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■ Abstract Risk analysis continues to evolve. There is increasing depth and breadth
to each component of the four-step risk-assessment paradigm of hazard identification,
dose-response analysis, exposure assessment, and risk characterization. Basic concep-
tual approaches to understanding how people perceive risk are being tested against a
growing body of empirical observations, many involving stakeholders. Emerging ideas
such as the precautionary principle have provided challenges that have led to a rethink-
ing of the role of risk assessment in environmental health. Newer problems, such as
intergenerational issues posed by long-lasting radiation pollution, environmental jus-
tice, and the assessment and communication of risks related to terrorism, have spurred
innovative approaches to risk analysis.

INTRODUCTION

The field of risk analysis continues to grow. There has been an increase in the
breadth and depth of the scientific disciplines involved in assessing and managing
risk; an evolution of policies aimed at preventing and controlling risk; new threats
to be considered; and an expanding geographical base of risk analysts. This review
arbitrarily touches on some of the highlights. My focus is on those issues that have
developed out of the challenges posed by the science leading to the assessment
of human health risk and to its communication. The emphasis is on public health
rather than on ecological risk, and on risk assessment and communication rather
than risk management.

The four-step risk paradigm consists of hazard identification; exposure assess-
ment; dose-response analysis, and risk characterization. The twentieth anniversary
of the 1983 National Research Council (NRC) report (90), known as the Red Book,
which led to the institutionalization of this paradigm, was marked in a variety of
ways, including a volume of articles that provide both a history of the events and
an expanded view of current areas of interest (70).

A myth about the early development of risk assessment was that it was believed
to be fully independent of risk management. The simple dichotomy between risk
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assessment as science and risk management as policy has never really existed.
From the very beginning, the Environmental Protection Agency (EPA) has recog-
nized that there are at least three steps to the process. Before risk assessment begins
there is a fundamental need to have guidelines in place, which delineate how to
perform the four-step risk-assessment paradigm (42, 94, 106). These science pol-
icy guidelines establish uniform processes for default assumptions, extrapolation
approaches, and other aspects of risk assessment that could greatly change the
outcome and comparability of the risk assessment if left to a case-by-case basis.
They also establish the criteria needed to replace a default assumption with actual
data, thus leveling the playing field for stakeholders involved in the outcome of the
risk assessment. The fourth and last step in risk assessment, risk characterization,
also includes elements of risk communication and has long been recognized to
overlap with risk management (45). A common theme by those involved in as-
sessing and managing risk has been the need to integrate risk assessment and risk
communication.

The NRC committee that produced the Red Book clearly recognized that risk
assessment was only one part of the approach to making reasoned decisions
concerning environmental and public health risks. A more formal approach to
a framework for the overall management of risks was produced by the Presiden-
tial/Congressional Commission on Risk Assessment and Risk Management, which
began meeting in 1994 (11, 96, 101, 102). The framework for environmental health
risk management has six steps: formulation of the problem within the context of
public or ecosystem health; analysis of the risks; determination of options for risk
management; choice of an option; action on the decision; and evaluation of the out-
come. Stakeholders are involved in every stage of the process; in fact, the first step,
problem formulation, emphasizes stakeholder involvement. Their involvement is
particularly needed as the lack of an appropriate context for the risk process often
has led to paralysis rather than risk reduction.

HAZARD IDENTIFICATION

Hazard identification is based on the toxicological principle that assigns unique
properties to the physicochemical structure of a molecule and to the specificity of
the biological niche in which it reacts. The first recorded statement of this principle
of specificity of chemical effects has been attributed to Paré who in the seventeenth
century disappointed the King of France by demonstrating that the King’s trea-
sured alleged universal antidote could not possibly work for all poisons because
“[p]oyson. . .kils by a certaine specifick antipathy contrary to our nature” (50).

Quantitative Structure Activity Relationships

Identifying the hazards of new chemicals has traditionally depended on costly
and time-consuming animal studies, including thorough pathological and physi-
ological evaluation. Toxicologists have long been interested in the prediction of
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chemical toxicity based on physical and chemical structure. Structure activity re-
lationship (SAR) is heavily relied on in the evaluation of new chemicals submitted
by industry for Environmental Protection Agency (EPA) review under the Toxic
Substances Control Act. There are numerous examples in which SAR has served
as a very powerful tool to predict chemical effects. There are other examples in
which the effect of one chemical is not predictable from the effects of close struc-
tural analogs (e.g., the hematological effects of benzene but not toluene, or the
neurotoxic effects of n-hexane but not n-heptane or n-pentane). In recent years in-
vestigators have developed newer approaches to SAR on the basis of the explosive
growth of computing power and of informatics (107). This combinatorial toxicol-
ogy is analogous to combinatorial pharmacology, which, in the search for new
drugs, uses computer models to predict the potential pharmacological effects of
minor variations in chemical structure. Although highly promising, a recent review
of the use of quantitative SAR for developmental toxicants by the Risk Science
Institute noted a variety of challenges, including the definition of the activity of
a chemical or its score on any given characteristic; the incorporation of new data
within a broader data set; the relative lack of chemical coverage and of data for
validation; and the lack of transparency in the models regarding input and output
criteria.

