
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Visit the National Academies Press online, the authoritative source for all books 
from the National Academy of Sciences, the National Academy of Engineering, 
the Institute of Medicine, and the National Research Council:  
• Download hundreds of free books in PDF 
• Read thousands of books online for free 
• Explore our innovative research tools – try the “Research Dashboard” now! 
• Sign up to be notified when new books are published  
• Purchase printed books and selected PDF files 

 
 
 
Thank you for downloading this PDF.  If you have comments, questions or 
just want more information about the books published by the National 
Academies Press, you may contact our customer service department toll-
free at 888-624-8373, visit us online, or send an email to 
feedback@nap.edu. 
 
 
 
This book plus thousands more are available at http://www.nap.edu. 
 
Copyright  © National Academy of Sciences. All rights reserved. 
Unless otherwise indicated, all materials in this PDF File are copyrighted by the National 
Academy of Sciences.  Distribution, posting, or copying is strictly prohibited without 
written permission of the National Academies Press.  Request reprint permission for this book. 
 

  

ISBN: 0-309-12047-0, 424 pages, 7 x 10,  (2008)

This PDF is available from the National Academies Press at:
http://www.nap.edu/catalog/12209.html

http://www.nap.edu/catalog/12209.html

We ship printed books within 1 business day; personal PDFs are available immediately.

Science and Decisions:  Advancing Risk 
Assessment 

Committee on Improving Risk Analysis Approaches 
Used by the U.S. EPA, National Research Council 

http://www.nap.edu/catalog/12209.html
http://www.nap.edu
http://www.nas.edu/nas
http://www.nae.edu
http://www.iom.edu
http://www.nationalacademies.org/nrc/
http://lab.nap.edu/nap-cgi/dashboard.cgi?isbn=0309120462&act=dashboard
http://www.nap.edu/agent.html
http://www.nap.edu
mailto:feedback@nap.edu
http://www.nap.edu
http://www.nap.edu/v3/makepage.phtml?val1=reprint
http://www.nap.edu/catalog/12209.html


Copyright © National Academy of Sciences. All rights reserved.

Science and Decisions:  Advancing Risk Assessment
http://www.nap.edu/catalog/12209.html

127

5

Toward a Unified Approach to  
Dose-Response Assessment

THE NEED FOR AN IMPROVED DOSE-RESPONSE FRAMEWORK

Introduction to the Problem

As described in Chapter 4, one of the urgent challenges to risk assessment is the evalu-
ation of hazard and risk in a manner that is faithful to the underlying science, is consistent 
among chemicals, accounts adequately for variability and uncertainty, does not impose 
artificial distinctions among health end points, and provides information that is maximally 
useful for risk characterization and risk management. There have been efforts to harmonize 
dose-response methods for cancer and noncancer end points, but, as discussed below, criti-
cisms have been raised regarding the validity of dose-response assessments for risk charac-
terizations and management and regarding the treatment of uncertainty and variability in 
human sensitivity. This chapter examines the science governing dose-response assessment for 
a variety of end points (cancer and noncancer) and develops an integrative framework that 
provides conceptual and methodologic approaches for cancer and noncancer assessments. 

Current Framework

Dose-response assessments for carcinogenic end points have been conducted very dif-
ferently from noncancer assessments. For carcinogens, it has been assumed that there is no 
threshold of effect, and dose-response assessments have focused on quantifying the risk at 
low doses. The current Environmental Protection Agency (EPA) approach derives a “point 
of departure” (POD), such as the lower bound on the dose that results in an excess risk of 
10% based on fitting of a dose-response model to animal bioassay data (EPA 2000a). After 
adjustment for animal-human differences in the dose metric, risk is assumed to decrease 
linearly with doses below the POD for carcinogens that are direct mutagens or are associ-
ated with large human body burdens (EPA 2005a). The population burden of disease or the 
population risk at a given exposure is estimated. In practice, EPA carcinogen assessments do 
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not account for differences among humans in cancer susceptibility other than from possible 
early-life susceptibility (see Chapter 4). 

