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Empirical observation reveals that as the dose of a chemical is in-
creased, the toxic response generally increases. This increase occurs
in both the severity of the response (e.g., with new and more severe
effects being observed) and the intensity of the response (i.e., the mag-
nification of an effect of given severity) and in the percentage of the
population affected. Such dose-response relationships are well founded
in the theory and practice of toxicology and pharmacology.

Dose-response assessment follows hazard identification in the risk
assessment process as defined by the National Academy of Sciences
(NAS) (1983). Dose-response assessment involves the quantitative evalu-
ation of toxicity data to determine the likely incidence of the associ-
ated effects in humans. The information available for dose-response
assessment ranges from well-conducted and controlled studies on hu-
man exposures, epidemiology studies with large numbers of subjects
and well-characterized exposures, and supportive studies in several ani-
mal species, to a lack of human and animal toxicity data with only
structure-activity relationships to guide the evaluation. In any case,
scientists should consider all pertinent studies in this process; a single
human case study can provide useful information. However, only data
of sufficient quality as judged by experts should be used in the dose-
response assessment of a chemical.

Given at least a moderate amount of toxicity data, one goal has
been to determine a level of daily exposure that is likely to be without
an appreciable risk of deleterious effects during a lifetime. The World
Health Organization and many other health agencies have used the
“acceptable daily intake” (ADI) concept in this regard. The U.S. Envi-
ronmental Protection Agency (EPA) has also used the ADI in many
of its evaluations. However, EPA has also rethought this approach and
developed new, clarifying terminology in keeping with the NAS (1983)
risk assessment/risk management paradigm, which calls for a clear de-
marcation between scientific and nonscientific factors in regulatory

*The views expressed in this paper are those of the author and do not neces-
sarily reflect the views and policies of the U.S. Environmental Protection Agency.
Parts of this text are excerpted from Barnes and Dourson (1988).
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(RfD)

No-observed-adverse- An exposure level at which there are no statistically

effect level (NOAEL) or biologically significant increases in the frequency
or severity of adverse effects between the exposed

population and its appropriate control; sorme effects may
be produced at this level, but they are not considered adverse
or precursors to specific adverse effects. In an experiment
with several NOAELSs, the regulatory focus is primarily
on the NOAEL seen at the highest dose. This leads to
the common use of the term NOAEL to mean the
highest exposure without adverse effect.

Lowest-observed- The lowest exposure level at which there are statistically
adverse-effectlevel  or biologically significant increases in frequency or
(LOAEL) severity of adverse effects between the exposed

population and its appropriate control group.

Uncertainty factor One of several, generally 10-fold, factors used in

(UF) operationally deriving the reference dose (RfD) from
experimental data.

Maodifying factor A UF that is greater than zero and less than or equal

(MF) to 10; the default value for the MF is 1.

decisions. In EPA’s experience, the older ADI approach included both
scientific and nonscientific considerations. By contrast, the EPA’s oral
reference dose and inhalation reference concentration approaches strive
to include scientific-only considerations. The history and rationale for
the change in terminology and practice from ADI to oral RfD is de-
scribed in detail in documentation supporting EPA’s Integrated Risk
Information System (IRIS) (U.S. EPA 1993, Barnes and Dourson 1988).
Texts describing the development of the inhalation reference concen-
tration (RfC) concept are also available (U.S. EPA 1990a, Jarabek et al.
1989, 1990).