DOSE-RESPONSE ANALYSIS

Shape of the Lower End of the Dose-Response Curve

A continuing controversial issue in dose-response assessment is that of the shape of
the dose-response curve at lower doses. Two types of dose-response curves have
been considered to be central to risk assessment. The hallmark of one of these
curves is a threshold, or better put, a no–observed-effect level, below which the
compound is considered to be harmless. The second type of dose-response rela-
tionship, the nonthreshold relationship, has generally been reserved for mutagens.
The belief that any one molecule of a mutagen has a risk of causing a major effect
is based on the recognition that, theoretically, one molecule can cause a genetic
change that is carried through progeny cells so that it then codes for cancer or, if
in germ cells, for an inheritable mutation. Some known carcinogens act through
apparent threshold mechanisms. For example, workplace exposure to sulfuric acid
mist is causally related to cancer of the upper respiratory tract through a mecha-
nism that appears to be related to inflammation, but one molecule of sulfuric acid
would be readily buffered in the mucus layer of the airway and highly unlikely
to be carcinogenic. Similarly, saccharine is now generally accepted to produce
bladder cancer in rats through a threshold mechanism unrelated to human risk
at usual saccharin doses. Public policy in the United States, sustained through
many administrations, has put the burden of proof on industry to demonstrate
that a chemical that is known or appears likely to cause cancer in humans occurs
through a threshold mechanism. Attempts to prove a threshold have generally been
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unsuccessful. Cohen et al. (13) recently reviewed the issue of the human relevance
of information on the mechanism of action of carcinogens (13), although not all
researchers agree with their conclusion that evidence for carcinogenicity of chem-
icals has been overstated (85). A variant approach to addressing the lower end of
the dose-response curve is provided by the concept of hormesis (10), in essence a
biphasic response in low doses produces stimulation and high doses lead to inhi-
bition. There is yet to be sufficient scientific evidence favoring hormesis for this
concept to replace standard approaches to risk assessment.

Bench Mark Dose (BMD)

Expansion in the use of the BMD in risk assessment continues (15, 114, 127).
Briefly, the BMD is an estimate of the lowest dose at which a prespecified effect
occurs. It has the advantage of a greater degree of stability than the usual deter-
mination of the experimental no-observed-effect level (NOEL) to which safety
factors are added (3). As the usual regulatory use of the BMD is based on the
lower bound of its confidence interval, the method used to determine the confi-
dence interval is particularly important, especially when the dose-response data are
nonlinear. Moerbeek et al. (86) recently reviewed different statistical methods for
calculating confidence intervals for the BMD and concluded that the likelihood-
ratio method is more attractive for routine dose-response analysis but that the more
time-consuming bootstrap method had the advantage of linking directly to Monte
Carlo analysis in a probabilistic risk assessment. Dourson & Patterson (22) have
provided an excellent overview of BMD as well as other noncancer-assessment
methods.

Increasingly, attempts have been made to treat cancer and noncancer endpoints
with similar risk models (16). The impetus for this approach has included advances
in developing harmonized risk models, in part based on the BMD (7). The impetus
also comes from findings, in essence, of no apparent threshold for the effects of
particulates on mortality or the effects of ozone on symptoms, in at least some
epidemiological studies. Although EPA has pursued approaches to similar dose-
response analysis of cancer and noncancer endpoints, it has been difficult to obtain
full agreement among the scientific community.

Multi-Step Carcinogenesis

For most known common human cancers, there is a multi-step process in which
a series of mutational events occurs, leading to a progressively more neoplastic
and invasive cancer (74). Risk analysts have considered this in a variety of multi-
stage models of carcinogenesis (87). But a multi-hit model, in my view, should
not be considered to be equivalent to a threshold model. For example, assume that
the clinical manifestation of a common tumor requires five different mutations
for it to occur. It is highly likely that many people develop four mutations but
do not live long enough to develop the fifth before dying from other causes. For
individuals with four mutations, presumably a significant subset of the population,
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an environmental agent causing that one additional mutation could result in a
clinically detectable case of cancer. Accordingly, that there are multiple mutations
often involved in carcinogenesis is not inconsistent with assuming a one-hit model
for risk analysis.

The increasing emphasis on children’s environmental health has led to efforts
to understand the dose-response issues that are particularly pertinent to children
(89). See below for exposure analysis in children. In many cases, the absorp-
tion, distribution, metabolism, or excretion of chemicals is different in children
than in adults—often, but not always (21), putting children at greater risk. Using
physiologically based pharmacokinetics (PBPK) to understand these differences
is crucial to having the information needed to protect children or other high risk
groups (76). For example, Ginsberg (40) has presented a method combining ex-
posure and PBPK information to assess long-term cancer risks from short-term
exposure periods in children.

