Environment and health:
9. The science of risk assessment
Review
Synthèse

John C. Bailar III,* A. John Bailer†

P

otential hazards surround us at home, in the workplace, in our cars and even
in health care facilities. Given exposure to these hazards, we may want to
evaluate the risk that an adverse event will occur or that it will occur at some
level of severity. In this article we introduce some concepts about risk and how it can
be assessed, comment on the nature of hazards and the uncertainties inherent in the
risk assessment process, and show how risk assessment affects the management of
these hazards. Most of our discussion is in terms of chemical carcinogenesis, but the
principles apply to the full range of threats to human health and survival.

Scope of risk assessment
A committee of the US National Academy of Sciences proposed a model in
19831 that is now commonly used to discuss the assessment of occupational and environmental hazards. Others, such as the National Research Council,2 have elaborated and refined this model. The basic model, which we use here, partitions risk
assessment into 4 steps: hazard identification, dose–response modelling, exposure
assessment and risk characterization. Integration of a risk assessment with a cost
analysis and other matters to develop strategies for risk regulation and control is often called “risk management.”
Numerous scientific and technical disciplines are involved throughout a risk assessment. Hazard identification uses the input of biologists, chemists and others to
determine whether available data indicate that some compound or exposure should
be considered a possible “hazard,” and epidemiologists are needed to evaluate the
strength of human studies, especially in attempts to determine whether an association
between exposure and an adverse response is one of cause and effect. Dose–
response modelling requires the input of statisticians, epidemiologists and people expert in developing models that predict adverse response as a function of dose. Pathologists provide additional background on the nature of the adverse response, toxicologists are especially important for understanding mechanisms of toxicity and the
relevance of animal data for human exposures, and bacteriologists may be critical in
elucidating the spread of an infectious disease. Exposure assessment often requires the
input of engineers as well as hydrologists (for waterborne hazards), meteorologists
(for airborne hazards) and analytical chemists. Industrial hygienists can be critical in
providing insight into current and past occupational and environmental exposures;
this insight may also be relevant to levels of exposure to the general population. The
characterization of risk may involve all of these disciplines and many others.
Given the broad array of possible hazards of modern life and the complex issues
raised by their assessment and possible control, it is no surprise that risk assessment, especially of chemical hazards, is difficult, plagued by uncertainty and often
controversial. A major risk assessment (of lead, for example, or dioxin) can cost millions of dollars and require vast amounts of scientific talent. The need for reliable
data of many kinds is enormous. Versions of the criteria of Hill3 for inferring
causality in epidemiology are important in this regard. These criteria include an appropriate temporal pattern, with exposure preceding response; a relation between
increasing dose and increasing response; and the detection of the response across
multiple studies conducted in different ways and in different populations. However,
these criteria are not always appropriate. Epidemiological studies may show an increase in the frequency of a congenital abnormality as exposures rise, but a decrease
in frequency at even higher doses because affected fetuses have such severe problems that most die in utero and cannot display the abnormality.
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The risks associated with exposure to a hazard may be
expressed by a variety of summary statistics that include
individual lifetime risk, annual population risk, the percentage or proportion of increase in risk, and loss of life
expectancy.4 For example, individual risk might be an important feature of cigarette smoking, whereas years of potential life lost might be a relevant means of characterizing
some occupational hazard such as injuries, for which
younger workers may be at special risk of unintended serious or fatal mishap.
Six essential issues arise in risk assessment. First, not
every person exposed to a potential hazard will exhibit an
adverse response. In addition, almost every adverse response to some exposure may occur even without exposure, although the link between asbestos and mesothelioma may be a near-exception. Thus, many long-term
cigarette smokers escape without lung cancer, and nonsmokers sometimes get the disease, although people who
smoke are still 10 to 15 times more likely than nonsmokers
to get lung cancer.
Second, the frequency or magnitude of an adverse response generally depends on the degree and extent of exposure to a hazard, possibly with a threshold below which no
risk is apparent. Many toxic drug reactions fit this pattern.
Third, people vary in their responses to the same level
of dose or exposure. The risk for any individual may depend on a variety of intrinsic factors such as age, sex, prior
or concurrent exposures to other hazards and the level of
detoxifying enzymes. Certain subgroups such as infants, the
very old and those with impaired immune systems may be
at unusually high risk; this is often true for infectious diseases, but reasons for special sensitivity are often unknown.
Fourth, data for the direct measurement of human risk
are often absent or seriously inadequate. Thus, the carcinogenic potential of a modest intake of saccharin, for example, is still uncertain because the primary evidence of carcinogenicity was from animal studies, in which doses were
very high; the mechanism of carcinogenesis may not operate at low levels of exposure in humans.5 (Similar issues
arise in Canada with respect to cyclamate.) Conversely, biological processes can sometimes cause low-level exposures
to be almost as hazardous as high-level exposures.6
Fifth, many risks are deemed acceptable, and their acceptability depends on many, sometimes surprising, factors,
including the number of people exposed, whether exposure
is voluntary, the social value of the exposure, mechanisms
of compensation for harm or death, and familiarity with the
risk.7 We accept shockingly high rates of carnage on the
highways because we value the freedom and convenience of
personal transportation.
Finally, criteria are often unclear about the best way to
balance risks and benefits in order to establish acceptable
exposure limits for a hazard. For example, tamoxifen is
clearly an ovarian carcinogen, but physicians continue to
use this drug because of its great benefits as a chemotherapeutic and chemoprophylactic agent for breast cancer.
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Risk in context
We cannot avoid making decisions about risk management: to ignore them is to make those decisions by default,
covertly and without full appreciation of their implications.
Good risk management requires good risk assessment. The
list of exposures that may be considered for risk assessment
is quite long. Examples include a broad range of environmental and industrial chemicals (benzene, dioxin, asbestos),
physical hazards (automobile accidents, noise, medical radiation) and biological agents (Salmonella in hamburger, adverse reactions to vaccines). These and many other potential hazards are also closely linked to benefits we may want
to retain (e.g., automotive transportation, effective and inexpensive industrial processes, vaccines). When benefits are
important and perfect safety is unattainable, the acceptability of risk must be weighed with some care. Thus, estimation of the expected frequency and magnitude of outcomes
under specific conditions of exposure and context, present
or future, is critical when rational personal and societal
choices may lead to some adverse outcomes.1,2 Comparing,
weighing and choosing among different interventions to
respond to risks is common in medical practice. Informing
a patient who is about to have a laparoscopic appendectomy
that there is a 2% chance that he or she will need immediate laparotomy is an important part of the background for
informed consent. One difference between medical practice
and chemical risk assessment is that the 2% risk just mentioned may be based on hard data and much experience,
whereas estimates of the risks of chemical exposures are often more speculative.
Two strategies are commonly used in quantitative risk
assessment. One is the “margin of safety” approach, in
which a scientific team looks for the highest dose that has
produced no effect in animal or human studies, defined as
the “no observed effect level” (NOEL), or sometimes for
the lowest dose that did produce an adverse effect (LOEL).
A set of “safety factors” is then applied, such as 10-fold for
using animal data rather than human data, another 10-fold
for the possibility that unexpected harm will arise later or
in ways that have not been assessed, and still another 10fold when safety is especially important. These 3 factors
multiplied together would lead to an exposure limit of
1/1000th of the highest dose not known to cause problems
in animals. The probability or size of risk at that point is
not evaluated but is generally assumed to be virtually zero.
A problem with this approach is that increases in knowledge about harmful effects will drive NOEL (and allowable
exposures) downward, while that same greater knowledge
may show that the safe limit of exposure is actually higher
than had been assumed.
Margins of safety based on NOELs and safety factors
have been widely used to evaluate systemic toxins and physical hazards, but quantitative regression modelling tools are
more commonly used for carcinogens, and they are now
the norm in risk assessments of many other adverse re-
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sponses. These regression-based approaches fit a mathematical model to the data and use it to estimate the dose associated with a specified level of response. For example, in
an animal tumorigenicity experiment, the proportions of
animals with liver cancer at several doses (including zero
dose, the control) may be used to estimate the risk added to
background incidence by those and intermediate exposures.
Interest often centres on exposures close to zero, and far
below any of the exposures in the animal study, so that major assumptions are needed.