For noncancer end points, it is assumed that homeostatic and defense mechanisms lead 
to a dose threshold� (that is, there is low-dose nonlinearity), below which effects do not 
occur or are extremely unlikely. For these agents, risk assessments have focused on defining 
the reference dose (RfD) or reference concentration (RfC), a putative quantity that is “likely 
to be without an appreciable risk of deleterious effects” (EPA 2002a, p. 4-4). The “hazard 
quotient” (the ratio of the environmental exposure to the RfD or RfC) and the “hazard 
index” (HI, the sum of hazard quotients of chemicals to which a person is exposed that 
affect the same target organ or operate by the same mechanism of action) (EPA 2000b) are 
sometimes used as indicators of the likelihood of harm. An HI less than unity is generally 
understood as being indicative of lack of appreciable risk, and a value over unity indicates 
some increased risk. The larger the HI, the greater the risk, but the index is not related to 
the likelihood of adverse effect except in qualitative terms: “the HI cannot be translated to 
a probability that adverse effects will occur, and is not likely to be proportional to risk” 
(EPA 2006a). Thus, current RfD-based risk characterizations do not provide information 
on the fraction of the population adversely affected by a given dose or on any other direct 
measure of risk (EPA 2000a). That deficiency is present whether the dose is above the RfD 
(in which case the risk may be treated as nonzero but is not quantified) or below the RfD 
(in which case the risk can be treated as “unappreciable” or zero even though with some 
unquantified probability it is not zero). 

As in cancer dose-response assessment, the RfD is also derived from a POD, which could 
be a no-observed-adverse-effect level (NOAEL) or a benchmark dose (BMD). However, 
instead of extrapolating to a low-dose risk, the POD is divided by “uncertainty factors” to 
adjust for animal-human differences, human-human differences in susceptibility, and other 
factors (for example, data gaps or study duration). In a variant of the RfD approach to 
noncancer or low-dose nonlinear cancer risk assessment, the agency calculates a “margin 
of exposure” (MOE), the ratio of a NOAEL or POD to a projected environmental expo-
sure (EPA 2000a, 2005b). The MOE is compared with the product of uncertainty factors; 
an MOE greater than the product is considered to be without appreciable risk or “of low 
concern,” and an MOE smaller than the product reflects a potential health concern (EPA 
2000b). MOEs and RfDs are defined for durations of exposure (for example, acute, sub-
chronic, and chronic) and may be defined for specific life stages (for example, developmental) 
(EPA 2002a). 

Recent refinements in risk-assessment methods in EPA have used mode-of-action (MOA)� 
evaluations in dose-response assessment. EPA’s Guidelines for Carcinogen Risk Assessment 
(2005b) state that if a compound is determined to be “DNA reactive and [to] have direct 
mutagenic activity” or to have high human exposures or body burdens “near doses associated 
with key precursor events” (EPA 2005b, p. 3-21), a no-threshold approach is applied; risk 
below the POD is assumed to decrease linearly with dose. For carcinogens with sufficient 
MOA data to conclude nonlinearity at low doses, such as those acting through a cytotoxic 
MOA, the RfD approach outlined above for noncancer end points is applied (EPA 2005b), 

� More recent noncancer guidelines have abandoned the term threshold, noting the difficulty of empirically 
distinguishing dose-response relationships with true biologic thresholds from ones that are nonlinear at low doses 
(EPA 2005b, p. 3-24).

� Following EPA 2005b (p. 1-10), the MOA is defined as “a sequence of key events and processes, starting with 
interaction of an agent with a cell, proceeding through operational and anatomical changes, and resulting” in the 
adverse effect. “A ‘key event’ is an empirically observable precursor step that is itself a necessary element of the 
mode of action or is a biologically based marker for such an element.”
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except when there is adequate evidence to support mechanistic modeling (there has been 
no such case). 

Another refinement in dose-response assessment has been the derivation of the RfD or 
low-dose cancer risk from a POD that is calculated using BMD methodology (EPA 2000a). 
In noncancer risk assessment, this approach has the advantage of making better use of the 
dose-response evidence available from bioassays than do calculations based on NOAELs. 
It also provides additional quantitative insight into the risk presented in the bioassay at the 
POD because for quantal end points the POD is defined in terms of a given risk for the 
animals in the study. 

EPA’s treatment of noncancer and low-dose nonlinear cancer end points is a major step 
by the agency in an overall strategy to harmonize cancer and noncancer approaches to dose-
response assessment. Other aspects of this harmonization for the different end points include 
consideration of the same cross-species factors (EPA 2006b), and the same pharmacokinetic 
adjustments. EPA staff have also explored for noncancer end points dose-response modeling 
that results in probabilistic descriptions (for example, for acrolein, Woodruff et al. 2007) and 
that could be readily integrated into benefits evaluation (for thyroid-disrupting chemicals, 
Axelrad et al. 2005). But these approaches have not found their way into agency practice.

Scientific, Technical, and Operational Problems with the Current Approach

The committee recognizes EPA’s efforts to examine and refine dose-response assessment 
methodology and practice and the agency’s work to clarify its approaches and practices in 
guidelines and other documents (for example, EPA 2000a, 2002b, 2004, 2005b). A number 
of improvements over the last decade can be noted, such as the movement toward using 
MOA determinations and the application of BMD methods. However, the current framework 
has important structural problems, some of which have been exacerbated by recent deci-
sions. Figure 5-1 presents an outline of the current framework for dose-response assessment 
and risk characterization in EPA and some major limitations in the framework, which are 
discussed below. 