Threats to the Use of Biomarkers to Link Low-Level
Exposure with Effects

Extrapolation, whether from high to low dose, or from animal to human studies, is
a central scientific challenge to risk assessment. The inherent methodological lim-
itations of epidemiology and of animal toxicology make it exceptionally difficult
to determine dose-response relationships at realistic levels of human environmen-
tal exposure, and particularly at the low-risk levels demanded by society. With
rare exceptions, direct determination of a one-in-a-thousand risk level for an en-
vironmental effect, let alone a one-in-a-million risk, is beyond the capability of
environmental health science without using extrapolation techniques. Biological
markers capable of linking exposure with effect, particularly in the context of hu-
man susceptibility, provide a potential mechanism for linking dose with response.

Modern biological techniques, particularly advances in molecular biology and
the new field of toxicogenomics, provide the basis for a better understanding of
the role of toxic agents in human diseases (18, 128, 129) and the development of
new biomarkers linking exposure and effect. The standard pathway for developing
and validating such biomarkers begins with laboratory animal toxicology and pro-
gresses through controlled human exposure studies that explore the dose-response
relationship of the biomarker at real-world exposure levels. Unfortunately, such
studies are under unwarranted attack for allegedly being against ethical principles:
laboratory animal studies by animal rights activists and controlled human exposure
studies by “ethicists.”

The arguments of animal rights activists are not new but are gathering force and
require continued rebuttal. A particularly cogent rebuttal for the many pet owners
who are frightened into being the chief financial supporters of organizations such
as the so-called People for the Ethical Treatment of Animals (PETA) is the value
of animal research to their own pets. Just consider the outdated numerical equation
of a dog’s age as 7 times that of a human: There are now many 15-year-old dogs
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but very few 105-year-old humans. Biomedical research advocates need to focus
more on being responsive to the protective feelings of pet owners as we search for
ways to protect the value of animal research.

Attacks on controlled human-exposure studies are partially fueled by scientific,
legal, and political issues related to the additional tenfold protection factor required
in the absence of definitive data to the contrary by the Food Quality Protection
Act (93, 113). Controlled exposure of human volunteers should be subject to the
highest standards. But there has been talk of banning such studies and a growing
hesitation among agencies to support them. Discussion of the issues has gener-
ally lacked two major points. First, allowing a federal agency to subject the U.S.
population to a given level of human exposure should ethically require it to accept
the responsibility of learning how a human responds to such exposures. Second,
there is a mistaken generalization from clinical research to controlled exposure to
environmental agents. Controlled experimental exposures to agents at levels we
would normally be subjected to in foods, or to levels of air pollutants to which we
are routinely and involuntarily subjected to at a gasoline station, are surely differ-
ent than a volunteer receiving an experimental treatment for a disease. Controlled
human research is important not only because it provides a reasonable opportunity
to understand the risk of low-level exposures, but also because it is pertinent to
effective environmental protection through allowing attribution of effects to one or
more of the usual components of mixtures of pollutants present in the real world.

EXPOSURE ASSESSMENT

In the past decade, exposure assessment has moved more rapidly than perhaps any
other aspect of the four-step risk paradigm (99). Both theory and practice have
progressed beyond the simplifying default assumptions of the past. Area measure-
ments have been replaced by studies of microenvironments in which humans are
likely to be exposed (12), and sophisticated theoretical approaches are being vali-
dated using data from direct exposure measurements such as the National Human
Exposure Assessment Survey (NHEXAS) study (108). The concept of exposure
efficiency, which relates exposure to source emissions by calculating the extent
of eventual human uptake of material released from a source, has received addi-
tional emphasis (28). Further, there has been an expansion in the ability to utilize
mundane exposure indicators, such as dust (78).

Among the many interesting advances has been the increasing availability of
observational data to understand the extent and variability of human exposure
and to test models (17, 88). Of particular value have been studies of exposure
patterns that are responsible for greater risk among children. Videotapes of normal
children’s activities have clearly demonstrated the significant potential for exposure
through ingestion and through the skin, concerns which have been validated in
studies using blood lead levels or urinary pesticide markers (1, 34, 36). Of note
were the findings of Freeman et al. (33), who demonstrated pesticide exposure in
ten children following chlorpyrifos application on cracks and crevices. Despite the
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absence of aerosol application, exposure occurred owing to the pesticide vaporizing
and redepositing, particularly on absorbent objects such as plush toys, and owing
to the children’s object-to-mouth behavior, which was confirmed by videotape.
Freeman and her colleagues have also evaluated household exposure factors in
relation to asthma and school absenteeism (35).

Recent review of the controversial issue of children’s exposure to arsenic from
playground wood treated with chromated copper arsenate as a preservative consid-
ered the different routes of exposure. As noted by the authors (62), the estimates
are highly uncertain and need to be validated by studies of arsenic levels in children
actually playing on such surfaces. This need for validation is often ignored in the
rush to develop models. Such models are highly valuable for estimating exposure.
But once exposure is occurring in the real world, and in the absence of overtly
observable health effects, it should be mandatory for investigators to evaluate expo-
sure rather than solely depending on mathematical models or laboratory animals.
Once validated, simple models can be very useful in replacing the need for com-
plex observational studies of human activity, as suggested by a model developed
by Riley et al. (104) for intermittent dermal contact. Comparison of measured and
modeled exposures in complex urban environments is particularly problematic.