EPA defines the RfD as an estimate (with uncertainty spanning per-
haps an order of magnitude) of a daily exposure to the human popula-
tion (including sensitive subgroups) that is likely to be without an
appreciable risk of deleterious effects during a lifetime. The RfD is com-
posed of the no-observed-adverse-effectlevel (NOAEL) or lowest-observed-
adverse-effect level (LOAEL) divided by the composite uncertainty fac-
tor (UF) and modifying factor (MF) (Table 1). The following equation
is used:

_ NOAEL or LOAEL

RID
UF x MF
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The oral RfD and inhalation RfC are useful reference points for gaug-
ing the potential effects of other doses. Doses at the RfD (or less) or
concentrations at the RfC (or less) are not likely to be associated with
any health risks, and are therefore assumed likely to be protective and
of little regulatory concern. In contrast, as the amount and frequency
of exposures exceeding the RfD or RfC increase, the probability that
adverse effects may be observed in a human population also increases.
However, the conclusion that all doses below the RfD or RfC are ac-
ceptable and that all doses in excess of the RfD or RfC are unaccept-
able cannot be categorically stated. Moreover, the precision of the RfD
or RfC depends in part on the overall magnitude of the composite
UFs and MFs used in its calculation. The precision at best is probably
one significant figure and more generally an order of magnitude, base
10. As the magnitude of this composite factor increases, the estimate
becomes even less precise. :

The determination of an RfD or RfC requires scientific judgments
as to the appropriate NOAEL of the critical effect and the appropriate
UFs and MFs based on database limitations. The logic behind these
judgments as well as the assumptions and limitations are briefly dis-
cussed below.

Selection of Toxicity Data

After a hazard identification has been conducted and the critical
effects have been identified, EPA generally selects an experimental dose
rate from a study that represents the highest level tested at which the
critical effects were not demonstrated. This level (i.e., the NOAEL) is
the key datum gleaned from the toxicologist’s review of the chemi-
cal’s entire database and is the first component in the estimation of
an RfD. The use of this NOAEL is based on the assumption that if the
critical effect is prevented, then all threshold toxic effects evoked by
‘the chemical at higher doses are prevented. This process also occurs
in the estimation of ADIs by other health agencies.

Human toxicity data adequate for use in the estimation of RfDs are
seldom available, but if they are available, they are used in the selec-
tion of this NOAEL. The use of human data has the advantage of avoid-
ing the problems inherent in interspecies extrapolation.

In the absence of appropriate human data, animal data are closely
scrutinized. Animal studies typically reflect situations in which expo-
sure to the toxicant has been carefully controlled and the problems
of heterogeneity of the exposed population and concurrent exposures
to other toxicants have been minimized. Presented with data from
several animal studies, EPA and others first seek to identify the animal
model that is most relevant to humans based on the most defensible
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data. In the absence of a clearly relevant species, EPA and others gen-
erally choose the critical study and species that show an adverse effect
at the lowest administered dose.

However, it may be that the toxicity data of one species are clearly
atypical compared with other experimental species. If a scientific argu-
ment can be maintained that such an outlier response is not expected
in humans, this behavior is often discounted. For example, the so-
called male rat nephropathy is generally regarded to represent a toxi-
cologic finding in a sensitive animal model that appears to have little
relevance for human health hazard assessment (U.S, EPA 1990b).

Confidence In the RfD

When available, adequate data from acceptable human studies are
often used as a basis for the RfD because the problem of interspecies
extrapolation is avoided and, thus, the confidence in the estimate is
often greater. In the absence of such data, RfDs are estimated from
studies in experimental animals.

In the absence of adequate human data EPA generally considers a
“complete” database, that is, complete for the purpose of calculating
a chronic RfD for noncancer health effects, to be composed as follows:
1) two adequate’ mammalian chronic toxicity studies by the appropri-
ate route in different species, 2) one adequate’ mammalian multigen-
eration reproductive toxicity study by an appropriate route, and 3)
two adequate’ mammalian developmental toxicity studies by an ap-
propriate route in different species.

Generally, for such “complete” databases, the likelihood that addi-
tional toxicity data may change the RIiD is low. Thus, EPA usually has
higher confidence in such an RfD; that is, additional toxicity data are
not as likely to change the value of a high-confidence RfD compared
with a lesser-confidence RfD. However, many chemicals pose only an
acute health hazard and general toxicity studies often indicate a need
for special studies to assess, for example, neurotoxic or immunotoxic
effects. In such cases, the database may not be “complete” without
such special studies.