Potential Low-Dose Linearity for Noncancer and “Nonlinear” Cancer End Points 

Thresholds are assumed for noncarcinogens and for carcinogens believed to operate 
through an MOA considered nonlinear at low doses. The rationale is that at levels below 
the threshold dose, clearance pathways, cellular defenses, and repair processes have been 
thought to minimize damage so that disease does not result. However, as illustrated in Figure 
5-2, threshold determinations should not be made in isolation, inasmuch as other chemical 
exposures and biologic factors that influence the same adverse effect can modify the dose-
response relationship at low doses and should therefore be considered.

Nonlinear Cancer End Points

The current determination of “nonlinearity” based on MOA assessment is a reasonable 
approach to introduce scientific evidence on MOA into cancer dose-response assessment. 
However, some omissions in this overall approach for low-dose nonlinear carcinogens 
could yield inaccurate and misleading assessments. For example, the current EPA practice 
of determining “nonlinear” MOAs does not account for mechanistic factors that can create 
linearity at low dose. The dose-response relationship can be linear at a low dose when an 
exposure contributes to an existing disease process (Crump et al. 1976, Lutz 1990). Effects 
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Figure 5-1.eps

Hazard Assessment
Sort by Noncancer or Cancer End Points

Noncancer Risk Assessment Cancer Risk Assessment

Identify NOAEL or derive POD

Select Uncertainty/Adjustment Factors
-  Cross-species (U1)
-  Human interindividual variability (U2)
-  Other (U3)

Derive Reference Dose
RfD = POD / (U1 x U2 x U3)

Risk Characterization: Hazard Index (HI) or MOE
HI = Σi

(Exposure/RfDi)
MOE = POD/Exposure

Limitations and Issues

1. Possibility for low-dose linearity (for example,
due to background exposure) not assessed

2. No risk measure produced.  HI, RfD, and MOEs
of limited utility for risk/benefit analyses

3. Uncertainty not distinguished from variability or
other adjustments

Evaluate Mode of Action (MOA)

Animal to human dose conversion:
mg/kg3/4-d scaling or pharmacokinetic modeling
with pharmacodynamic adjustment

Limitations and Issues

1. Interhuman variability in risk either not
addressed at all (animal based) or incompletely
(epidemiology based)

2. For low-dose nonlinear carcinogens, no risk
measure produced.  HI, RfD, and of MOEs
limited utility for risk/benefit analysis

3. Uncertainty is not characterized

Derive POD (for example, LED01) and Slope Factor
For example, Slope Factor = 0.01/POD

Risk Characterization: Low-Dose Risk
Extra Risk = Slope Factor � Exposure

MOA not established

Low Dose “Nonlinear”

Linear MOA 

FIGURE 5-1  Current approach to noncancer and cancer dose-response assessment. 

of exposures that add to background processes and background endogenous and exogenous 
exposures can lack a threshold if a baseline level of dysfunction occurs without the toxicant 
and the toxicant adds to or augments the background process. Thus, even small doses may 
have a relevant biologic effect. That may be difficult to measure because of background noise 
in the system but may be addressed through dose-response modeling procedures. Human 
variability with respect to the individual thresholds for a nongenotoxic cancer mechanism 
can result in linear dose-response relationships in the population (Lutz 2001). 

In the laboratory, nonlinear dose-response processes—for example, cytotoxicity, im-
paired immune function and tumor surveillance, DNA methylation, endocrine disruption, 
and modulation of cell cycles—may be found to cause cancer in test animals. However, given 
the high prevalence of those background processes, given cancer as an end point, and given 
the multitude of chemical exposures and high variability in human susceptibility, the results 
may still be manifested as low-dose linear dose-response relationships in the human popula-
tion (Lutz 2001). The possibility of low-dose linearity due to background is acknowledged 
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in the EPA (2005b) Guidelines for Carcinogen Risk Assessment to a limited degree—for 
chemicals with high body burdens or high exposures—but has not been addressed in EPA 
assessments. And EPA practices do not call for systematic evaluation of endogenous and 
exogenous exposures or mechanisms that can lead to linearity.

