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ABSTRACT

Regulatory agencies faced with major scientific uncertainties in areas ranging
from nuclear power to toxic wastes frequently employ conservative assump-
tions that impart an upward bias to their risk assessments. This approach
confuses risk assessment with risk management, distorting science to influence
policy. Although motivated by a desire to emphasize safety over other con-
siderations, such as cost, this bias leads to an inefficient allocation of risk-
reduction resources because the degree of conservatism varies widely across
risk assessments. If this inefficiency is sufficiently severe, conservatism can
lead to less rather than more safety.

This paper examines the problems created by conservative assessments,
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focusing on carcinogens. It examines the different stages at which conserv-
ative assumptions can be introduced, and shows how the cumulative effect
of such assumptions can be far larger than is commonly realized. It then
shows how asymmetries in conservatism (e.g., between the treatment of
carcinogenic and noncarcinogenic risks) produce misallocations of control
efforts. An analysis of the debate about the Environmental Protection Agen-
cy’s (EPA’s) recently tightened limits on lead in gasoline illustrates these
potential problems. The paper argues that decision makers should rely on
expected values of the estimated probabilities of losses (e.g., lives lost or
cases of cancer), not on conservative estimates. The desire to give great
empbhasis to safety should be reflected in the decision rules applied by risk
managers, not in distorted probability estimates. The paper identifies several
steps to improve the realism of assessments.

I. INTRODUCTION

Conservatism in risk assessment is the standard approach in a wide range
of regulatory decisions, in fields ranging from control of toxic wastes to
approval of new drugs. Motivated by a desire to emphasize safety over
other considerations, the conservative approach employs assumptions that
tend to overstate risk. This bias in assessment leads to an inefficient al-
location of risk-reduction resources. The outcome even may be less safety
than would result from decisions based on more realistic assumptions.
The fundamental problem is that conservatism confuses risk assessment
with risk management. In its 1983 report, the National Academy of Sci-
ences’ Committee on Institutional Means for Assessment of Risks to Public
Health recommended that regulatory agencies distinguish between “risk
assessment,” the primarily scientific enterprise of estimating the hazard
associated with a substance or activity, and “risk management,” the design
and implementation of policies to control risks. Risk management relies
primarily on political, ethical, and economic judgments informed, but not
determined, by science. It involves such decisions as what levels of risk
are acceptable and what trade-offs are appropriate between risk and other
factors, such as control costs (National Academy of Sciences, 1983).
During his second tenure as administrator of the Environmental Pro-
tection Agency (1983-1985), William Ruckelshaus embraced the assess-
ment-management distinction as an important organizing principle. He
emphasized the need to improve the scientific quality and consistency of
EPA’srisk assessments. On the management side, he argued for procedural
and statutory changes to help decision makers give more comprehensive
and consistent consideration to the trade-offs in environmental decisions.
Separating assessment and management offers important advantages. It
shields the scientific process from political manipulation; decision makers
cannot alter the risk assessment to fit the policy choice they wish to make.
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Conversely, decision makers do not have to accept implicit policy choices
masquerading as scientific fact. The distinction can clarify public discussion
and accountability by making the scientific and value judgments that un-
derlie decisions more explicit.

In practice, the line between risk assessment and management is often
blurred. Fundamental gaps in scientific knowledge and data limitations
make risk assessment a highly uncertain endeavor, requiring many choices
among competing models and assumptions. There is a strong temptation
to have such choices reflect implicit policy judgments rather than science.

This blur is most apparent in current techniques for estimating the risks
associated with carcinogens, which employ conservative assumptions that
bias the estimates upward. The intent is to err on the side of safety by
minimizing the chance that risks will be underestimated and thus under-
controlled. But this approach intrudes the risk assessment process into risk
management. In deciding how conservative to make their estimates, risk
assessors implicitly trade off risk against other factors. Unless they explicitly
acknowledge these trade-offs and quantify them, their assessments will
mislead others, including those charged with managing risks. For example,
risk managers will be more likely to impose a costly regulation if they
mistakenly believe that it can prevent ten cases of cancer than if they
correctly realize that it will eliminate only one case.

Advocates of the conservative approach are likely to view this tendency
toward greater control as a virtue; conservatism is intended to give extra
weight to protecting public health and, under conditions of massive un-
certainty, to err on the side of safety. In fact, however, conservative risk
assessment is a deeply flawed approach to protecting public health. It
violates the distinction between risk assessment and risk management,
concealing value judgments and policy choices under a cloak of science.
It creates capricious differences in the degrees of safety provided across
different substances and policy areas, because degrees of conservatism vary
widely. Finally, because regulators must make complex trade-offs among
different risks (not only between risk and cost), conservatism can lead to
less rather than more safety, by misdirecting public concern and scarce
agency and societal resources.

We first show how traditional procedures for assessing carcinogenic risks in-
ject conservatism at multiple stages. We then discuss how these procedures can
distort risk management decisions and argue that appropriate risk assessments
will generate expected values rather than upper-bound estimates.

ll. SOURCES OF CONSERVATISM IN RISK ASSESSMENT

Estimating the impact of a regulation on risk is a complex, multistage
process. For expositional purposes, consider a highly simplified framework
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with three stages—emissions, exposure, and risk—that correspond roughly
to the division of labor among different disciplines.’ Engineers may
estimate how a regulation will affect emissions, while specialists in
dispersion modeling translate emissions into exposure estimates, and
biomedical experts and statisticians prepare the dose-response estimates
that convert exposure to the outcome measure of ultimate concern, reduc-
tions in risk.

The overall reduction in risk due to a regulation is a multiplicative func-
tion of the individual elements: reduction in emissions, the amount of
exposure per unit of emissions, and the level of risk per unit of exposure.?
As aresult, the individual uncertainties are compounded in the uncertainty
attached to the overall estimate. Conservatism at each step enters multi-
plicatively in the final estimate.

A. Emissions

The first step of the process is the most straightforward: estimating the
levels of emissions that would prevail with and without a proposed regu-
lation. The difference between these two quantities, both likely to be at
least somewhat uncertain, represents the effect of the regulation. Although
the following discussion refers to emissions—a term often reserved within
EPA for air pollutants—it applies equally well to releases of pollutants
into other media.

Baseline Emissions

Baseline (preregulation) emissions depend primarily on emission rates
(per unit of output) and the level of production. Emission estimates may
be inflated by assuming that plants operate at full capacity. Often emission
rates must be estimated from an engineering analysis of a model plant,
though actual “‘uncontrolled” emission rates are likely to vary widely,
depending on a host of source-specific factors. In addition, some sources
already may have controls because of preexisting state or local regulations
or economic self-interest (e.g., the recovery of valuable feedstocks). Reg-
ulatory agencies often base their priorities initially on old estimates of
emission rates that are not representative of current technology and con-
trols. Later analyses, available when regulations are proposed and pro-
mulgated, are likely to be more accurate, but by then some important
choices may have been determined by the earlier, conservative assump-
tions. In setting priorities for regulating sources of benzene emissions, for
example, EPA assigned high priority to maleic anhydride plants on the
basis of emission estimates that later proved too high by an order of
magnitude.*
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Postregulation Emissions

The effectiveness of a regulation may be quite uncertain, particularly
when it is a design rather than a performance standard. How long, for
example, will a particular liner prevent leaks from a hazardous-waste land-
fill? Similarly, the standards likely to be proposed soon for coke ovens are
stated in such terms as the percentage of doors leaking; because the link
between that measure and emissions is uncertain, the “minimum’’ and
“maximum” emissions estimates vary by about an order of magnitude.’