EPA considers a single, well-conducted, subchronic mammalian bio-
assay by the appropriate route as a minimum database for estimating
an RfD. However, EPA generally has less confidence in such an RfD,
because additional toxicity data are likely to change (usually increase)

TAs determined by professional judgment. EPA and others have published
guidelines in this area (e.g., U.S. EPA 1986a,b, 1991, and U.S. Food and Drug

Administration [FDA] 1966).
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the value of the RfD. Examples of confidence statements with RfDs
can be found in EPA’s IRIS (U.S. EPA 1993).

Selection of Uncertainty Factors

The choice of appropriate UFs and MFs reflects a case-by-case judg-
ment by experts and should account for each of the applicable areas
of uncertainty (described below) and any nuances in the available data
that might change the magnitude of any factor. Several reports de-
scribe the underlying basis of UFs (Zielhuis et al. 1979, Dourson and
Stara 1983) and research into this area (Calabrese 1985, Hattis et al.
1987, Hartley and Ohanian 1988, Lewis et al. 1990, Renwick 1991,
1993, Dourson et al. 1992, Calabrese et al. 1992, Calabrese and Gilbert
1993).

Uncertainty factors are reductions in the dose rate to account for
several areas of scientific uncertainty inherent in most toxicity data-
bases. As shown in Table 2, interhuman variability (designated as H)
is intended to account for the variation in sensitivity among the mem-
bers of the human population. Experimental animal to human vari-
ability (designated as A) is intended to account for the uncertainty in
extrapolating animal data to the case of humans, and is considered
to consist primarily of uncertainties in both toxicokinetics and toxi-
codynamics. Subchronic to chronic variability (designated as §) is in-
tended to account for the uncertainty in extrapolating from less than
chronic NOAELs (or LOAELS) to chronic levels. LOAEL to NOAEL vari-
ability (designated as L) is intended to account for the uncertainty in
extrapolating from LOAELs to NOAELs. Database completeness (desig-
nated as D) is intended to account for the inability of any single study
to adequately address all possible adverse outcomes.

Each of these five areas is generally addressed by EPA with an order
of magnitude factor (i.e., 10). In practice, however, the magnitude of
any composite UF is dependent on professional judgment as to the
total uncertainty in all areas. If uncertainties in all areas have been
resolved, EPA generally uses a 1-fold UF to estimate the RfD. As an
example, see the verified RfD for fluoride in EPA’s IRIS (U.S. EPA 1993).
When uncertainties exist in one, two, or three areas, EPA generally
uses a 10-, 100- or 1000-fold UE respectively. When uncertainties ex-
ist in four areas, EPA generally uses a 3000-fold UE.* When a single
subchronic animal study that does not define a NOAEL is the only

¥This practice of “lumping” several areas of uncertainty is based on the knowl-
edge that each individual factor is generally conservative from the standpoint
of the behavior of the average chemical (Dourson and Stara 1983) and that
the multiplication of four or five values of 10 is likely to yield unrealistically
conservative RfDs.
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available information, uncertainties in all five areas exist; this is the
minimum database to estimate an RfD. In this minimum case, EPA
generally uses a UF of 10,000. Databases that are weaker than a single,
animal, subchronic bioassay (that does not define a NOAEL), and that
would result in UFs in excess of 10,000, are considered too uncertain
as a basis for quantitation. In such cases, the EPA does not estimate
an RfD and additional toxicity data are sought or awaited.

The EPA occasionally uses a factor of less than 10, or even a factor
of 1, if the existing data reduce or obviate the need to account for a
particular area of uncertainty.® For example, the use of a 1-year rat
study as the basis of an RfD may reduce the need for a 10-fold factor
to a 3-fold factor for subchronic to chronic extrapolation, since it can
be empirically demonstrated that 1-year rat NOAELs are generally closer
in magnitude to chronic values than are 3-month NOAELs (Swartout,
personal communication). A recent publication more fully investigates
this concept of variable UFs through an analysis of expected values
(Lewis et al. 1990). '

The composite UF to use with a given database is again strictly a
case-by-case judgment by experts, and should be flexible enough to
account for each of the applicable five areas of uncertainty and any
nuances in the available data that might change the magnitude of any
factor. EPA describes its choice of composite UF and subcomponents
for individual RfDs in its IRIS (U.S. EPA 1993).