Uncertainty in risk assessment
The relation of risk to dose or exposure is generally unknown and often controversial. Should linear terms be required in the model? Should threshold parameters be included? Should one use point estimates of regression-based
potency end points, or lower confidence limits, which incorporate sampling variability? Although these questions
may seem esoteric, different answers often lead to dramatically different conclusions about the size and nature of the
risk. This is especially true in the prediction of responses to
very-low-level exposures, the so-called low-dose extrapolation problem.
Unfortunately, accurate estimation of most risks is not
possible. One example is the carcinogenicity of saccharin in
the human diet. Very high doses of saccharin cause bladder
cancer in animals; however, the biological mechanisms may
have little relevance for humans, and data from human
studies are limited, imprecise and uncertain because almost
all saccharin users have also used other artificial sweeteners
that may have their own adverse effects. Another difficult
situation occurs when estimating risks in humans, for example, who have been exposed intermittently to much
lower levels of a chemical that has been found to be carcinogenic at high doses over a lifetime in small rodents, and
these people have been followed up for a relatively short
time. This is particularly vexing in the case of carcinogenic
responses, where many years must elapse before cancer is
detectable.8 Finally, exposure to other agents may potentiate effects associated with the hazard of concern. The extra
increase in risk of oral cancer in smokers who consume alcohol is an example of such synergy.9 The uncertainties in
risk assessment are so great that independent and technically competent reports on the same hazard often differ by
a factor of a thousand or more.10