Even when performance standards are contemplated, emission levels
may be difficult to predict. To ensure that they will be in compliance, firms
concerned about the excessive cost of having to retrofit if they fail to meet
a standard may design controls to do better than required. Some firms may
switch to a different production process, eliminating emissions entirely.
Conversely, equipment failures, poor maintenance, or lax enforcement
may lead to higher-than-expected emissions after the standard is imposed.®

B. Exposure

The first step in estimating the link from emissions to exposure is typically
to predict the dispersion patterns of the substance, generally by using
computer models. For air pollutants, estimated concentrations based on
the dispersion modeling are then combined with population data to esti-
mate total population exposure and its distribution. For other pollutants,
additional steps may be required, such as estimates of drinking water use
(in the case of water pollutants) or of food consumption (for pesticide
residues or contaminated fish). Each step is uncertain, requiring choices
among alternative assumptions and estimates; thus each offers opportun-
ities for (and temptations toward) conservatism.

Dispersion Modeling

‘The accuracy of dispersion models varies widely across media and sub-
stances, but even the best models for the most tractable pollutants are
uncertain (Miller, 1978). Often accuracy is further attenuated by the use
of standard inputs to the models, rather than site-specific data. The models
are less accurate when chemical reactions in the ambient environment are
important. ‘

Conservatism may enter dispersion modeling in the selection of param-
eter values. For air modeling, meteorological data may be used that lead
to high ground-level concentrations (and thus higher exposure levels). Dis-
persion modeling for benzene emissions from maleic anhydride plants, for
example, used data from Pittsburgh, where “meteorological conditions that
maximize ground level concentrations. . .are common” (U.S. Environ-
mental Protection Agency, 1980, pp. 4-11). A later modeling effort com-
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missioned by the Chemical Manufacturers’ Association, using essentially
the same model but local meteorological data for each plant, predicted
substantially lower concentrations (Galluzzo and Glassman, 1980).

For pollutants in the ground, conservative assumptions may be made
about soil types and other key conditions (such as the presence of under-
ground water flows), leading to faster and longer transport of the pollutants.
Such conservatism is most likely when the analysis is restricted to a single
model source.’

Population

Estimates of ambient concentrations must be combined with data on
human populations and behavior to calculate exposures. With air pollu-
tants, for example, the models predict outdoor concentrations, but most
people spend the vast majority of their time indoors. Recent studies have
found little correlation between indoor and outdoor concentrations for
many pollutants. Although indoor concentrations are higher because of
indoor sources (which typically are not regulated by EPA), reductions in
outdoor levels often have a less than one-for-one impact on indoor air
(Spengler and Sexton, 1983).

For all types of pollutants, behavioral assumptions are important. Cal-
culations of maximum individual exposure levels typically assume that some
people are born and die at the point of maximum concentration, and never
leave it, even to go to work or school. Estimates of the risk from ground-
water contamination often fail to recognize that contamination may be
discovered and alternative water supplies substituted. In general, failure
to recognize that people may take steps to avoid exposure (for example,
by buying bottled water if their well water is contaminated) leads to over-
estimates of exposure, and hence risk.® '

C. Dose—Response Relationship

Estimating the dose—response relationship that converts exposure to risk
is by far the most uncertain and controversial step, with the greatest po-
tential for the introduction of conservative assumptions. The primary sources
of data are high-dose studies of laboratory animals and epidemiological
studies of workers exposed to much higher concentrations than the general
population would encounter. The major uncertainties in extrapolating from
animals to humans and from high to low doses both provide fertile ground
for conservatism.

Animal to Human

Where possible, risk assessments rely on human epidemiological data.
Often, however, only studies of laboratory animals are available. There
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are obvious conceptual difficulties in extrapolating from small, genetically
homogeneous animals (often bred to be particularly susceptible to cancer)
to much larger, genetically diverse human beings, who live far longer.
Although most scientists accept demonstrated carcinogenicity in animals
as strong qualitative evidence that the substance will be carcinogenic in
humans, methods for estimating human dose-response relationships from
animal data remain highly controversial. Some scientists dispute the basic
premise that data from small rodents provide useful starting points for
quantitative predictions of human responses’; unfortunately, there is often
no realistic alternative.

The sources of uncertainty are numerous, including general problems of
quality control (particularly in older studies), differences in pathologists’
interpretations of slides, differences in how long the animals are kept alive,
and the fact that animal studies often involve different routes of exposure
than those for human beings. Risk estimates for an inhaled airborne sub-
stance, for example, may be based on animal feeding studies.

The most concrete quantitative issue is the computation of equivalent
doses. The two most widely used bases for translating animal doses to
human equivalents are weight and surface area. This is no trivial issue.
Because surface area increases much less, proportionally, than weight does
as one moves from small to large animals, the surface—area conversion
leads to much higher risk estimates in extrapolating from animals to hu-
mans. For mice, the difference between the two methods is roughly a factor
of 13; for rats the difference is approximately a factor of 6.'° Statistical
studies of carcinogens that have been tested in more than one species fail
to provide much basis for choosing among the two methods (Crouch and
Wilson, 1979, 1981). EPA relies on the more conservative surface—area
method.

Two other standard procedures also reflect a tendency to select the most
conservative of several plausible alternatives. First, where multiple species
(or strains of the same species) and sexes have been tested, data from the
species-strain-sex group yielding the highest risk estimate are used (unless
that study is unusually small or otherwise flawed). The primary rationale
is that because human beings are genetically diverse, the most sensitive
animal strain should be used to account for more sensitive segments of the
human population. But the fact that some people are less sensitive than
average, and others merely average, also should be considered in estimating
population risks. In general, we want to know the average risk in the
exposed population.™

Another source of conservatism is the counting of both benign and ma-
lignant tumors in animal studies. The argument is that benign tumors may
progress to malignancy, and that a substance producing benign tumors in
animals might produce malignant ones in human beings. Most benign tu-
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mors, however, never become malignant, so this procedure almost certainly
overestimates the incidence of cancer. To calculate the incidence of cancer
in human beings in an analogous manner would mean autopsying everyone
who died and connting all tumors, benign and malignant, whether or not
they were the proximate cause of death; the resulting “cancer rate” would
be much higher than the true one.

Extrapolation to Low Doses

Neither epidemiological data nor laboratory experiments with animals
can detect low-level risks; the sample sizes needed to detect small incre-
ments in risk are simply too large (Schneiderman et al., 1975). Thus, risks
to the general population ordinarily are assessed by studying individuals
with unusually high exposures (often workers) or giving animals doses far
beyond those likely to be encountered by people. Various mathematical
models have been developed to perform the necessary extrapolations. Un-
fortunately, current theory does not provide unambiguous support for any
one of them, nor can empirical tests determine which is most accurate.

Regulatory agencies most often use some variant of the “one-hit” model.
At low doses, this model is very closely approximated by a straight line
through the dose-risk origin; that is, it predicts that risk is proportional to
dose. Thus, for example, if the relevant dose is 1000 times lower than the
level at which the risk is measured, the estimated risk also is 1000 times
lower. In estimating the dose~response function from epidemiological data,
EPA’s Carcinogen Assessment Group (CAG) usually uses the linear ap-
proximation of the one-hit model (Anderson, 1982).