By segregating cancer and noncancer risk assessment, the current framework tends to 
place undue focus on “complete” carcinogens, ignoring contributions to ongoing carcinogen-
esis processes and the multifactorial nature of cancer. Chemicals that may increase human 
cancer risk by contributing to an underlying process are handled essentially as noncarcino-
gens even though they may be integral to the carcinogenic process. The dichotomy increases 
the burden of judging which chemicals are carcinogens rather than accepting the variety of 
carcinogenic MOAs and incorporating them into a comprehensive risk assessment. 

Noncancer End Points

Similarly, noncarcinogens can exhibit low-dose linearity, for example, when there is 
considerable interindividual variability in susceptibility and each individual has his or her 
own threshold, especially when an underlying disease (such as cardiopulmonary disease) can 
interact with the toxicant (such as particulate matter [PM] or ozone). Schwartz et al. (2002) 
made the argument for the absence of a population threshold for mortality effects of PM. 
Other factors that support nonthreshold dose-response relationships for noncarcinogens 
include

•	 The observation of dose-response relationships with no apparent thresholds for 
subtle, common adverse end points, such as IQ loss or neurobehavioral deficits associated 
with lead or methylmercury exposures—an observation that continues to be made even as 
investigators probe for effects at smaller exposures (Axelrad et al. 2007). Those effects oc-
cur at lower doses than frank toxicity and are expected to become a more common basis of 

Figure 5-2.eps

Non-adverse Adverse

Value of physiological parameter

Healthy, no background exposure

Healthy with background exposure

Vulnerable with background
exposure

P
o

p
u

la
ti

o
n

 f
re

q
u

en
cy

Non-adverse Adverse

Value of physiological parameter

Healthy, no background exposure

Healthy with background exposure

Vulnerable with background
exposure

Healthy, no background exposure

Healthy with background exposure

Vulnerable with background
exposure

P
o

p
u

la
ti

o
n

 f
re

q
u

en
cy

Figure 5-2  Value of physiologic parameter for three hypothetical populations, illustrating that 
population responses depend on a milieu of endogenous and exogenous exposures and on vulnerability 
of population due to health status and other biologic factors. Source: Adapted from Woodruff et al. 
2007. Reprinted with permission; copyright 2007, Environmental Health Perspectives.
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dose-response assessment as increasingly subtle end points are studied with more sensitive 
tests (for example, tests based on -omics) or epidemiologically.

•	 The fact that in receptor-mediated events, even at very low doses a chemical can 
occupy receptor sites and theoretically perturb cell function (such as signal transduction 
or gene expression) or predispose the cell to other toxicants that bind to or modulate the 
receptor system (such as organochlorines and the aryl hydrocarbon receptor or endocrine 
disruptors and hormonal binding sites) (Brouwer et al. 1999; Jeong et al. 2008). 

•	 The observation that exposures that perturb or accelerate background endogenous 
disease processes and add to background endogenous and exogenous exposures may not 
show evidence of a threshold, as described above (“Nonlinear Cancer End Points”).

There are multiple toxicants (for example, PM and lead) for which low-dose linear con-
centration-response functions rather than thresholds have been derived for noncancer end 
points. The current EPA framework treats them as exceptions (implicitly if not explicitly) 
and does not provide methods and practices for readily assessing the dose-response relation-
ship for cases in which thresholds are not apparent or not expected, for example, because 
of background additivity. As discussed in this chapter, for critical end points driving the 
risk characterization at low doses, such cases may be common, and a new framework and 
practice are needed. 

Another problem posed by the current noncancer framework is that the term uncertainty 
factors is applied to the adjustments made to calculate the RfD to address species differ-
ences, human variability, data gaps, study duration, and other issues. The term engenders 
misunderstanding: groups unfamiliar with the underlying logic and science of RfD derivation 
can take it to mean that the factors are simply added on for safety or because of a lack of 
knowledge or confidence in the process. That may lead some to think that the true behavior 
of the phenomenon being described may be best reflected in the unadjusted value and that 
these factors create an RfD that is highly conservative. But the factors are used to adjust 
for differences in individual human sensitivities, for humans’ generally greater sensitivity 
than test animals’ on a milligrams-per-kilogram basis, for the fact that chemicals typically 
induce harm at lower doses with longer exposures, and so on. At times, the factors have 
been termed safety factors, which is especially problematic given that they cover variability 
and uncertainty and are not meant as a guarantee of safety. 