Selection of Modifying Factors

EPA currently uses an additional factor, an ME as an occasional,
necessary adjustment in the estimation of an RfD to account for areas
of uncertainty not explicitly addressed by the usual factors. The value
of the MF is greater than zero and is less than or equal to 10, but it
should generally be developed on a log 10 basis (i.e., 0.3, 1, 3, 10)
since its precision is not expected to be any greater than the standard
UFs. The default value for this factor is 1.

EPA’s reasoning in its use of this MF is that the areas of scientific
uncertainty of H, A, §, L, or D, discussed in the preceding section on
UFs, do not represent all of the uncertainties in the estimation of an
RfD. For example, the fewer the number of animals used in a dosing
group, the more likely it is that a NOAEL will be observed. Such a case
might argue for modifying the usual 10-fold factors—a 100-fold UF

SThe usual intermediate factor used is 3, since it is the approximate logarith-
mic mean of 1 and 10. The choice of 3, instead of a 5, for example, reflects
both the expected precision of the UFs (about one digit, log base 10) and the -
view that it is not generally possible to be more precise than about halfway
in considering the nuances of these areas of uncertainty.
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Table 2. Description of typical uncertainty and modifying factors in deriving
reference doses (RfDs)

Standard
uncertainty
factors (UFs) General guidelines?

H (interhuman) Generally uses a 10-fold factor when extrapolating
from valid experimental results from studies using
prolonged exposure to average healthy humans. This
factor is intended to account for the variation in
sensitivity among members of the human
population.

A (experimental For RfDs, generally uses a 10-fold factor when

animal to human) extrapolating from valid results of long-term studies
on experimental animals when results of studies
of human exposure are not available or are
inadequate. For reference concentrations, this factor
is reduced to 3-fold when a NOAEL(HEC) (HEC =
human equivalentconcentration)is used as the basis
of the estimate. In either case, this factor is intended
toaccountforthe uncertaintyin extrapolatinganimal
data to humans.

S (subchronic to Generally uses a 10-fold factor when extrapolating

chronic) from less than chronic results on experimental
animals or humans. This factor is intended to account
for the uncertainty in extrapolating from less than
chronic NOAELSs to chronic NOAELS.

L (LOAEL to NOAEL)  Generally uses a 10-fold factor when deriving an
RfD from a LOAEL instead of a NOAEL. This factor
is intended to account for the uncertainty in
extrapolating from LOAELSs to NOAELs.

D (incomplete data- Generally uses a 10-fold factor when extrapolating

base to complete) from valid results in experimental animals when
the data are “incomplete.” This factor is intended
to account for the inability of any single study to
adequately address all possible adverse outcomes.

MF ~ Uses professional judgment to determine an
(modifying factor) additional uncertainty factor, termed a “modifying
factor,” that is greater than zero and less than or
equal to 10. The magnitude of the MF depends on
the professional assessment of scientific uncertainties
of the study and database not explicitly treated above
(e.g., the number of animals tested). The default
value for the MF is 1.

Source: Adapted in part from Dourson and Stara (1983), Barnes and Dourson (1988),
and Jarabek et al. (1989).

Note: The maximum uncertainty factor used with the minimum confidence database
is 10,000. See text for discussion.

aProfessional judgment is required to determine the appropriate value to use for any
given UF. The values listed in this table are nominal values that are frequently used
by the EPA.
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might be raised to 250 if too few animals were used in a chronic study.
Although this increase is scientifically reasonable, it introduces two
difficulties: the adjustment of the standard 10-fold values might be
perceived as arbitrary, and the precision of some of the resulting UFs
(in this example a UF of 250 has an implied precision of two digits)
is not appropriate in relation to the variability of the biological re-
sponse. EPA intends to avoid these difficulties through use of the MFE.
Thus, EPA might in the former case use a UF of 100 and an MF of 3
to arrive at the best estimation of an RfD. The resulting UF x MF of
300 would avoid the perception of arbitrariness and maintain consis-
tency with the overall precision of the standard UFs.