With animal data, the CAG uses the multistage model, which is closely
approximated by a polynomial at low doses (Anderson, 1982). (In those
rare cases where epidemiological studies yield several dose groups, the
CAG also uses this model for human data.) The number of nonlinear terms
estimated is 1 less than the number of dose groups in the relevant study;
for example, if the study has two dose groups in addition to the controls,
coefficients are estimated for both dose and dose—squared. The CAG first
computes the maximum likelihood estimates (MLEs) for each parameter,
with the constraint that they all be nonnegative. In most cases, the linear
term is nonzero, and it dominates the predicted risk at low doses. In some
cases, however, the MLE of the linear term is zero. To force linearity at
the low-dose level, in all cases (even when the MLE of the linear term is
positive) the CAG uses the 95 percent upper confidence limit of the linear
term, rather than the MLE, in making its risk estimates. When the MLE
of the linear term is positive, this procedure increases the low-dose risk
estimate by a factor of roughly 2 to 3. When the MLE of the linear term
is zero, however, this procedure can increase the low-dose risk estimatc
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by several orders of magnitude.”” Thus, although the CAG uses a model
for animal data that allows for nonlinearity, its method of estimation en-
sures that the linear portion will dominate.®

The CAG’s rationale for forcing linearity is twofold. First, the theory
underlying the multistage model argues that the linear term should be
positive. Second, low-dose predictions of risk based on maximum likeli-
hood estimates of the multistage model can be extremely unstable with
certain data sets. Two sets of parameter values, for example, one with a
zero linear term and the other with a positive one, may yield virtually
identical values of the likelihood function for the observed data, yet gen-
erate very different low-dose risk estimates. Moreover, in such cases, very
small changes in the data (e.g., a change in the response of one animal in
the experiment) can determine whether the linear term is positive, and
thus generate low-dose risk estimates that vary by orders of magnitude.
The 95 percent upper confidence approach does not suffer from this
hypersensitivity.

Although reliance on a pure MLE approach probably would be unde-
sirable, it should be possible to develop alternative procedures that pre-
serve the desirable element of stability without unnecessarily injecting
additional conservatism; as noted above, the current method increases the
risk estimates by a factor of about 2 even when the MLE yields a positive
linear term. EPA is now considering such alternatives.™*

Virtually all of the other extrapolative models are convex at low doses;
as the dose is reduced, risk falls more than proportionally. (Well-known
nonlinear alternatives include the log-probit, logit, and multihit models.)
With a two-hit model, for example, reducing the dose by a factor of 1000
reduces risk by a factor of roughly 1 million."” Thus, when estimated from
the same high-dose data, these nonlinear models predict far smaller low-
dose risks than the one-hit model or the linearized version of the multistage
model.

Unfortunately, the various models often give similar fits to the data from
laboratory or epidemiological studies, so empirical tests are inconclusive.
When the extrapolation from data to the exposures of concern covers doses
that differ by a factor of 100 or more (which typically is the case with
environmental carcinogens), the nonlinear models usually predict risks that
are hundreds or thousands of times lower than those predicted by the linear
model.'® Thus, with rare exceptions for extremely potent carcinogens or
unusually high exposure levels, regulations to reduce exposure of the gen-
cral population to environmental carcinogens do not seem justified unless
one believes that the linear assumption has a reasonable probability of
being correct (or at least provides a good approximation of the true dose—
response function)."”
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Most scientists believe the one-hit model (and its variants) represents
an upper-bound estimate of low-dose risks. Elizabeth Anderson (1982),
then director of EPA’s Office of Health and Environmental Assessment,
noted that “the linear, nonthreshold curve is regarded by most scientists
working in risk assessment in the United States, as usually placing a plau-
sible upper-bound on risks, i.e., the risks are not likely to be higher.” The
CAG has been quite explicit that its estimates are meant to establish plau-
sible upper bounds on risk, not to assess actual risk as precisely as possible.
The group’s reports generally acknowledge that the plausible lower bound
is zero, but summary documents prepared for decision makers or the public
often do not include such statements. Typically, numerical calculations
(e.g., cost—effectiveness ratios) rely solely on the upper-bound estimate.

There is little agreement about the margin by which the linear assumption
overpredicts risk. Some scientists seem to accept it as giving a plausible
estimate of actual risks, though their support for the model may be based
largely on a policy judgment that assessments should err on the high side.
Other scientists believe that thresholds apply to carcinogens as well as to
other substances, so that low-level exposures almost certainly are harmless.®

Recent work in biokinetics suggests that for many carcinogenic sub-
stances it is metabolites, rather than the substances themselves, that in-
teract with DNA (deoxyribonucleic acid) to cause cancer. Even if the
relationship between those metabolites and risk is linear, the relationship
between exposure to the substance and risk is likely to be nonlinear, be-
cause the metabolic processes involved are nonlinear. For the most part,
this suggests that risks at low doses will be substantially lower than those
estimated by the linear model, although in a few cases the metabolic non-
linearity runs in the opposite direction, yielding higher risks at low doses
than those predicted by the linear model (Hoel et al., 1983)."° These studies
also suggest that the shape of the dose—response function is likely to vary
across substances depending on the specific metabolic processes involved,
so any research for a single “right” functional form may be misguided.

An Example

A decision-analytic case study of perchloroethylene (PCE) by Campbell
et al. (1982) illustrates some of these issues and the ways in which con-
servative assumptions can affect the results. The authors consider two
possibilities for each of three steps in estimating the unit risk factor for
PCE: (1) the form of the dose—response model (linear vs. nonlinear); (2)
the method of extrapolation from animals to human beings (surface area
vs. weight); and (3) the species used for extrapolation (mouse vs. rat,
where the mouse study showed a higher response rate). When eight (2°)
possible combinations of assumptions were evaluated, the resulting esti-
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mates varied by a factor of 35,000, ranging from the low estimate derived
from a nonlinear, weight-based extrapolation from the rat study to the
high estimate derived from a linear, surface-area-based extrapolation from
the mouse study. Given current scientific knowledge, one cannot determine
which set of assumptions gives the best estimate.”® Standard risk-assess-
ment procedures used by EPA and other agencies would use the most
conservative assumption for each step, and thus would yield the highest
estimate.

Ill. CONSERVATISM AND MISALLOCATION

Conservative risk assessment procedures for carcinogens are the product
of great scientific uncertainty and an implicit policy judgment that regu-
lators should err on the side of safety. Few would disagree that risk as-
sessment is beset by tremendous uncertainties or that EPA and other risk-
management agencies should give great weight to safety in their decisions.
But deliberate, exaggerated conservatism in risk assessment is an exceed-
ingly inefficient way of erring on the side of safety and may even lead to
less protection than would result from more realistic risk assessments.

Conservatism has many flaws as a way of providing a margin of safety.
We believe decision makers who wish to err on the side of safety would
do better to use unbiased risk estimates and then attach a high value to
the risks reduced. Compared to the current approach, such a strategy would
lead to less stringent regulation in some circumstances (those where current
assessments are most conservative), but tighter regulation in other cases.
Whether it would increase or decrease overall risk-reduction efforts is an
open question; it is quite possible that expenditures and overall risk both
would go down.

In this section we first show overall conservatism in carcinogen risk
estimates may be far greater than commonly realized because conservative
assumptions are employed at many points. Moreover, the degree of con-
servatism can vary widely across substances, because of inconsistencies in
procedures or because the same procedure has very different implications
for different substances and regulatory contexts. We then show how these
differences in conservatism can lead to regulatory decisions and priorities
that yield less safety than would be achieved with unbiased assessment
procedures. Although our focus is on risk assessment, our arguments against
conservatism apply as well to estimates of the dollar and other costs of
controls, such as losses of jobs. The information provided decision makers
about such costs should reflect realistic assumptions and the range of pos-
sible outcomes, not worst-case assumptions that overstate the likely eco-
nomic impacts of regulation.
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A. Greater-than-Intended Conservatism

Assessing the risks posed by carcinogens is a highly uncertain enterprise.
Assessors must choose among alternative assumptions and models on the
basis of limited evidence. The general, though not universal, tendency is
to make conservative (or worst-case) choices throughout the process. This
tendency is likely to be reinforced by the fact that different groups are
responsible for different stages. Each choice, when viewed in isolation,
may appear reasonable and prudent. Multiplied together, however, even
modest overestimates can easily compound to yield a substantial overes-
timate of the overall risk.