The Need for Evaluation of Background Exposures and Predisposing Disease Processes

Dose-response assessments for noncancer and nonlinear cancer end points are gener-
ally performed without regard to exposure to other chemicals that affect the same patho-
logic processes or the extent of pre-existing disease in the population. The need to address 
chemicals that have “a common mechanism of toxicity” in a cumulative risk assessment 
has been established for pesticides under the Food Quality Protection Act (FQPA) of 1996 
(EPA 2002b, p. 6). EPA (2002b) provides a useful example, but it was driven principally by 
the explicit requirements of the FQPA, and few noncarcinogens are evaluated in this way. 
Furthermore, dose additivity has been observed at relatively low doses for various endo-
crine-related toxicities with similar and dissimilar mechanisms of action (for example, Gray 
et al. 2001; Wolf et al. 2004; Crofton et al. 2005; Hass et al. 2007; Metzdorff et al. 2007). 
Dosing animals with two chemicals that have different MOAs at their NOAELs resulted in 
a significant adverse response, which suggested dose additivity (as when two chemicals at 
subthreshold doses lead to an effect). In practice, a common implicit assumption is effect 
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additivity—two subthreshold doses yield a nonresponse because neither produces a response 
on its own. 

Consideration of chemicals that have a common MOA has not included how endogenous 
and other chemicals, not the direct subjects of testing and evaluation by regulatory agen-
cies, affect the human dose-response relationship. The recent EPA draft dibutyl phthalate 
(DBP) assessment is an example in which there was an opportunity to consider cumulative 
exposure to the various agents that can contribute to the antiandrogen syndrome seen with 
phthalates, but the impact of even other phthalates on the DBP dose-response relationship 
was not taken into account in setting the draft RfD (EPA 2006c). In the application of such 
an assessment, DBP exposures above the RfD would be treated as posing some undefined 
extra degree of risk and DBP exposures below the RfD would, without further guidance 
from the agency, potentially be treated as riskfree without regard to the presence of other 
antiandrogen exposures.

Risk-Assessment Outcomes Needed for Risk Evaluation and Benefit Analysis

The end products of noncancer (and nonlinear cancer) assessments in the current para-
digm (exposure-effect quotients that qualitatively indicate potential risk—MOEs, RfDs, and 
RfCs, Figure 5-1) are inadequate for benefit-cost analyses or for comparative risk analyses. 
MOEs and RfDs as currently defined do not provide a basis for formally quantifying the 
magnitude of harm at various exposure levels. Therefore, the committee finds the 2005 
Guidelines for Carcinogen Risk Assessment movement toward RfDs and away from an ex-
pression of risk posed by nonlinear carcinogens problematic. Similarly, although noncancer 
risk assessment has moved to a BMD framework that makes better use of evidence than an 
approach based on NOAELs and lowest observed-adverse-effect levels (LOAELs), the para-
digm remains one of defining an RfD or RfC without any sense of the degree of population 
risk reduction that would be found in moving from one dose to another dose. A probabilistic 
approach to noncancer assessment, similar to how cancer risks are expressed, would be much 
more useful in risk-benefit analysis and decision-making. The current threshold-nonthreshold 
dichotomy creates an inconsistent approach for bringing toxicology and risk science into 
the decision-making process. 

That paradigm has other unintended consequences. For example, the linear-extrapola-
tion exercise for carcinogens and lack of consideration of linearity for noncarcinogens and 
“nonlinear” carcinogens create a high bar of evidence for carcinogen identification and 
reduce the consideration of the possibility of noncancer end points for carcinogens. More 
generally, the many noncancer health end points are generally given little weight in benefit-
cost analyses or other analytically driven decision frameworks in part because of the nature 
of the resulting qualitative risk characterization. 

In the general case in which an intervention reduces exposures from above the RfD 
to below the RfD, it is particularly unfortunate to fail to quantify this benefit. It might be 
possible, through economic valuation (willingness-to-pay or contingent-valuation) studies, 
to estimate the benefits of moving N members of the population from exposure above the 
RfD to exposure below the RfD, but it would be more straightforward and intelligible to 
directly estimate the benefits of such an exposure and risk reduction. The current approach 
also does not address the benefits of lowering exposures that are already below the RfD 
or the benefits of lowering exposures from above the RfD to an exposure level that is still 
above the RfD, both of which, if understood to be associated with a nonzero probability of 
harm, also need valuation. The framework described below provides a means of generating 
the data needed for such analyses. 
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Limitations of the Current Approach for Low-Dose Linear Cancer End Points

EPA assumes that the linear default approach for dose-response assessment provides “an 
upper-bound calculation of potential risk at low doses,” which is “thought to be public-
health protective at low doses for the range of human variation” (EPA 2005b, p. A-9). EPA 
(2005b) noted that the National Research Council reports (NRC 1993, 1994) generally dis-
cussed the variability in human susceptibility to carcinogens and that EPA and other agencies 
were conducting research on the issue. The committee finds that although the precise degree 
of human variability is not known, the upper statistical bound derived from fits to animal 
data does not address human variation, as discussed below. Further, with few exceptions 
(EPA 2001a), the current practice embeds an implicit assumption that it is zero. This is not 
credible and is increasingly unwarranted as more and more studies document the substantial 
interindividual variation in the human population (see Chapter 4). 