Exposure Scenarios

The development and use of exposure scenarios to assess human risk have been
particularly helpful. A theoretical basis for risk scenarios has been developed
(71). Specific uses of exposure scenarios include the estimation that the greatest
variability in transmission of tuberculosis in a hypothetical hospital was waiting
time (75). Scenarios that included cultural factors such as hunting, fishing, and
gathering patterns were of value in estimating the multipathway exposure of the
Spokane tribal community to a superfund site (59). Life-cycle analysis of chemical
solvents has been coupled with scenario-based risk assessment of solvent use (112).

Exposure Assessment as a Causal Link

Exposure assessment can also contribute to assessing hypothetical cause-and-effect
relations. As one example, the finding by Opiekun et al. (97) that individuals who
self-report symptoms from the gasoline fuel additive methyl tertiary-butyl ether
(MTBE) have driving habits and automobiles likely to produce higher MTBE expo-
sure levels is consistent with a cause-and-effect relationship and adds to the weight
of the evidence. Similarly, accurate exposure evaluation is a necessary part of inter-
vention studies aimed at decreasing adverse outcomes from hazardous chemicals.

Exposure Assessment in Relation to Genomics, Proteomics,
and Other Advances in Molecular Biology

The promise of understanding gene-environment interactions is a significant
part of the excitement about the potential value of recent advances in molecular
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biology. The enormous relevance of molecular biology to risk analysis includes
the identification of susceptible populations and the provision of a biological basis
for the individual variability observed in responses to environmental agents.

Perhaps most importantly, modern molecular biology presents the possibility of
reversing the usual direction of environmental health science research. The stan-
dard approach, using increasingly complex systems, has been to begin with an
isolated chemical or physical agent and ask what effect it has on human disease.
Preferably, we want to begin with human diseases and work backward to under-
stand cause—to understand which environmental condition(s) is responsible for
an asthma attack or for chronic renal disease.

Exposure assessment is key to unraveling gene-environment interactions and
to improving our ability to attribute disease to cause. Genetic propensities to envi-
ronmental disease will often be manifest as the disease appearing at a lower dose,
and through accurate exposure assessment, this dose-genetic relationship will be
discovered and the pathway to disease will be interrupted.

RISK CHARACTERIZATION

The final step of the risk-assessment paradigm, risk characterization, clearly over-
laps risk communication and management (45). The choice of how to depict a
number can readily sway the response to the number: For example, consider the
differing responses to a single situation characterized as being “99% free of any
risk,” or having “a 1% likelihood of serious side effects including death.” A quan-
titative risk can be presented in various ways beyond just a bald statement of a risk
number over time. Simply changing the characterization to how much time will
lapse for each adverse effect will alter perception of the intensity of risk in a more
understandable way (131). Risk can also be characterized as a change from back-
ground, rather than an absolute. Risk characterization should best use the same
questions asked and answered by a journalist about an event: who, what, when,
where, how many, etc.

Integrating risk perception into risk assessment occurs primarily at the risk
characterization step (92, 117). This topic is discussed more fully below (see Risk
Perception).

There are many uses for the number provided by a risk analysis, some of which
go beyond the intent or the data-quality objective of the risk analyst. Critics of
risk assessment often mistakenly base concerns on how risks are then managed.
Tal (121) has encouraged environmental groups to become more engaged in risk
assessment, pointing out the many proenvironmental decisions that have been
based on risk assessment.

Specifying the risk to vulnerable populations is an important aspect of risk char-
acterization. As briefly discussed above, the genomic revolution will lead to an
identification of populations with relatively small degrees of susceptibility to en-
vironmental exposures. Inevitably, there will be a need to consider the implication
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of these newly discovered variations in human susceptibility to laws, such as por-
tions of the United States Clean Air Act, that are specifically based on the protection
of susceptible populations.

Uncertainty Analysis

Uncertainty is built into any analytic process. Quantitative risk analysis has aspects
that foster uncertainty—particularly when extrapolation is used to estimate a risk
at levels below which scientific validation is likely or even possible. Our society’s
public health and environmental protection goals are at risk levels below those
which can usually be measured scientifically. For example, no current epidemio-
logical or toxicological approaches can validate EPA’s extrapolated risk potency
factor for benzene-induced leukemia to the maximally exposed individual at the
one-in-a-million risk objective of the 1990 Clean Air Act. Owing to the uncertain-
ties inherent in risk assessment, and particularly in the extrapolation to low-level
risk, there have been many calls for the routine characterization of uncertainty in
any risk assessment. Much work has been done to develop and evaluate techniques,
such as the Monte Carlo analysis, to measure and report uncertainty (53, 98, 105).

Understanding uncertainty can have practical application to analyses of risk
issues. For example, Hattis et al. (60) have pointed out that the interindividual
variability in human response to airborne particulates is sufficient to account for
the small increases in daily mortality observed in epidemiological studies, and that
this variability could account for the relative lack of toxicological evidence of an
effect on the average individual at these low levels.