Suppose, for example, that the risk assessment involves five key steps,
and that the final risk estimate is the product of those five steps. The steps
might be emission level, exposure per unit of emissions, the method for
converting from animal to human doses, the dose~response model, and
the statistical method for estimating the model’s parameters. Let the degree
of conservatism applied at each step be relatively modest; experts estimate
that each parameter value is the 90 percent upper confidence limit, and
that it is twice the expected value. The cumulative effect is severe. As-
suming that the individual steps were statistically independent, the final
estimate would exceed its expected value by a factor of 2°=32 and would
have far more than a 90 percent chance of being higher than the true value.
Precisely how much higher depends on the density functions associated
with each parameter estimate. If all the parameters were distributed log-
normally with the same variances and were independent, the product of
five 90th percentile estimates would have a 99.8 percent chance of being
too high.”

In practice, decision makers typically cannot tell how conservative the
final estimate is. Information on the conservative assumptions may not
appear in the summary documents they see, and in any case the effects of
the conservative assumptions rarely are quantified. As a result, the decision
maker does not know whether the overall estimate in any particular case
represents the 80th, 95th, or 99.9th percentile of the distribution of possible
estimates. The estimate could be higher than the expected value by a factor
of 2, 10, or 1000. The decision maker may not have even a rough qualitative
feel for the degree of conservatism.”

B. Variations in Conservatism

The degree of conservatism is likely to vary significantly from one risk
assessment to another. Different agencies may follow inconsistent proce-
dures for carcinogenic risk assessment. The Office of Science and Tech-
nology Policy (49 Federal Register 21594, 1984) has issued a set of cancer
risk-assessment “‘principles” to promote greater consistency across agen-
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cies, but they leave much room for differences among agencies in the details
of implementation. Consistency can be a problem even within a given
agency; the risk assessment guidelines recently proposed by EPA (49 Fed-
eral Register 46294, 1984) represent an effort to ensure uniform procedures
across the offices in that agency.

Uniform guidelines eliminate only one source of inconsistency due to
conservatism. If all estimates that rely on animal tests, for example, use
the results from the most sensitive species tested, the degree of conserv-
atism will tend to rise with the number of tests conducted for a particular
substance. Similarly, the practice of counting benign as well as malignant
tumors in animal tests may distort relative-risk estimates if substances differ
in the mix of tumors they cause in test animals. If the techniques used for
animal tests are more conservative than those used when human epide-
miological data are available (e.g., because of the factor used to convert
animal doses to their human equivalents, the use of the most sensitive
group tested, or the use of upper-confidence-limit parameter estimates),
then the upward bias will be higher for substances for which the only data
come from animal tests.

The assumption of linearity in the dose—response relationship also can
impose different degrees of conservatism. Suppose that the available data
are from an epidemiological study of farm workers exposed to high doses
of a pesticide. Even if the true relationship is nonlinear, little bias will
result from using the linear model with those data to predict the risk for
other workers exposed to similar or slightly lower levels. (Indeed, any bias
may be toward underestimating the amount of risk reduction achieved by
controls, because nonlinear models show higher marginal risk at high doses.)
But a substantial overestimate may result from using that same model and
the same data to predict risks for members of the general population
exposed to trace residues.”

C. Misordered Priorities

Differences in the conservatism of assessments, even if all assessments
are “too high,” can lead to less rather than more safety. Suppose the true
carcinogenic risk of substance A is twice that of substance B. Because of
differing degrees of conservatism, however, the risk from A is overesti-
mated only by a factor of 2, while the risk from B is overestimated by a
factor of 10. Decision makers reviewing these estimates will conclude that
B is more dangerous and deserves more stringent control than A, when
in fact the reverse is true. The problem is particularly striking when the
two substances are substitutes (e.g., alternative pesticides for the same
use), and the decision maker must decide which one should remain in use.
More generally, regulatory agencies have limited resources and can pursue
only some of the actions they might like to undertake. EPA’s Office of
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Toxic Substances, for example, has identified thousands of potentially haz-
ardous chemicals in use, but cannot afford to examine more than a handfu]
at a time. The Office of Pesticide Programs faces similar problems in dealing
with the backlog of reviews of existing pesticides.

Carcinogens vs. Noncarcinogens

Not every pollutant is a carcinogen. The procedures for estimating non-
carcinogenic risks typically are less conservative than those for carcinogens;
that is, they lead to less extreme overestimates. Most often EPA does not
attempt to quantify noncarcinogenic risks at all, focusing instead on am-
bient standards or on the technological feasibility of controls. When quan-
titative estimates are attempted, EPA usually does not extrapolate far
beyond the range of exposures at which adverse effects have been found.?

As a result, priorities between carcinogens and noncarcinogens may get
distorted, both in the context of individual regulations and within or across
programs. Control of one pollutant may increase the level of another.
Reducing the amount of lead in gasoline, for example, may increase the
amount of benzene. Control of a pollutant in one medium may increase
its presence in another; certain types of pollution treatment facilities, for
example, eliminate toxic substances from water by volatilizing them to the
air. If different degrees of conservatism are applied to different types of
substances and media, decision makers may misperceive the true impli-
cations of the alternatives and take actions that increase overall risk.

Direct trade-offs between carcinogenic and noncarcinogenic risk are fairly
unusual, but agency decision makers routinely must decide how to divide
limited contract dollars and personnel between carcinogenic air pollutants
and “conventional” (i.e., noncarcinogenic) ones. If they base such deci-
sions on assessments of relative risks, differential conservatism can lead
them astray, causing them to devote relatively too many resources to car-
cinogens and too few to noncarcinogens.

The potential distortion is seen most readily by comparing agencies
charged with regulating very different types of risks. Some risks are com-
mon enough and easily enough measured that reliable statistics are avail-
able. We have very accurate counts of how many people die in motor
vehicle accidents each year, for example. Predicting the effects of inter-
vention — such as air bags — is more difficult, but still much less uncertain
than predicting the health impact of lowering the emissions of a carcino-
genic substance. As a result, conservatism is not a very important issue in
risk assessments for such problems. Observers may argue about which
estimate is more accurate, but the band of uncertainty is relatively narrow.”
And because we have good data on the baseline risks, gross overestimates
of risk reduction can be detected; the number of highway fatalities, for
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example, places a firm upper bound on estimates of the number of lives
that might be saved by air bags.

Not so with carcinogenic risk assessment. The greater the uncertainty
about a given effect, the more likely it is to be overestimated under con-
servative approaches.”® As a result, decisions based on conservative as-
sessments are likely to overcontrol highly uncertain risks, such as
environmental carcinogens, relative to those that can be estimated with
more precision, such as highway accidents. This point is an important one.
In a general-equilibrium context, in which alternative risk-reduction activ-
ities must compete for scarce Iesources, asymmetric conservatism may
reduce overall safety.?

Some critics have argued that current risk-assessment procedures un-
derstate risks (and hence the benefits of regulation) because so few sub-
stances have been tested adequately and because many assessments are
restricted to a single health effect—cancer.”® These are real problems that
deserve attention, but they can not be solved by overestimating the risk
of cancer from identified carcinogens. Indeed, such overestimates are likely
to exacerbate the problem by diverting scarce resources away from dealing
with a broader array of substance and health effects.

One could also argue that most people view cancer as a worse way of
dying than other diseases (such as heart attacks), so that carcinogenic risk
assessment should be especially conservative. The appropriate way of re-
flecting that preference, however, is to assign greater weight to cancer
deaths than to other fatalities in making risk-management decisions, not
to differentially overstate cancer risks.?

Lead vs. Benzene

The debate about EPA’s most recent rules limiting lead in gasoline
illustrates some of the distortions that can arise from asymmetric conserv-
atism in assessing carcinogenic and noncarcinogenic risks. Exposure to high
levels of lead can lead to neurological damage in children.® Extensive
statistical analyses have shown that decreasing lead in gasoline would greatly
reduce the number of children exposed to that risk. EPA estimates that
its new, more stringent rule will reduce by more than 150,000 per year the
number of children with blood lead measurements above the level set by
the Centers for Disease Control (CDC) for follow-up care. Recently com-
pleted studies also suggest that exposure to lead raises blood pressure in
adult males, and that the rule could eliminate each year more than 1.5
million cases of hypertension and more than 5000 deaths from heart attacks
and other diseases related to blood pressure.