According to EPA, “the linear default procedure adequately accounts for human varia-
tion unless there is case-specific information for a given agent or mode of action that indicates 
a particularly susceptible subpopulation or lifestage, in which case the special information 
will be used” (EPA 2005b, p. A-9). That implies that in general the linear-extrapolation pro-
cedure will overestimate the risk to an extent that will account for the underestimation bias 
related to the omission of human heterogeneity. EPA provides no evidence to support that 
assumption and in essence establishes a default (no variability in susceptibility) that is unsub-
stantiated (see Chapter 6 for discussion of “missing” defaults). There are three main steps in 
deriving human cancer risk from animal bioassay data: adjusting animal doses to equivalent 
human doses, deriving the POD by fitting a mathematical model to the data, and linearly 
extrapolating from the POD to lower doses. The default animal-to-human adjustment is 
based on metabolic differences due to the roughly 200- to 2,000-fold differences in body 
sizes and is set at a median value without accounting for the large qualitative uncertainty, in 
any particular application, of the humans being more sensitive than the animal or vice versa. 
The lower bound on the POD merely accounts for the uncertainty in the model fitted to data 
from the fairly homogeneous animals used in studies. If the true dose-response relationship 
for an agent is indeed linear, the statistical lower confidence limit (for example, the BMD 
lower confidence limit [BMDL]) associated with a POD (for example, the BMD) provides 
a small increment of “conservatism”—typically not more than a factor of 2 (Subramaniam 
et al. 2006). That is highly unlikely to account for variation in susceptibility in cancer in a 
large exposed human population (see Chapter 4). If, instead, the true dose-response relation-
ship is nonlinear, treating it as linear might introduce enough “conservatism” to offset the 
underestimation of risk in people of above-average susceptibility, but the degree to which the 
high-dose-based estimate is in error would preferably be analyzed separately. The practice 
of assuming no human variation in response to compounds for which linearity is applied is 
simplistic and inconsistent with the manner in which noncancer assessments are conducted. 
Many factors can cause the cancer response to be highly variable in the population, including 
age, sex, genetic polymorphisms, endogenous disease processes, lifestyle, and coexposure to 
other xenobiotics common in the human environment (see “Variability and Vulnerability 
in Risk Assessment” in Chapter 4). Some of those factors, especially pharmacokinetics and 
early age, are beginning to be considered in a few cancer risk assessments, but much more 
emphasis needs to be placed on describing the ranges of susceptibility and risk. 

Other Limitations of the Current Approach

One cross-cutting issue for all end points is the degree to which dose-response charac-
terization is done in data-poor cases. Often, a compound on which information is sparse is 
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not addressed in a quantitative risk assessment and operationally can be treated as though it 
posed no risk of regulatory importance. That is unlikely to describe the situation adequately 
or to be helpful in setting research priorities. An approach to that problem is described in 
Chapter 6. 

In addition, any analysis must grapple with the best approach for integrating data from 
multiple studies and on multiple end points. There has been a tendency in risk assessment to 
pick a single dataset with which to describe risk, in part because it leads to straightforward 
rationales that are easy to explain, understand, and communicate. However, the direction 
toward better understanding of uncertainty, human variability, and more accurate assess-
ment necessarily involves increasing complexity and integration of evidence from disparate 
sources. It also may involve constructing dose-response relationships based on evidence from 
a variety of study types (such as cancer bioassays and in vitro studies). Also, a given exposure 
to a particular chemical may affect multiple end points, and a risk description based on one 
tumor site or effect may fall short of conveying the overall risk posed by the substance. 

In summary, the committee finds multiple scientific and operational limitations in the 
current approach for both cancer and noncancer risk assessments. The following section 
describes a means for addressing many of the issues by developing a unified framework for 
toxicity assessment that incorporates variability and uncertainty more completely and pro-
vides quantitative risk information on cancer and noncancer end points alike. 

A UNIFIED FRAMEWORK AND APPROACH FOR DOSE-RESPONSE ASSESSMENT

The committee finds that the underlying science is more consistent with a new con-
ceptual framework for dose-response modeling and recommends that the agency adopt a 
unified framework. Figure 5-3a illustrates the underlying dose-response principles for the 
framework, which includes background processes and exposures in considering risks on the 
individual and population scales. Figure 5-3a shows that an individual’s risk from exposure 
to an environmental chemical is determined by the chemical itself, by concurrent background 
exposures to other environmental and endogenous chemicals that affect toxicity pathways 
and disease processes, and by the individual’s biologic susceptibility due to genetic, lifestyle, 
health, and other factors. How the population responds to chemical insults depends on 
individual responses, which vary among individuals. 