A continuing argument concerns whether a measure of uncertainty should al-
ways accompany a quantitative risk assessment. There is much to be said for such
a requirement, including the often great uncertainty in a risk estimate and the
overreliance of regulators and the public on a single number. The key elements
of uncertainty should always be spelled out. But there are compelling arguments
against the routine use of numerical uncertainty. These arguments include the dif-
ficulty in communicating uncertainty to nonscientists. I note that uncertainty is
not specified with common metrics such as the gross domestic product or the un-
employment rate. Should this be done for risk analysis it would be overstating its
importance in the decision process. Most importantly, in the absence of agreement
as to how to calculate or communicate uncertainty, adding a required quantitative
uncertainty analysis would unnecessarily prolong and muddle issues that, for the
best public health outcome, should be decided quickly (43). In summary, routine
risk-based decisions should not be held hostage to meaningless analyses, although
a qualitative description of the key uncertainties is welcome at all times.

The lack of public familiarity with scientific uncertainty was highlighted by
Johnson & Slovic (69) in a study of response to news stories with different degrees
of uncertainty. My concern about the overuse of uncertainty is also exemplified
by an otherwise well-done study by Thompson et al. (124) following up on our
observation that the risk of dying from an airplane hitting you while you are on the
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ground is about 4 in a million lifetimes (49). Our goal was to describe a low-level
risk comparison for which there was no benefit to anyone and, most importantly,
which could be partially avoided by lifestyle decisions (e.g., having your bedroom
in the basement) but for which the risk was too low to bother with individual
precautions. Thompson et al. (124) have shown that the risk varies by about 100-
fold depending on geographical proximity to an airport. But I would argue that in
this risk range the added information is of little or no relevance to individual or
societal decisions.

PRECAUTIONARY PRINCIPLE AND/OR/VERSUS
RISK ASSESSMENT

The precautionary principle has emerged in recent years as a new approach to
environmental and public health risk management. Grandjean (51) thoroughly
reviewed this principle last year in this series.

The precautionary principle, at least to some advocates, also provides a ratio-
nale for risk perception being as or more important than the scientific assessment
of risk. (See below for a discussion of risk perception). Those most wary of the
precautionary principle are North American businesses who have seen the precau-
tionary principle used adroitly by the European Union (EU) to develop a multitude
of trade barriers with little or no risk-based scientific justification (46). Carruth
and I have also raised the concern that the precautionary principle will lessen the
likelihood of obtaining the appropriate science needed for protecting public health
and the environment (44, 47).

Public perception of risk will clearly drive political decisions as to the setting of
priorities and the responsiveness of risk managers. The difference between public
perception and expert ranking of risks has been frequently noted. This inherent
tension is usually resolved intranationally through political and legal processes.
Resolving these tensions becomes more problematic when the differences are
among nations and must be dealt with through relatively weak international dis-
pute resolution. Risk perception is one of the issues raised by the EU’s use of
the precautionary principle to supplant or to supplement risk assessment for the
purposes of protecting their trade (48).

An example of the use of the precautionary principle to supplement risk as-
sessment is given by Majone (83), who analyzes its use by the EU to establish
the world’s most stringent aflatoxin standard. Majone points out that the result of
this more stringent standard is to keep out of Europe trade worth several hundred
million dollars a year from sub-Saharan nations, some of the poorest nations in the
world. The resultant net risk reduction is 1.4 cases of hepatocellular carcinoma in
a billion people per year—or less than 1 death per year in the EU.

An example of the use by the EU of the precautionary principle to replace risk
assessment is the European ban on the importation of beef from hormone-treated
animals, a ban that persists despite the ruling of the World Trade Organization
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(WTO) against the EU. The importance of health risk and of perception was also
considered in a subsequent WTO decision on asbestos, which was particularly
notable in its statement that perception of health risk by the public could be grounds
for trade ban (48).

Issues related to risk assessment, the precautionary principle, and risk percep-
tion will undoubtedly be central to the forthcoming WTO decision on genetically
modified foods. The case of genetic modification in general and genetically mod-
ified (GM) foods specifically has been subject to much evaluation in the risk-
assessment literature. Authors have focused on a variety of different subjects,
including the generally accepted idea that the Monsanto Corporation’s marketing
of its initial GM products frightened many Europeans, and attempts to under-
stand differences between the European and U.S. perceptions of GM substances
as being based on cultural factors and on recent causes of European distrust of gov-
ernment science (45, 46, 80). As with the beef hormone and other U.S.-European
differences, a common U.S. perception is that Europe is simply reacting to their
competitive disadvantage in the science of genetic manipulation and is using trade
barriers as a means to protect their less-efficient agriculture. Those concerned with
decisions made solely on risk perception without any scientific basis point out that
manipulating the perception of risk is the expertise of advertising managers and
politicians.

RISK COMMUNICATION

The dynamic contribution of the social sciences and social studies to risk anal-
ysis has continued to increase. This increase is most evident in the ferment of
ideas guiding research into the way individuals perceive risk and how we respond
to communications about risk. The distinction between social sciences and social
studies is not always apparent to those outside the field. Fischhoff (29, 30, 119) has
emphasized that the former primarily involves systematic data collection, statisti-
cal analysis, and hypothesis testing, whereas the latter involves more qualitative
approaches to obtaining insights about underlying processes.