Because the rule will increase the cost of manufacturing leaded gasoline,
it is expected to reduce misfueling — the misuse of leaded gasoline in cars
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that need unleaded to protect their pollution control devices. Thus emis-
sions of hydrocarbons, nitrogen oxides, and carbon monoxide also should
decrease. Finally, because lead and the scavengers added to leaded gasoline
combine to corrode exhaust system and engine parts, reducing lead in
gasoline should reduce automobile maintenance expenditures by almost
$1 billion per year.

On the negative side, the refining processes used to meet octane re-
quirements with less lead are likely to increase the amounts of aromatics
in gasoline, including benzene, a leukemogen that EPA has listed as a
hazardous air pollutant. Some observers saw this increase in the benzene
content of gasoline as a potentially serious adverse side effect of the pro-
posal to reduce lead in gasoline.*

Any comparisons of the benzene and lead risks are distorted, however,
by the very different degrees of conservatism employed in their estimation.
The benzene risk estimate followed the conservative procedures outlined
above for carcinogens. Based on studies of workers exposed to several
hundred parts per million of benzene, the estimation extrapolated linearly
down to current ambient concentrations of several parts per billion. A
variety of other conservative assumptions also biased the CAG unit-risk
estimate upward (Nichols, 1983).

The lead analysis, in contrast, was based on data on exposures at the
relevant levels. Moreover, the quantitative risk estimate for children did
not include any effects below the blood-lead levels defined as toxic by the
CDC, though many studies suggest that damage can occur at lower levels.
(These lower levels in dispute are roughly one-half the levels at which
serious effects are well accepted, not hundreds or thousands of times lower,
as with benzene.)

The estimates of the effects of lead on adult health are even more re-
stricted. Because the study linking blood lead and blood pressure showed
a statistically significant result only for males, women were not included
in the estimate. (These results were consistent with animal studies, in which
lead induced elevated blood pressure in male, but not female, rats.) And
because the best data on cardiovascular risk factors were for white males
aged 40-59, no estimates were included for nonwhites or for whites outside
that age range. Had the procedures employed been analogous to those
used with carcinogens, the results for white males aged 40-59 would have
been extended to women, nonwhites, and other age groups, yielding es-
timates many times higher. (The benzene estimates were based on men of
working age, but were applied to both sexes and all ages. When animal
tests are used for extrapolation with carcinogens, the results from the sex—
species group with the highest excess risk are applied to people of all ages
and both sexes.)
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Because of these differences, any direct comparison of the lead and
benzene risks as traditionally estimated by EPA is misleading and might
have led to undercontrol of lead to avoid the exaggerated risks estimated
for benzene. Two factors prevented this outcome. First, even with the
conservative approach used for benzene, the estimated risks are relatively
small; the estimate for evaporative emissions from gasoline marketing
(service stations plus wholesale terminals) is less than four cases of leukemia
per year from benzene.” In contrast, several thousand deaths may be
caused by blood-pressure-related diseases associated with lead, and hundreds
of thousands of children are at risk of neurological problems and other
health effects. Second, and probably more important politically, additional
analysis showed that reducing lead in gasoline will reduce net benzenz
emissions. As the EPA rule makes leaded gas more expensive, it will reduce
the misfueling problem; as fewer pollution control catalysts are disabled,
emissions of benzene and other hydrocarbons will decline.®

We cannot expect that the bias introduced by asymmetric conservatism
will always be so fortuitously overcome. This example illustrates what we
believe to be a broader problem: EPA spends more of its marginal re-
sources regulating carcinogens, as compared to other types of environ-
mental hazards, than is warranted by their likely benefits for public health
and welfare. The reasons for this misplaced emphasis include failures to
apply rational principles of risk management, public misperceptions about
relative risks from carcinogens and noncarcinogens, and statutes that reflect
these misperceptions. Asymmetric conservatism, which overstates carcin-
ogen risks, also contributes to the problem.

Misperceptions of Probabilities

Public policy with respect to risks also is complicated by the great di.f-
ficulty that individuals have in perceiving small risks accurately and in
processing such information. An extensive literature has developed Ol’l.thlS
subject, showing through experiments and other means the very serious
biases that pervade perceptions of different risks. Small changes in the
ways in which choices involving uncertainty are presented, for example,
can lead to radically different choices. [Kahneman et al. (1982) provide a
useful summary of much of this research.]

These perceptual problems raise serious philosophi.al issues about the
criteria that public decision makers should use in questions involving ri§k.
In particular, what relative weight should be given to perceived risks, \fvhlch
may be based on very poor information and are subject to various blgses,
as compared to estimates derived from experts, and when should either
class of estimates be recalibrated to account for known psychological pro-
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pensities? This subject goes beyond the scope of this paper. We believe
that whatever position one takes on this question, however, it is not ap-
propriate to distort the “objective” assessment to make it correspond with
public perceptions.

IV. THE EXPECTED-VALUE APPROA\CH

The major conceptual alternative to conservative analysis Is\to compute
the expected value of risk in terms of a probability of loss. Under that
approach, the risk assessors make alternative estimates and compute the
weighted average, weighting each estimate by the probability that it is
correct. If one model predicts a risk of 10™* at the relevant dose, while
another predicts a risk of 107>, and the assessors believe that the first
estimate is three times more likely to be correct than the second, then the
expected value is 0.75(107%) + 0.25(107%) = 3.25 x 107*

The expected-value approach does not entail simple acceptance of the
“most likely” estimate, which in the example above would be 10™*. Rather,
it uses the full range of estimates. Thus it does not ignore asymmetries in
the uncertainties, nor does it reject “high” estimates. This is important,
because much of the expected gain from regulation often comes from a
small probability that a substance poses a relatively high risk.>

A. Risk Aversion

Most people, if given a choice, will not accept actuarially fair gambles
that involve substantial sums of money. Suppose a lottery offers partici-
pants a 50-50 chance of doubling their annual income or losing it altogether.
Although the expected value of that lottery is zero — not negative — most
people would pay a substantial amount of money not to have to enter it.
Decision analysts describe such individuals as risk-averse.

What about risks to health? Suppose chemical A poses a risk of cancer
of 107* for each year of exposure. The risk from chemical B is uncertain;
there is a 90 percent chance that it is “‘safe” (0 risk) and a 10 percent
chance that it poses a risk of 107 (that is, 10 times higher than A). If
they must be exposed to one of these substances, which one should risk-
averse individuals choose? Intuition may suggest that they should prefer
A, because with B they run the chance of exposing themselves to a much
higher risk. In fact, however, they should be indifferent. The expected risk
with B is 0.9(U) + 0.1(107%) = 10°, precisely the same risk posed by A.
And unlike the person offered a double-or-nothing lottery on her/his salary,
these individuals are not offered a choice between a certain and an un-
certain future. Rather they must choose between two risks involving the
same stakes. Risk aversion applies to states, not probabilities. It is irrel-
evant to this choice, because what is at issue is not the potential outcome
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(““cancer” in both cases), but rather the probability of that event. Individ-
uals, whether risk-averse or risk-neutral, should rely on unbiased proba-
bility estimates, computed as the expected value of the probability
distribution c1 a probability.**

Risk Aversion on Risks to Society

This logic indicates that individuals should base their decisions on the
expected value of the risk estimate, not a conservative estimate. Some
observers argue that this conclusion should not be extended to societal
decisions, where the risks will apply to many individuals. Continuing the
example above, suppose the decision is being made by EPA, and that 1
million people will be exposed to the substance. If A is chosen, the decision
maker can anticipate that about 107°(10°) = 10 extra cancers will occur
each year. If B is chosen, however, there is a 10 percent chance that about
107%(10°% = 100 extra cancers will occur, and a 90 percent chance of none.
Thus A offers 10 cases with relative certainty, while B offers a lottery with
a 0.1 chance of 100 and a 0.9 probability of 0, with an expected value of
10 cases. Although both substances offer the same expected risk, some
believe that society should be risk-averse and choose A. In the context of
nuclear power, the analogous argument is that low-probability catastrophes
involving thousands of deaths should receive more weight than the ex-
pected-value computation would assign them. The simultaneous death of
1000 people in the same town is seen as worse than the isolated deaths of
1000 otherwise identical people killed in individual incidents.

