with attention to the key, general, and specific
requisites, and when conducted by standardized methods (throughout the biophase,
in processing and examining the pathological specimens, and in data elaboration and
presentation), experimental studies form an important instrument capable of provid-
ing adequate information and reducing the uncertainties of risk assessment. The
need for adequacy in these data cannot be overlooked: such data cannot be upstaged
by other kinds of information, or by sophisticated biostatistical analysis on improper

 

TABLE 7. The correlation between tubular kidney necrosis and onset of kidney
adenocarcinomas in male (M) and female (F) Sprague-Dawley rats and Swiss mice,
exposed to vinylidene chloride (see Ref. 13)

 

a

 

a

 

Adminstered by inhalation (Exp. BT 401, BT 402, BT 403, and BT 404).

 

Animal type Sex Kidney tubular 
necrosis

Kidney carcinogenesis
(incidence of 

adenocarcinomas)

Sprague-Dawley rats M (+) –

F – –

Swiss mice M +++ +++

F (+) (+)

 

TABLE 8. Relative quantitative risk assessment from carcinogenicity bioassays of
several types of asbestos (see Ref. 14)

 

Test compound

 

a

 

a

 

Injected at the dose of 25 mg, one-off, in the peritoneal cavity, to groups of 40 eight-week-
old Sprague-Dawley rats (20 males and 20 females) (Exp. BT 2101).

 

Animals with peritoneal mesotheliomas

 

N

 

. %
Average latency time 

(weeks)

Crocidolite (UICC) 39 97.5 59.5

Amosite (UICC) 36 90.0 66.7

Anthophyllite (UICC) 35 82.5 73.3

Chrysotile (Canada, UICC) 32 80.0 92.2

Chrysotile (Rhodesia, UICC) 33 82.5 89.7

Chrysotile (California) 29 72.5 85.3

None 0 – –
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data. On the other hand, in planning and performing their experiments, researchers
must strive to produce consistent data, fit for statistical analysis. 

It is high time for a get together on risk assessment, concerted group action link-
ing experimental researchers, epidemiologists, and biostatisticians, in order to de-
cide how their efforts can best be integrated. The present forum certainly stands as
an attempt, let us hope successful, to pursue this line.

 

REFERENCES

 

1. M

 

ALTONI

 

, C., G. L

 

EFEMINE

 

, A. C

 

ILIBERTI

 

, G. C

 

OTTI

 

 & D. C

 

ARRETTI

 

. 1981. Carcinoge-
nicity bioassays of vinyl chloride monomer: a model of risk assessment on experi-
mental basis. Environ. Health Perspect. 

 

41:

 

 3–29.
2. M

 

ALTONI

 

, C. 1995. The contribution of experimental (animal) studies to the control of
industrial carcinogenesis (1995 Herbert Stokinger Lecture). Appl. Occup. Environ.
Hyg. 

 

10:

 

 749–760.
3. M

 

ALTONI

 

, C., M. S

 

OFFRITTI

 

, F. B

 

ELPOGGI

 

, F. M

 

INARDI

 

 & A. P

 

ALAZZINI

 

. 1999. La
ricerca primaria in oncologia con particolare riguardo agli studi sperimentali. Gli
Ospedali della Vita 

 

25:

 

 19–37.
4. T

 

ANNENBAUM

 

, A. & C. M

 

ALTONI

 

. 1962. Neoplastic response of various tissues to the
administration of urethan. Cancer Research 22: 1105–1112.

5. MALTONI, C., M. SOFFRITTI & F. BELPOGGI. 1998. Mega-experiments enhancing the
evaluation of diffuse exogenous carcinogenic risks. Eur. J. Oncol. 3: 5–10

6. SOFFRITTI M., F. BELPOGGI, F. MINARDI, L. BUA & C. MALTONI. 1999. Mega-
experiments to identify and assess diffuse carcinogenic risks. Ann. N.Y. Acad. Sci.
895: this volume.

7. MALTONI, C., L. MORISI & P. CHIECO. 1982. Experimental approach to the assessment
of the carcinogenic risk of industrial inorganic pigments. In Advances in Modern
Environmental Toxicology. Occupational Health Hazards of Solvents, Vol II. A.
Englund, K. Ringen & M. Mehlman, Eds.: 77–92. Princeton Scientific Publishers,
Princeton.

8. MALTONI, C., F. MINARDI, L. MORISI & F. BELPOGGI. 1982. Early results of long-term
carcinogenicity bioassays of silica-coated lead chromate pigment, by subcutaneour
injection on Sprague-Dawley rats. Acta Oncol. 3: 89–94.

9. MALTONI, C. & F. MINARDI. 1989. Recent results of carcinogenicity bioassays of
fibers and other particulate materials. In Non-Occupational Exposure to Mineral
fibres. J. Bignon, J. Peto & R. Saracci, Eds.: 46–53. IARC Scientific Publications N.
90, Lyon.

Table 9. Relative quantitative risk assessment from carcinogenicity bioassays on
benzene, toluene, xylenes, and ethylbenzene (see Ref. 15)

Test compounda

aAdministered by ingestion, at a daily dose of 500 mg/kg b.w., 4–5 days weekly for 104
weeks, to 80 seven-week-old Sprague-Dawley rats (40 male and 40 female) (Exp. BT 902, BT
903, BT 904 and BT 905).

Number of total malignant tumors 
per 100 animals

Benzene 161

Toluene 69

Xylenes 56

Ethylbenzene 40

Olive oil 24



26 ANNALS NEW YORK ACADEMY OF SCIENCES

10. MINARDI, F. & C. MALTONI. 1998. Results of long-term carcinogenicity bioassays of
ceramic fibres (“Fiberfrax”) on Sprague-Dawley rats. Eur. J. Oncol. 3: 241–249.

11. MALTONI, C., G. LEFEMINE, A. CILIBERTI, G. COTTI & D. CARRETTI. 1984. Experimen-
tal research on vinyl chloride carcinogenesis. In Archives of Research on Industrial
Carcinogenesis, Vol. II. C. Maltoni & M.A. Mehlman, Eds.: Princeton Scientific
Publishers, Princeton.

12. MALTONI, C., A. CILIBERTI, G. COTTI, B. CONTI & F. BELPOGGI. 1989. Benzene, an
experimental multipotential carcinogen: results of the long-term bioassays per-
formed at the Bentivoglio Institute of Oncology. Environ. Health Perspect. 82: 109–
124.

13. MALTONI, C., G. LEFEMINE, G. COTTI & V. PATELLA. 1985. Experimental research on
vinylidene chloride carcinogenesis. In Archives of Research on Industrial Carcino-
genesis, Vol III. C. Maltoni & M.A. Mehlman, Eds.: Princeton Scientific Publishers,
Princeton.

14. MALTONI, C., M. SOFFRITTI, C. PINTO, P. CARMENTANO, A. PALAZZINI & F. MINARDI.
1990. Models of development, environmental and cancer. In Update in Oncology. F.
Pannuti & G. Robustelli della Cuna, Eds.: 107–158. Edizioni Medico-Scientifiche,
Pavia.

15. MALTONI, C., A. CILIBERTI, C. PINTO, M. SOFFRITTI, F. BELPOGGI & L. MENARINI.
1997. Results of long-term experimental carcinogenicity studies of the effects of
gasoline, correlated fuels, and major gasoline aromatics on rats. In Preventive Strat-
egies for Living in a Chemical World. E. Bingham & D.P. Rall, Eds. Ann. N.Y.
Acad. Sci. 837: 15–52.