A major challenge to environmental public health remains the communication
of expert analysis to concerned citizens and to decision makers (20). In recent
years there have been significant advances in understanding risk perception and
risk communication, as well as a gathering of an empirical database in which
concepts can be tested and refined (8). Of note have been various attempts to
bridge the gap between risk assessment and risk communication, integrating what
has traditionally been seen as distinct activities. This bridging is made difficult by
the different languages being spoken by social scientists and classic risk analysts
and is further compounded by the many different theories that underlie discussion
of risk communication.

Jasanoff (68) has eloquently described the two cultures of the multidisciplinary
field of risk analysis: The quantitative side is represented primarily by engineering,
mathematics, toxicology, and epidemiology; and the qualitative work is done by



10 Feb 2005 13:4 AR AR238-PU26-06.tex XMLPublishSM(2004/02/24) P1: JRX

152 GOLDSTEIN

those in psychology, sociology, and law. She points out the persistent belief among
those in the “hard” sciences that the role of the “soft” sciences is to assist in
dispelling misperceptions of risk by the general public. Instead, she suggests that
“qualitative studies focusing on the ethical, legal, political, and cultural aspects
of risk exist conceptually on a single continuum with quantitative, model- and
measurement-oriented analyses of risk” (68). This integration of risk assessment
and risk perception has been central to the work of Fischhoff (29–31), Slovic
(117–119), Sandman et al. (109), and many others active in the field.

Cultural Issues in Risk Perception

There continues to be much work attempting to define those aspects of risk percep-
tion that are central to all human societies and those that are culturally dependent.
Not surprisingly, investigators have found that the perception of risk differs within
different cultures in a single community as well as in different parts of the world
and that trust is a major determinant. The importance of local cultural factors was
emphasized by Earle (24) in his findings supporting a social psychological theo-
retical base for trust in risk management as opposed to a more normative approach
of assuming that trust is based on universally relevant factors such as fairness and
objectivity.

The global breadth of risk analysis has inevitably led to studies of the impact of
cultural differences on the perception of risk. Two recent studies reported on the
perception of risk among Chinese people. A psychometric study of 167 Hong Kong
Chinese (77) who rated 25 different threats showed differences from the Western
literature as to how such threats are perceived. Confucianism was proposed by the
authors as the reason for the Chinese appearing to be less concerned with threats that
are remote or unknown and more troubled by threats that are imminent, knowable,
and controllable. Two risk-perception surveys in China by Xie et al. (133) in 1996
and 1998 were reported as showing greater concern with risks that threaten national
stability and economic development and less concern with high-technology risks
than reported in the Western literature.

The active work on risk analysis and perception in Japan includes a recent study
by Maeda & Miyahara (82) of the determinants of trusts in industry, government,
and citizens’ groups. They noted a much greater reliance on consensual values
in which there is bidirectional communication between the organization and the
public. Study of the influence of the 1999 nuclear incident in Tokai, Japan, on
public trust showed, not surprisingly, a decrease in the acceptability of nuclear
power and a growing distrust of the industry, but showed no change in overall trust
in the government despite the apparent failure of oversight (72).

The subculture of workers was emphasized in a “mental models” approach used
by Cox et al. (14) to assess the impact of chemical risk information on workers.
The focus was on a qualitative approach to the impact of the workplace culture
on the perception of chemical risk with the goal of developing user-relevant risk-
communication strategies.
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Assessment and Communication of the Risk of Terrorism

There is inadequate space to begin to review the rapid growth in the risk-assessment
and risk-communication literature related to terrorism following September 11,
2001. A number of authors have considered the applicability of quantitative risk
assessment to the threat of terrorism (19, 38, 57). A dimension that has been
added to standard risk analysis is that of intentionality: Environmental, chemical,
and physical agents are usually considered to be free of malice or forethought.
In contrast, actions to decrease risk caused by terrorists will lead terrorists to
intentionally change their tactics so as to impose risk. This recognition has led to the
addition of elements of game theory to standard environmental risk analysis (61).

Similarly, analysis of vulnerability as well as intent is crucial to risk analysis
for terrorism. Modeling of interconnected and cascading events from a single
terrorist attack includes the recognition that critical infrastructures are difficult
to define, let alone to defend, in a world increasingly dependent on information
technology (57). Slovic (118) has added the psychological impact of terrorism
to standard vulnerability analysis. He has pointed out that terrorist acts result in
an even more disturbing form of the particular dread that surrounds accidents
involving chemicals and radiation, which contrast with more classic disasters such
as floods, where there seems to be a specific end to the event. The boundlessness
of terrorism adds to its impact on the public perception of risk. Hobbs et al. (63)
consider the issue of risk communication to an alarmed public, a subject that
has been explored by studies of postal workers threatened by anthrax (S. Quinn,
T. Thomas & C. McAllister, manuscript in preparation).