We believe that, in general, society should be approximately risk-neutral
in the type of case outlined above, that A and B should be treated as
equivalent for regulatory purposes. (This leaves aside the possibility of
gathering more information to resolve the uncertainties associated with B;
if information can be obtained, it may make sense to do so. Indeed, if
further use will provide such information, it will be preferable to allow the
use of B.) The analogy to large-scale catastrophes is misleading; in the
case of environmental carcinogens, the cancers are likely to be scattered
widely in time and space. Moreover, the numbers involved, even if the
“high” estimates are correct, are small relative to virtually any relevant
measure, whether the overall risk of death or the risk of cancer in particular.
Each year, for example, about 850,000 Americans contract cancer (U.S.
Environmental Protection Agency, 1985a, p. vi). The number of cases
involved in any given regulation is a tiny fraction of that total, even when
“conservative” (i.e., high) estimates are used.

A recent EPA study of airborne toxic substances, for example, employ-
ing all of the standard conservative assumptions, estimates the total cancer
risk for several dozen substances to be less than 2000 cancer cases a year,
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or about 0.2 percent of all cancers (U.S. Environmental Protection Agency,
1985a, p. vi). Moreover, many of these cases are attributed to “products
of incomplete combustion,” a catchall category including hundreds of types
of sources and millions of individual sources (cars, wood stoves, and vir-
tually every other activity that involves the burning of fuel). Thus most
individual regulations are likely to involve a handful of cases, Given such
figures, it is difficult to argue that risk assessments for carcinogens should
be conservative because of risk aversion with respect to “catastrophic”
outcomes, although we also recognize that political prominence and actual
risks are rarely related linearly (and at times not even monotonically).

B. Erring on the Side of Safety

We have used “risk aversion” in its traditional decision-analytic sense,
to describe the common finding that most people will not accept fair gam-
bles involving large stakes. When people use the term in the context of
risks to health, however, they usually mean that they place a large value
on avoiding or reducing such risks. Risk aversion in this latter sense—quite
different from that used by decision analysts—is probably the primary
motivation behind conservative risk-assessment procedures. As we have
shown, however, such procedures can lead to less rather than more
protection.

This second, less technical definition of risk aversion is perfectly com-
patible with an expected-value approach to risk assessment. If society wants
to place a high value on risk reduction, it should do so through the decision
rules for risk management, not by distorting risk-assessment procedures.
As economists, we naturally think in terms of marginal valuations; the
desire to give extra weight to safety can be expressed by attaching a high
value or shadow price to risk reduction. In contrast to conservative risk
assessment, such an approach offers three major advantages. It leads to
greater consistency across regulations and to an emphasis on tackling the
most serious problems—rather than those with the most conservative as-
sessments—first. Second, it makes the value trade-offs more explicit, thus
facilitating public debate and making politically responsible risk managers
more accountable. Third, it avoids the long-term consequences of always
crying wolf through Tampant conservatism. As decision makers become
more aware of the conservatism in risk assessments, some are likely to
compensate by making ad hoc, downward mental adjustments to the formal
estimates presented to them.

C. Toward More Realistic Risk Assessments

Ideally, risk assessors would report the full range of possible estimates
and their associated probabilities. The range and the probabilities would
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reflect the uncertainties present in all stages of the assessment process.
Benefit-cost estimates and other analyses also would carry through this
probabilistic assessment. We would urge that risk managers then rely on
the expected value of risk in making their choices. Even if they chose to
be conservative (e.g., relying on the 90th percentile of the risk estimate),
at Jeast the choice would be explicit and debates about the procedure would
not be handicapped by the illusion that it was based on science. The line
between assessment and management would be sharp, with the responsi-
bility for policy judgments about margins of safety and the like clearly
lodged with politically accountable policy makers, not hidden in a series
of obscure, “prudent” decisions by scientists.

Unfortunately, current practice is far from this ideal, nor is it likely to
be achieved in the foreseeable future. The obstacles are both perceptual
and substantive.

Many will perceive efforts to reduce conservatism in risk assessmeant as
an attempt to politicize risk assessment and to reduce the protection af-
forded the public. Such suspicions are reinforced by the fact that many
opponents of conservative risk-assessment procedures have strong financial
or ideological interests in reducing regulation. Thus it is critical that efforts
to reduce the use of “worst-case” procedures be presented (accurately) as
an attempt to remove ““political” judgments from risk assessment, and that
the problem be placed in a general framework that highlights the ineffi-
ciencies caused by conservatism in allocating resources across different
types of risks.

The major substantive difficulty lies in assessing the probabilities that
alternative assumptions and models are correct. In a few cases (e.g., un-
certainties due to the limited numbers of animals employed in experi-
ments), probabilities can be estimated using standard statistical techniques.
The major sources of uncertainty, however, are less tractable, because they
reflect limited knowledge of the underlying biological and physical proc-
esses involved. These problems are particularly acute in the case of dose—
response models. The obvious answer is to obtain subjective probability
estimates from the relevant experts. Unfortunately, the experts are likely
to resist assigning probabilities and, inevitably, they will disagree. Design-
ing a system for eliciting and combining subjective estimates from experts
that achieves widespread acceptance is a formidable task.”

Despite these daunting obstacles, we believe that progress is possible.
The first step is for assessors to report a broader range of estimates based
on alternative “plausible” assumptions, not just the “plausible upper
bound.” The problem, of course, is that the resulting range will be huge,
leaving risk managers with a choice between continuing to rely on the
upper bound or making scientific judgments for which they have little or
no training, thus intruding into the risk assessment process. We strongly
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suspect that most will take the first option.*® Nonetheless, routine re-
porting of such ranges could play a useful role in educating decision makers
and the public about the extraordinary uncertainties involved and the de-
gree to which current procedures may bias estimates upward.

A second useful step would be to tackle some of the more obvious and
solvable sources of conservatism. One such source, already under review
by EPA, is the method used to estimate the parameters of the dose~
response model from experimental data; as discussed earlier, simply switch-
ing from the current method of using the 95 percent upper bound estimate
of the linear term in the multistage model to an estimator based on central
tendency could reduce the conservatism of carcinogenic risk estimates by
about a factor of 2. Exposure assessment offers similar opportunities for
reducing conservatism; estimates could be based on more realistic as-
sumptions about dispersion and activity patterns. A slightly more ambitious
task would be to develop alternatives that rely on the full range of exper-
iments available, rather than simply the one yielding the highest risk es-
timate. Although each of these changes might yield only a “small” change
(e.g., reducing the risk estimate by a factor of 2), the cumulative effect
would be substantial.