Clearly, background exposures and biologic susceptibility factors differ substantially 
between animals and humans, and there can be more confidence in dose-response descrip-
tions that consider and account for background exposure and biologic susceptibility of 
populations for which risks are being estimated. Figure 5-3b provides a depiction of indi-
vidual and population risk that formally takes these factors into account. The shape of the 
population dose-response relationship at low doses is inferred from an understanding of 
individual dose-response relationships, which in turn are based on consideration of back-
ground exposure and biologic susceptibility on human heterogeneity. An upper bound on 
the population dose-response relationship would be derived to express uncertainty in the 
population dose-response relationship. For compounds whose effects show a linear dose-
response relationship, this upper bound is not the same as the familiar upper bound derived 
by fitting dose-response models to animal bioassay data. The latter upper bound measures 
only a very small aspect of uncertainty: that due to sampling variability and the statistical 
fit to animal data. Here, the committee envisions a more comprehensive description of un-
certainty that accounts for other aspects, such as uncertainty in cross-species extrapolation. 
The dose of the environmental chemical that poses, say, a risk above background (“extra 
risk”) of 10-5 in a population, could be described by a probability distribution that reflects 
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the uncertainty. Ideally, risk would be estimated for sensitive as well as typical individuals, 
and uncertainty in those estimates would also be described.

One important outcome of the new approach is the redefinition of the RfD as a risk-spe-
cific dose rather than as a dichotomous risk–unappreciable risk descriptor. The redefinition 
is described further below. 

Characteristics of the Dose-Response Framework

The dose-response framework envisioned includes the following features:

•	 Dose-response characterizations that use the spectrum of evidence from human, 
animal, mechanistic, and other relevant studies. Whole-animal dose-response studies will 
continue to play a central role in establishing PODs for most chemicals, but information on 
human heterogeneity, background exposures, and disease processes and data from mechanis-
tic in vitro and in vivo studies will be critical in selecting the approach to the dose-response 
analysis. Some information used in the dose-response derivation will be chemical-specific. 
In the absence of reliable chemical-specific information on human variability, interspecies 
differences, and other components of the analysis, generalizations and defaults based on 
evidence from other chemicals and end points and theoretical considerations may be used. 
Clearly, this presents challenges associated with selection of data sources, data synthesis, 
and model uncertainty.

•	 The goal of providing a probabilistic characterization of harm, such as a description 
of the form “at dose D, R fraction of the population would be anticipated to suffer harm 
with a confidence interval of RL-RH.” For example, a summary statement of risk may be that 
at an air concentration of 0.05 ppm (= D), 1/10,000 (= R) of the population are likely to be 
affected with a 95% confidence interval (CI) of 5/100,000-3/10,000 of the population. That 
general form can be made more specific to particular outcomes and MOAs. For example, as 
described later in this chapter, for agents unlikely to have a threshold even at the individual 
level (such as mutagenic carcinogens), each person is assumed to be at a finite risk, and one 
can also make statements about individual risk. A summary statement may be given like that 
above with a further description that the 95th percentile individual at a dose of 0.05 ppm 
may face a risk of 1/1,000 (with a CI of 5/10,000-3/1,000). Thus, for a population uniformly 
exposed to a compound at 0.05 ppm, the characterization would indicate the distribution 
of risk among individuals (with variability driven by differences in background exposures 
and biologic susceptibility), in this example, with 5% of individuals having estimated risks 
above 1/1,000 (with associated confidence bounds). The key attribute of the characteriza-
tion would be a quantitative and probabilistic characterization of harm for each critical end 
point. A similar position for probabilistic expression of noncancer risk has been advocated 
by the EPA Science Advisory Board (EPA SAB 2002). Multiple end points of varied severity 
would be considered. In many cases, new research or well-justified default approaches will 
be needed to attain this level of refinement in noncancer dose-response analysis. 

•	 Explicit consideration of human heterogeneity in response, for both cancer and non-
cancer end points, that is distinguished from uncertainty. This variability assessment would 
consider susceptibility due to age, sex, health status, genetic makeup, and other factors. 
Uncertainty in human variability estimates would be described, preferably quantitatively. 
The rigor of this characterization would be commensurate with the needs of the assessment 
(see Chapters 3 and 4). 