Using risk assessments
If risk assessments are so difficult and expensive but are
still subject to great uncertainty, why should we bother
with them? Arguably, what matters most is not the number(s) that one has at the end of the assessment, but the
process that gets us there, although the public will ultimately want to know what level of exposure is “safe.” A
comprehensive risk assessment reviews, evaluates and inte-

grates the entire relevant literature to weigh the evidence
for or against a hazard. A wide range of expertise will be
brought to bear, and issues needing further study will be
identified and refined. The needs of risk assessment provide powerful incentives for more and better science, including toxicology, pathology, epidemiology, biostatistics,
industrial hygiene, exposure assessment, environmental
transport studies (e.g., in air or groundwater) and many
other fields of study. Risk assessment can always improve
the foundation for risk management, and sometimes the
best estimate of risk is so high or so low that risk management decisions are clear despite the uncertainty.10
Differences among independent risk assessments based
on the same information may engender a perception that
the scientific community is clueless about the true risk associated with particular hazards. This problem is often complicated by a focus of media attention on the latest in a series of studies rather than the import of the whole of the
evidence — an approach that leads to the “carcinogen of
the week” mentality. When there are reports today that
some exposure is unexpectedly hazardous, while tomorrow’s study finds no such effect, the whole process may be
considered shady, and the credibility of science more generally may be damaged.
What is a prudent policy for triggering some response
to a potential hazard? Some people require high levels of
evidence before they will want to act (wait to see if there
are bodies to count), while others require much lower levels (if a thing is at all doubtful, treat it as dangerous — the
“cautionary principle”). Neither extreme seems to us to be
appropriate, in part because risk management must integrate health risk assessment with such other things as economic analysis, legal mandates and constraints, level of
public concern and the availability of substitutes for useful
but possibly risky products. In practice, the level of risk that
triggers an intervention may differ between different exposure settings. For example, a one in a million excess risk of
some adverse response may be deemed acceptable for environmental exposures of the entire population, whereas a
risk of one in a thousand may be deemed acceptable for
some occupational exposures (we accept more than that for
jockeys and steeplejacks), and one in ten may be acceptable
for a medical intervention in desperate circumstances. Society accepts many risk–benefit tradeoffs, such as those implicit in driving or flying. In essence, exposure levels are set
at levels that are deemed to provide an acceptable tradeoff
between societal benefits and risks.11
Risk assessment reaches deep into our lives. Many members of the public may not want to learn all they would need
to know to make reasoned choices about every possibly risky
exposure, although some risks are well characterized and
widely understood (e.g., cigarette smoking). Thus, there will
be a continuing need for a cadre of strong scientist risk assessors, generally at the level of national government. In the
United States, federal agencies with such interests include
the Environmental Protection Agency, the National InstiCMAJ • FEB. 20, 2001; 164 (4)
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tute of Environmental Health Sciences, the Food and Drug
Administration, the Consumer Product Safety Commission,
the Occupational Safety and Health Administration and the
National Institute for Occupational Safety and Health. Similar agencies exist in Canada and most other developed countries. An educated citizenry should understand that there is
reason for centrally recommended exposure limits, that risk
is not the only important thing in the regulation of hazards,
that risk assessment is inherently uncertain (even when human data are available) and that our understanding of specific risks is likely to change only slowly with the accumulation of sound research studies, each adding a bit to the
evidence for or against the existence of a hazard and our ability to quantify it accurately.
Competing interests: None declared.
Contributors: The authors contributed equally to the writing of this article.
Acknowledgments: We thank Drs. David Dankovic, William Halperin, Eileen
Kuempel, Leslie Stayner and Mark Toraason for their comments on previous
drafts of this manuscript.