The most ambitious step would be to develop subjective probability
estimates from experts for the more fundamental uncertainties, in partic-
ular about the shape of the dose~response function. The prospects for the
success of such an effort will improve as scientists’ understanding of the
fundamental processes increases and a greater consensus begins to emerge.
In the meantime, our inability to achieve the ideal should not dissuade us
from addressing the more obvious and tractable sources of conservatism
in risk assessment. Until we do, we will go on misallocating the scarce
resources available to reduce risk and to improve our general well-being.
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NOTES

1. Ruckelshaus’s (1983) speech to the National Academy of Sciences (NAS) deals with
the assessment-management distinction, focusing on assessment. Some of the steps taken to
improve assessment and management at EPA are laid out in a small booklet issued shortly
before he left office (U.S. Environmental Protection Agency, 1984b).

2. There are many alternative ways of defining the steps in risk assessment. EPA officials,
for example, frequently describe it as a four-step process (U.S. Environmental Protection
Agency, 1984b): (1) hazard identification (the qualitative determination that a substance
poses some risk to human heaith); (2) dose-response assessment; (3) exposure assessment;
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and (4) risk characterization (which combines the results of the other steps to report risk
estimates, uncertainties, and so on).

3. This simplified formulation implicitly assumes that regulations are directed at emis-
sions, although our discussion of conservatism also applies to other types of regulations that
might be employed. For example, restrictions may be placed on the times and places at which
an activity can take place, thus reducing exposure without necessarily affecting the volume
of emissions. See Nichols (1984, esp.. Chap. 5) for a discussion of the implications of alternative
regulatory targets.

4. In that case, the initial estimate, used to rank source categories for regulatory action,
was 15.8 million kilograms (kg) of benzene per year from maleic anhydride plants. Better
information on existing controls later lowered the estimate to 5.8 million kg, assuming full-
capacity operation; using actual capacity utilization would have lowered the estimate to 3.3
million kg. After the rule was proposed, several plants closed or switched feedstocks—because
the price of benzene, a petroleum derivative, sharply increased in the late 1970s—lowering
the estimate of baseline emissions to less than 1 million kg per year (Nichols, 1983).

5. See Haigh et al. (1984) for a discussion of the uncertainties involved in estimating
coke oven emissions and the reasons for the wide range in EPA’s estimates.

6. Virtually all of the literature assumes that compliance will be perfect, i.e., that all
plants will just meet the standard. Viscusi and Zeckhauser (1979) analyze a situation in which
tightening the standard may reduce compliance (assuming fixed levels of enforcement), and
show that the optimal standard in such cases will be less stringent than it would be with
perfect compliance. Alternative assumptions, however, could lead to the opposite conclusion,
that imperfect compliance increases the optimal stringency of regulations.

7. In developing regulations to ban certain wastes from landfills, for example, EPA is
assessing the concentrations that the wastes might reach in groundwater once they leak out
of a landfill. A key parameter in that assessment is the distance from the leak at which
concentrations are estimated; the shorter the distance the higher the estimated concentration,
and thus the more likely a ban. A survey of existing landfills has found that the distance
between a landfill and the nearest well varies widely. EPA’s Office of Solid Waste has proposed
that the analysis used for regulatory purposes employ the minimum distance found in that
survey; i.e., the analysis would assume the “‘worst-case” distance for all substances and
locations. That assumption will, on average, substantially overestimate the concentrations
that would occur in drinking water (personal communication from Dr. Ann Fisher, Office
of Policy Analysis, EPA, Washington, D.C., September 11, 1985).

8. This assumes that the assessment is made prospectively, before the event occurs (as
with potential contamination of groundwater). If the assessment is made after the contami-
nation has occurred, damage estimates based on observed exposure may be understated
because they ignore costs of averting behavior to avoid exposure. For a more complete
discussion of the issues raised by averting behavior, see Zeckhauser and Fisher (1976).

9. AnNAS committee on pesticide regulation, for example, concluded that extrapolation
from animals to human beings was so tenuous that quantitative risk estimates should not be
attempted in the absence of human data. The committee did not, however, reject the use of
animal data for qualitative purposes or for setting priorities (National Academy of Sciences,
1980). ‘

10.  Surface area is assumed to be proportional to two-thirds the power of weight. Thus
the two methods differ in their potency estimates by a factor equal to the ratio of the weight
of a person to the weight of the animal, raised to the one-third power.

11. This assumes that we cannot identify who is more sensitive and who is less sensitive.
From an ex ante perspective, everyone runs the same risk, the weighted average of the risks
of all of the different (anonymous) groups. If we can identify the sensitive groups, however,
variations in sensitivity may matter for two reasons. If those who are more sensitive can take
cost-effective action to protect themselves, the optimal (efficient) level of exposure is likely
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to be higher than if everyone faces the same risk (or we cannot tell who is more sensitive),
On the other hand, if the variations in sensitivity are large, so that some identifiable groups
face unusually large risks, equity may argue for a tighter level of control, as may politics
because identified losers speak loudly.

12. Our discussion of the procedure for estimating the parameters of the multistage mode]
is based primarily on a series of meetings that one of the authors (Nichols) attended at EPA
during 1984 and 1985. At those meetings, Dr. Todd Thorslund of the CAG provided a concise
discussion of the reasoning behind the use of the 95 percent confidence limit, and also
presented several useful examples, based on Monte Carlo simulations, of the sensitivity of
the MLE to small changes in experimental data.

13. When it uses the pure linear model with human epidemiological data, the CAG
typically does not use an upper-confidence estimate of the linear term, because that model
inherently forces linearity.

14. In 1984, EPA’s Risk Assessment Forum took up the issue of the MLE versus the
upper confidence approach to estimating the parameters of the multistage model. The Forum
recommended additional review of an “average likelihood estimator” developed by Dr. Todd
Thorslund of the CAG. That estimator is based on a weighted average of the linear term,
with the relative weights equal to the associated value of the likelihood function. That method
had several desirable properties, but lacked a firm theoretical basis. The CAG is now in-
vestigating another approach, which uses the underlying theory of the multistage model to
place restrictions on the relative values of the parameters and assures that the maximum
likelihood estimate has a positive linear term (personal communication from Dr. Robert
McGaughy, Office of Research and Development, EPA, Washington, D.C., September 16,
1985).

15. At low doses, risk is roughly proportional to dose squared under the two-hit model;
thus lowering the dose by a factor of 1000 reduces risk by a factor of about 1000? = 1 million.

16. 'This problem is well known. See Nichols (1983) for an illustrative example showing
the close correspondence of several of the models in the observable range and their wide
divergence at low doses.

17.  We argue later in the text that risk estimates should be based on expected values. In
the case of the dose-response model, that would require making risk estimates with alternative
models, and then weighting the estimates by experts’ subjective probabilities that each model
is correct. Because the nonlinear models generally predict low-dose risks that are so much
smaller than the linear model’s estimate, the resulting expected value would be roughly equal
to the linear model’s predicted risk times the probability that the linear model is correct.
Note that this expected dose-response function would be roughly linear at low doses, but its
slope would be smaller than that based on the pure linear model; e.g., if experts estimated
that the linear model had a 50 percent chance of being correct, the slope (and estimated low-
dose risk) would be one-half the value estimated with the linear model.

18. See Maugh (1978) for a brief, nontechnical summary of the debate about low-dose
risks from carcinogens.

19. If the risk levels are high enough, supralinear low-dose functions also could arise if
individual dose~response functions were linear, but the slopes of those function varied across
the population. The supralinearity can arise because an individual cannot die twice, or if a
strong selection effect is exerted so the population surviving at higher doses is significantly
less susceptible to the risk. [See Shepard and Zeckhauser (1980) for a discussion of these
issues.] For the types of risks discussed here, however, the probabilities of death are tiny
relative to the magnitudes needed to make either of these effects more than a theoretical
nicety.