Assumptions and Limitations

The basic assumption in the development of an RfD is that a thresh-
old exists in the dose rate at or above which an adverse effect will be
evoked in an organism. EPA and others consider this assumption to
be well founded. It is supported by known mechanisms of toxicity of
many compounds, which show that a known physiologic reserve must
be depleted and/or the repair capacity of the organism must be over-
come before toxicity occurs (Doull et al. 1980).

A second assumption is that the RfD represents an estimate of a
population subthreshold dose rate, that is, it adequately protects sen-
sitive humans, since one of the UFs accounts for the variability of
individual thresholds. In unusual situations, for some compounds, suf-
ficient evidence of hypersusceptibility or chemical idiosyncrasy exists
to warrant some concern over whether the RfD is always sufficiently
low to account for the population threshold. In contrast, the larger
the UE the more likely the RfD will be well below this population
threshold, because UFs are generally conservative. Thus, as noted pre-
viously, while exposures at or below the RfD should not categorically
be considered “safe,” exposures above the RfD should not categori-
cally be considered “unsafe.” Rather, the RfD should be considered a
level that is likely to be without an appreciable risk of deleterious ef-
fects over a lifetime and whose precision is at best one significant digit
but more often one order of magnitude (i.e., 10-fold) or greater.

The third assumption in the development of an RfD relates to the
use of the critical effects. EPA assumes that if the critical effects are
prevented, other adverse threshold effects that occur at higher doses
are prevented. However, since the RfD procedure generally ignores the
dose-response slope, and if these other adverse effects have shallower
slopes, estimating the RfD on the basis of the critical effect may not
be sufficiently protective. For this reason, information on slopes of
dose-response curves may be used to determine the critical effects.
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Several other assumptions are used as well. For example, it is often
assumed that using animals of different ages in experiments does not
affect the resulting comparison of NOAELs and LOAELs. This assump-
tion ignores possible differences in toxicity between ages.

The scientific strengths and limitations of this approach are similar
to those for the former “ADI = NOAEL/Safety Factor” approach and
have been discussed in the literature (Munro and Krewski 1981, Lu
1983, 1985, 1988, Krewski et al. 1984, Crump 1984, 1986, Dourson
et al. 1985, 1986, Barnes and Dourson 1988, Kimmel and Gaylor 1988).

The scientific strengths, in brief, are that all toxicity data are re-
viewed in the choice of the NOAEL of the critical effects, and that
uncertainties in the entire database can be factored into the resulting
value of the RfD through the use of professional judgment as to the
appropriate UFs and MFs. The limitations, in brief, are that the NOAEL
is directly influenced by the choice of dose spacing, the number of
animals used in an experiment, and factors that influence the preci-
sion and quality of the study. That is, studies with wide dose spacing
and few animals per dose group can lead to more poorly characterized
RfDs compared with studies with tighter dose spacing and more ani-
mals per dose group (e.g., Hattis et al. 1987, Leisenring and Ryan 1992).
The NOAEL is also not generally influenced by the nature of the dose-
response curve. Uncertainty factors, although considered necessary and
perhaps accurately showing the potential underlying variability of dif-
ferent areas of uncertainty, are imprecise. Nor does the RfD approach
enable one to estimate risks at exposures greater than the RfD. Scien-
tists are developing methods that attempt to address this latter limita-
tion (e.g., DeRosa et al. 1985, Dourson et al. 1985, Hertzberg 1989,
Kimmel et al. 1988, Kimmel and Gaylor 1988, Hertzberg and Dourson

1993).
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