References
1. Committee on the Institutional Means for Assessment of Risks to Public
Health, National Research Council. Risk assessment in the federal government:
managing the process. Washington: National Academy Press; 1983.
2. Committee on Risk Assessment of Hazardous Air Pollutants, National Research Council. Science and judgment in risk assessment. Washington: National
Academy Press; 1994.
3. Hill AB. The environment and disease: Association or causation? Proc R Soc
Med 1965;58:295-300.
4. Cohrssen JJ, Covello VT. Risk analysis: a guide to principles and methods for analyzing health and environmental risks. Springfield (VA): National Technical Information Service; 1989.
5. Ellwein L, Cohen S. The health risks of saccharin revisited. Crit Rev Toxicol
1990;20:311-26.
6. Bailar JC, Crouch EDC, Shaikh R, Spiegelman D. One-hit models of carcinogenesis: Conservative or not? Risk Anal 1988;8:485-97.
7. Slovic P. Perception of risk. Science 1987;236:280-5.
8. Bailar JC III. Current knowledge about the cancer latent period: the contribution of epidemiology. In: Maltoni C, Soffritti M, Davis W, editors. The scientific
bases of cancer chemoprevention: proceedings of the International Forum on the Scientific Bases of Cancer Chemoprevention, 31 March–2 April 1996, Bologna, Italy. Amsterdam: Elsevier; 1996. p. 65-71.

9. Choi SY, Kahyo H. Effect of cigarette smoking and alcohol consumption in the
aetiology of cancer of the oral cavity, pharynx and larynx. Int J Epidemiol 1991;
20:878-85.
10. Bailar JC, McGinnis JM, Needleman J, Berney B. Methodologic challenges in
health risk assessment. Westport (CT): Auburn House; 1993.
11. Lowrance WW. Of acceptable risk: science and the determination of safety. Los Altos
(CA): Kaufman; 1976.

Reprint requests to: Dr. John C. Bailar III, Professor Emeritus,
Department of Health Studies, Rm. MC-2007, University of
Chicago, 5841 S Maryland Ave., Chicago IL 60637, USA;
fax 773 702-1979; jcbailar@midway.uchicago.edu

Articles to date in this series
McCally M. Environment and health: an overview. CMAJ
2000;163(5):533-5.
Speidel JJ. Environment and health: 1. Population, consumption and human health. CMAJ 2000;163(5):551-6.
Haines A, McMichael AJ, Epstein PR. Environment and
health: 2. Global climate change and health. CMAJ
2000;163(6):729-34.
De Gruijl FR, van der Leun JC. Environment and health:
3. Ozone depletion and ultraviolet radiation. CMAJ
2000;163(7):851-5.
Clapp R. Environment and health: 4. Cancer. CMAJ 2000;
163(8):1009-12.
Leaning J. Environment and health: 5. Impact of war.
CMAJ 2000;163(9):1157-61.
Solomon GM, Schettler T. Environment and health: 6. Endocrine disruption and potential human health implications. CMAJ 2000;163(11):1471-6.
Chivian E. Environment and health: 7. Species loss and
ecosystem disruption — the implications for human
health. CMAJ 2001;164(1):66-9.
Jameton A, Pierce J. Environment and health: 8. Sustainable health care and emerging ethical responsibilities.
CMAJ 2001;164(3):365-9.

How you can get involved in the CMA!
The CMA is committed to providing leadership for physicians
and promoting the highest standard of health and health care for
Canadians. To strengthen the Association and be truly representative of all Canadian physicians, the CMA needs to hear from members interested in serving in elected positions and on appointed committees and advisory groups.
The CMA structure comprises both governing bodies and advisory
bodies either elected by General Council or appointed by the CMA
Board of Directors. The Board of Directors - elected by General
Council - has divisional, affiliate, resident and student representation, is responsible for the overall operation of the CMA and reports
to General Council on issues of governance. CMA councils and
committees advise the Board of Directors and make recommendations on specific issues of concern to physicians and the public. Four
core councils and committees consist of either divisional or regional
representation while other statutory and special committees, expert
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working and project advisory groups comprise individuals with interest and expertise in subject-specific fields. Positions on one or more
of these committees may become available in the coming year.
For further information on how you can get involved, please contact:
Patricia Trunzo
Core Advisory Services Officer, Corporate Affairs
Canadian Medical Association
1867 Alta Vista Drive
Ottawa, ON K1G 3Y6
Fax: (613) 526-7570, Tel. 1-800-663-7336, ext. 1113
Email: trunzp@cma.ca
By getting involved, you will have an opportunity to make a difference.
We hope to hear from you.