Stakeholders’ Perception

Increasing attention has been given to analyzing the factors that affect how stake-
holders perceive and respond to risk as part of their involvement in decision pro-
cesses. A particular rich source of study has been the stakeholder processes related
to the U.S. Department of Energy’s (DOE) cleanup of atom bomb production fa-
cilities and the U.S. Department of Defense’s base-closure activities. The original
attempts by the DOE to manage its environmental problems were handled poorly,
in part representing the Cold War legacy of secrecy that surrounded anything re-
lated to nuclear weapons. The response to this poor management has been various
agreements with states and to a more formalistic and open process involving citizen
advisory groups. Kinney & Leschine (73) performed a procedural evaluation of the
Columbia River Comprehensive Impact Assessment (CRCIA), which included a
broad range of stakeholders who were charged with developing an assessment ap-
proach. Although the process is described as fitting under the analytic-deliberative
model recommended by the NRC (92) various problems occurred, particularly
related to achieving the elements of fairness and of competence called for un-
der participatory models based on the work of Webler & Tuler (130) and of
Habermas (55). Flynn et al. (32) noted that the technological stigma associ-
ated with the Rocky Flats DOE facility was explained reasonably well by social
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amplification theory to have developed from negative media coverage. Santos &
Chess (110), in a study of two stakeholder groups involved in U.S. Army advisory
boards, note that in addition to fairness and other aspects of process called for by
the work of Habermas and Webler, community advisory committees also value
outcome. Other social science theories of communication have been used as a
basis for evaluating risk communication and perception at DOE sites, including
Hamilton’s (58) assessment of technical and cultural aspects of decisions about
competing priorities for radium at the Fernald site. Trumbo & McComas (126)
also utilized a variety of models of risk perception to evaluate the role of cred-
ibility in a study of citizen response to communication about cancer clusters. In
particular, they explored the role of information processing in the not unexpected
outcome that the higher is the credibility assigned to the state health department
or to industry, the lower is the perceived risk. Study of the perception of cancer
clusters in Switzerland gave further support for the theory that individuals who
trust authorities are more likely to be accepting of expert explanations discounting
risk, in this case the explanation that the cluster was due to random chance (116).
In this study females were less trusting than males were and were more inclined
to believe that the cluster was due to factors other than pure chance. Siegrist (115)
has also explored the impact of expressing a risk by its probability as a decimal, as
compared with its frequency as a rate, by asking the question of willingness to pay.
Social contagion theory has been used to explain how social linkages within a rural
community faced with a controversial threat to its water supply played a role in the
different levels of risk perception within the community (111). Arvai (4) reported
that a risk was deemed more acceptable if it was known that a citizen participation
process had been involved, that by engaging in the process and communicating
about the participatory process, industry or government may enhance public trust
and the perception of legitimacy of decisions.

FOOD AND WATER SAFETY

Risk assessment has long been an approach used in food safety—in fact many of
the original concepts were developed by scientists working in the United States and
elsewhere at agencies responsible for food safety. There has been renewed empha-
sis in the use of risk analysis for food safety, in part because of the development and
application of risk techniques to microbial food contamination issues and in part
because of the globalization of the food industry and the need to harmonize regu-
latory approaches in response to trade issues (see discussion under Precautionary
Principle above). Hulebak & Schlosser (64) have reviewed the Hazard Analysis
and Critical Control Point (HACCP) approach that has been so effective in focus-
ing on hazards throughout the production and distribution process. Each control
point in the process can be identified, analyzed, and subjected to sensitivity anal-
ysis (37). Food safety issues in Europe have been considered in an International
Life Sciences Institute (ILSI) monograph, which provides an excellent overview
of risk assessment methods for chemicals in food and in the overall diet (120).



10 Feb 2005 13:4 AR AR238-PU26-06.tex XMLPublishSM(2004/02/24) P1: JRX

RISK ASSESSMENT 155

Exposure assessment for food has usually relied on questionnaires that depend
on dietary recall. Despite inherent problems, such questionnaires have been useful
for epidemiological studies. Tran et al. (125) developed a probabilistic method of
bridging two different commonly used surveys: the daily Continuing Survey of
Food Intake by Individuals, and the much larger but far more infrequent National
Health and Nutrition Examination Survey.

A key issue in microbial risk assessment is defining the susceptibility of indi-
viduals. The numbers of presumably susceptible individuals are increasing as a
function of the success of medical science in increasing the number of immune-
compromised individuals who have survived cancer chemo- or radiotherapy; have
survived immunosuppression for organ transplantation; or are alive with human
immunodeficiency virus (HIV) infection. The report of a workshop on susceptibil-
ity for microbial risk assessment was notable in its call for more precise definitions
of specific terms and concepts underlying understanding of microbial susceptibil-
ity (5). Makri et al. (84) have explored this important issue in a study of regional
differences in cryptosporidiosis, which included acquired immunodeficiency syn-
drome (AIDS) status along with reported levels of Cryptosporidium in tap water
and other exposure factors.

The existing quantitative dose-response models for population-based microbial
risk assessment also have been built on to deal with issues related to the number
of organisms ingested by an individual (54). Monte Carlo simulation has been
used to estimate the risk of waterborne cryptosporidiosis from a given amount
of oocysts of a specific strain of Cryptosporidium parvum (100). Using a novel
approach, the variability in susceptibility to the same number of infective agents,
another important consideration in microbial risk assessment, has been estimated
in relation to existing anti-Cryptosporidium IgG levels (123). Isolates of different
strains of Cryptosporidium had markedly different dose-response characteristics
(122). Similarly, risk factors have been linked to anticryptosporidium antibodies
in New Zealand (23).