20. Campbell et al. (1982) calculated an expected value of the risk estimate based on
subjective estimates of the probabilities that the alternative assumptions were correct. Their

subjective estimates, however, were illustrative and were not based on any systematic effort
to poll scientists.
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21. The lognormal is particularly convenient because the logs of the parameters are
normally distributed. Note that if the original variables are to be multiplied, we can add the
logs of the variables. Let s be the standard deviation of the log of each variable. Since the
log of the 90th percentile is 1.282s from the mean of the log of the variable, the sum of the
logs of the five 90th percentile estimates will be 5(1.282) = 6.41s from the sum of the means
of the logs of those variables. Assuming independence, the variance of the sum of the logs
of the variables will be simply the sum of the individual variances, or $? = 5s%, and the
standard deviation will be § =5°%. Thus the sum of the logs of the five 90th percentile
estimates will lie 6.41s/(5%°s) = 2.87 standard deviations from the sum of means of the logs;
from a table of values of the cumulative normal distribution, we find that 2.87 standard
deviations lies at the 99.8th percentile.

22. EPA’s proposed cancer assessment guidelines (49 Federal Register 46294, 1984) con-
tain a provision that may help in this regard. Under the proposed guidelines, the risk-
assessment process would produce a formal rating of the “strength of the evidence” that a
substance is a carcinogen, based on the type of studies available (e.g., human epidemiology
versus carcinogenicity in multiple animal species vs. carcinogenicity in a single species). These
ratings would then be reported along with the quantitative estimates. At present, for purposes
of quantitative risk assessment, strength of evidence is used as a binary variable; quantitative
assessments are prepared for those substances that pass some threshold, whether by a small
margin or a large one. Conversely, those substances that fail to pass the threshold are not
assessed, so implicitly their risks are treated as zero. For those substances that pass, a verbal
description of the strength of the evidence is included in assessments, but no single rating is
given, and summary charts typically do not contain the description. Although a step in the
right direction, these ratings will not cover other differences in conservatism across assess-
ments, nor will they provide a quantitative basis for adjusting risk estimates on the basis of
the likelihood that a substance is truly a human carcinogen. Development of a probability-
weighting scheme also would facilitate the assessment of substances for which the evidence
is now considered too limited to justify a quantitative assessment.

23. If a linear and a convex function are both fit through the origin and a common point,
the convex function generates lower estimates of risk at every dose below the common point;
over a substantial portion of that range, however, the convex function has a larger slope
(greater marginal risk). A model with risk proportional to dose-squared, for example, gen-
erates higher estimates of marginal risk than the linear model for all doses greater than half
the dose at the common point to which both models are fit.

24.  Under the Clean Air Act, for example, EPA is directed to set ambient standards that
provide an “adequate margin of safety;” these standards are based primarily on epidemio-
logical or laboratory studies of humans exposed in the relevant range. o

25. On air bags, for example, see Huelke and O’Day (1981). They compare their estimate
of the lives that would be saved by air bags or other passive restraints with those made by
the National Highway Traffic Safety Administration (NHTSA), and conclude that the latter
are “‘much higher.” In no case, however, are the NHTSA estimates more than doubl.e those
of Huelke and O’Day; in contrast, estimates of the risks from environmental carcinogens
routinely vary by orders of magnitude.

26. In discussing the drawbacks of conservative assessments, Lave (1981,.p. 35) notes:
“An unintended result is to exaggerate effects most in those cases where there is the greatest
ignorance. Thus this procedure allocates the most resources to the cases where there is the
most uncertainty.” )

27. Consider the following example. Perceived safety is a function of expenditures on
reducing two risks, x; and x,:

$ = (1~ e %) (1 — ge™ %),
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where g is the factor by which the second risk is overestimated. If g = 1, then received safety
is the same as actual safety. Disposable income is 1000 — X1 = Xp, and utility is given by

U(Y,S) = (1 — e ®@vyg,

The optimumisx, = x, = 215.8,Y = 568.4,and S = 0.781. If the second risk is overestimated
by a factor of 100 (that is, g = 100), expenditures on safety rise sharply, dropping disposable
income to Y = 261.7, but the overall level of safety falls to S = 0,748 because an extremely
inefficient mix of safety expenditures is chosen. Asymmetric conservatism leads to excessive
expenditures on the second risk, and the income effect reduces expenditures on the first,
Moreover, with the same overall level of expenditure on safety, a much higher level of overall
safety, S = 0.951, could be achieved if unbijased risk estimates were used.

28.  Controlling carcinogens can reduce noncancer risks for at least two reasons: (1) A
carcinogen may have other adverse effects; €.8., acrylonitrile is a carcinogen and also con-
tributes to the formation of ozone. (2) Controls may reduce emissions of more than one
pollutant; e.g., vapor controls to reduce evaporative emissions of benzene from gasoline also
capture other gasoline components, some of which also may be carcinogenic and most of
which contribute to ozone. Thus, it is important that analyses of the costs and benefits of
controlling carcinogens include noncancer benefits. The relationship between cancer-related
and other benefits, however, varies widely across substances and source categories, so that
the cancer benefits are a very poor proxy for total benefits.

29.  Consider other cases where competing policies yield outputs that are similar but which
are valued differently. For example, suppose that two reading programs, A and B, are being
evaluated, where A is more effective with poorer students and B is more effective with
average students. If we value reading gains by poorer students more highly than those by
average students, we should not account for this preference by overestimating the effects of
program A. Rather, we should give greater weight to gains at the bottom of the scale than
to those in the middle.

30. The estimates. of the effects of reducing lead in gasoline in the following discussion

all are drawn from the regulatory impact analysis (U.S. Environmental Protection Agency,

1985b).

31.  Perhaps not surprisingly, these concerns were raised most forcefully by representatives
of the Lead Industries Association. One of the authors (Nichols), however, also was present
at several meetings at which EPA officials raised the issue as a potentially serious problem,
and requested that additional work be done to resolve the question. When the final rule was
announced at a press conference, a reporter for a national wire service asked if reducing lead
would not also increase cancer.

32. EPA estimates 123 cases of leukemia due to benzene exposure from gasoline mar-
keting over a 35-year period (U.S. Environmental Protection Agency, 1984a, Table 6-9), or
about 3.5 cases per year.

33. EPA estimates that although the reduction in lead in gasoline will result in a small
increase in evaporative emissions of benzene from service stations and other parts of the
gasoline marketing system, that increase will be swamped by reductions in automobile tailpipe
emissions of benzene, with a net reduction of about 18,000 tons per year (U.S. Environmental
Protection Agency, 1985b, Table VI-12).

34. See Page (1978) for further discussion of the implications of asymuietries in the losses
associated with false positives and false negatives in regulatory decisions.

35.  The theory of risk aversion was developed by calibrating complementary probabilities
for two unchanging reference prizes to be equivalent to a certainty of receiving the prize
being assessed (Raiffa, 1968). To be linear in utilities, the purpose of the exercise, requires
that one be linear in the the probability of winning the better reference prize.

36. Wilson (1974), for example, suggests that the loss may rise with the square of the
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number of fatalities; i.e., an accident killing 1000 people simultaneously is as bad as 1 million
individual deaths scattered in time or space. Slesin and Ferreira (1978) argue for an even
more sharply nonlinear function, with damage rising with the cube of the number of fatalities;
i.e., a 1000-person accident is equivalent to 1 billion individual deaths. As Schelling (1968)
points out, however, damage may rise less than proportionately to the number of deaths
because a significant part of the damage caused by a death is the bereavement of close
relatives and friends; in concentrated accidents many of those who would feel the greatest
bereavement die simuitaneously. We find this argument compelling, and believe that in most
cases society should not be “risk-averse” with regard to accident sizes. As discussed in the
text, however, one’s views on this issue are of little relevance to the question of environmental
carcinogens.

37. See Raiffa and Zeckhauser (1981) for a discussion of some of the issues involved in
eliciting such opinions from experts.

38. CAG, for example, notes that the “plausible lower bound” in all of its low-dose
cancer estimates is zero, so in some sense current estimates already include a range, though
not a very informative one.
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