An interesting approach to the abundant literature on the perception of risk of
genetically modified foods noted that the opposition of the European public may
be founded more on the lack of perceived benefits than on concern about the risk
(39).

CUMULATIVE AND AGGREGATE RISK ASSESSMENT

Two newer risk-assessment approaches that are particularly pertinent to the com-
plexity of human experience are aggregate risk assessment and cumulative risk as-
sessment. Aggregate risk assessment focuses on exposure to a single agent through
multiple routes (27, 65), e.g., exposure of children to chlorpyrifos through skin
contact and ingestion, in this case using a model developed specifically for resi-
dential situations (134). Cumulative risk assessment is more complex. The goal is
to evaluate the risks due to exposure to multiple agents by multiple routes (26, 66).
Understanding the synergistic and antagonistic interaction of different chemicals,
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for which exposure occurs at different times and in different ratios, is crucial but
still not well understood. Evidence is increasing that different agents acting by
different mechanisms do not interact unless at least one of these agents is above
the threshold for effect (56). Cumulative risk assessment is particularly pertinent
to environmental justice considerations.

ENVIRONMENTAL JUSTICE

Risk assessment has been used to identify the problem of environmental justice,
but it also has been criticized as incorporating informational biases that dispropor-
tionately underestimate risk to disadvantaged communities (67, 91). To some, the
limitations of risk assessment are part of the problem, as for example the report
of two community environmental justice issues in Australia (79). Other findings
include reports that larger chemical facilities tended to be located in communities
with larger African American populations (25) and that statistically significant
differences in perceptions of risk between Caucasians and Mexican Americans
in Tucson were observed only when socioeconomic variations were uncontrolled
(132). Differences in the type and amount of fish consumed by black fishermen in
the vicinity of the DOE’s atom bomb production facility, the Savannah River Site,
led to much higher risk levels than for white fishermen (9).

The issue of environmental justice has spurred new approaches to risk analysis
including both aggregate and cumulative risk assessment, as described above. The
literature directly related to the risk analysis and environmental justice issues is
growing but all too slowly—and the findings are inconsistent. Three facts seem
incontrovertible: Disadvantaged communities have more pollutant sources; disad-
vantaged communities have more unhealthy people; unhealthy people are more
vulnerable to the adverse effects of most pollutants. The extent to which the higher
levels of pollutant sources are causally related to poor health in disadvantaged
communities can be debated. But those communities with the highest exposure
and the most vulnerable people certainly should be the primary focus for envi-
ronmental protection, including environmental research. Without such a focus,
environmental justice will not be achieved.

INTERGENERATIONAL ISSUES

The risk imposed by the activities of one generation on another presents some
of the more intriguing issues in risk analysis (95). The controversy has in part
been sparked by concerns about long-term management of radioactive waste from
nuclear energy and the residues of atom bomb production (2). Long-term steward-
ship of such wastes has led to questions about breakthrough of radioactivity from
underground storage facilities into groundwater thousands of years from now.

Shorter-term issues include the stability of land-use restrictions when con-
sidering brownfield sites that are suitable for industrial development but not for
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children’s playgrounds. Discussion of these long-term stewardship issues is no-
table for the implicit or explicit assumption that risks will not change over time. For
example, the trajectory of early detection and treatment of cancer suggests that the
implication of a carcinogenic mutation caused by radioactivity 1000 years from
now will be of far lesser importance to our descendants than it is to us today—yet
that issue has not been considered.

Intergenerational issues can be very acute. For example, Glantz & Jamieson
(41) use a Honduras hurricane to point out intergenerational issues posed by the
decision to spend funds on immediate relief versus strong new buildings that would
protect against future hurricanes.
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8. Bostrom A, Löfstedt RE. 2003. Commu-
nicating risk: wireless and hardwired. Risk
Anal. 23:241–48

9. Burger J, Gaines KF, Gochfeld M. 2001.
Ethnic differences in risk from mercury



10 Feb 2005 13:4 AR AR238-PU26-06.tex XMLPublishSM(2004/02/24) P1: JRX

158 GOLDSTEIN

among Savannah River fishermen. Risk
Anal. 21:533–44

10. Calabrese EJ, Baldwin LA. 2003. Toxi-
cology rethinks its central belief. Nature
421(6924):691–92

11. Charnley G. 2003. How the risk commis-
sion evolved from the Red Book. Hum.
Ecol. Risk Assess. 9:1213–17

12. Chow JC, Engelbrecht JP, Freeman NC,
Hashim JH, Jantunen M, et al. 2002.
Chapter one: exposure measurements.
Chemosphere 49:873–901

13. Cohen SM, Klaunig J, Meek ME, Hill
RN, Pastoor T, et al. 2004. Evaluating the
human relevance of chemically induced
animal tumors. Toxicol. Sci. 78(2):181–
86
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