•	 Treatment of uncertainty aimed at characterizing the most important types of uncer-
tainties for both cancer and noncancer end points. This could involve formal quantification 
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following probabilistic approaches that are consistent with recommendations about the use 
of default assumptions in Chapter 6. It could also include sensitivity analyses or qualitative 
characterizations if they would provide a better description of uncertainty or are commen-
surate with the needs of the assessment.

•	 Evaluation of background exposure and susceptibility in order to select modeling 
approach. The assessment of “background exposure” and “background disease processes” 
would involve characterization of other chemicals or nonchemical stressors that influence 
the same general pathologic processes as the chemical under evaluation. Such consideration 
should aid the evaluation of the shape of the dose-response relationship, including the poten-
tial for low-dose linearity and high-risk subpopulations and hence appropriate methodologic 
approaches for the dose-response analysis. Background exposures and susceptibility factors 
can result in linear low-dose-response relationships that would otherwise be considered low-
dose nonlinear on the basis of MOA alone.

•	 Use of distributions instead of “uncertainty factors,” as the science and data develop 
and are found to provide a sufficient basis for doing so. For example, research is going on 
to develop uncertainty distributions for the pharmacokinetic (PK) and pharmacodynamic 
(PD) components of the interspecies and intraspecies human uncertainty factors (for example, 
Hattis and Lynch 2007). Data-driven adjustment factors developed by such bodies as the 
World Health Organization’s International Program on Chemical Safety (IPCS 2005) are 
being expanded to probabilistic descriptions on the basis of information from the pharma-
ceutical sector and emerging from the biologic sciences. It will be a challenge to overcome 
some of the data limitations for developing those approaches. For example, many studies 
use small numbers of human subjects, so the sensitive individuals in the population may 
not be characterized quantitatively by distributions derived from these studies, particularly 
if the true human distribution is multimodal. Approaches are needed to address that issue. 
The formal incorporation of variability due to polymorphisms, aging, endogenous disease 
status, exposure, and other factors will probably prove to be complex and challenging. Later 
in this chapter, examples are given of an approach for developing and using an intrahu-
man variability adjustment and distribution for cancer risk derivations. It may sometimes 
be preferable to use single-value “uncertainty factors,” either out of necessity or reflecting 
science-policy choices (see Chapter 6). Their use would preferably be accompanied by a 
qualitative description of the associated uncertainty in their application. 

	 The term uncertainty factors can be problematic because it connotes only one as-
pect of the function of the factors. As the default distributions are developed, a better, more 
specific label for them would be preferable (for example, human variability distribution) to 
reflect their content more appropriately (for example, accounting for human heterogeneity). 
This would lessen the opportunity for transferring to the new default distributions the misun-
derstanding commonly associated with use of “uncertainty factors,” as described earlier. 

•	 Descriptions of sensitive individuals or subpopulations. The assessment would 
characterize individuals and subgroups according to whether they have coexposures to 
key nonchemical stressors, specific polymorphisms influencing metabolism or DNA repair, 
pre-existing or endogenous disease processes, high background endogenous or exogenous 
exposures, and other determinants of increased susceptibility.

•	 Approaches and resulting assessments that are transparent and understandable by 
the public and by risk managers. This may require alternative presentations of the charac-
terization of risk to suit the needs of specific decisions.
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Risk-Specific Definition of the Reference Dose

This framework facilitates a redefinition of the RfD and RfC in terms of a risk-specific 
dose and confidence level, as outlined in Box 5-1. Although Box 5-1 focuses on a risk-specific 
definition of the RfD, the framework developed in this chapter can be used to estimate risk 
at any dose, not just the RfD; for example, the risk and confidence bounds around the risk 
could be reported for continuous exposure to an air concentration of 1 part-per-billion. This 
redefinition will facilitate an understanding of the benefits of lowering exposure in valuation 
exercises for environmental decision-making. 

An RfD defined in that manner can be used as RfDs have always been used in aiding 
risk-management decisions, but it has additional beneficial features. It presents a dose above 
which risks may be increased above a standard criterion or de minimis risk and below which 
risks are considered insignificant or minimal but not necessarily zero. It is analogous to the 
presentation of cancer risks to risk managers with the understanding that the bright-line 
risk-specific dose is based on a previously agreed on de minimis or acceptable level of risk 
inasmuch as zero risk cannot be assumed. However, rather than being an expression of the 
line between possible harm and safety, the newly defined RfD can be interpreted in terms of 
population risk. Managers can then weigh alternative options in terms of the percentage of 
the population that is above or below the de minimis risk-specific dose; this also enables a 
quantitative estimate of benefits for different risk-management options. An example of this 
approach is provided for a thyroid disrupting compound by Axelrad et al. (2005). 

The de minimis risk for the RfD could depend on the nature of the health outcome (that 
is, a subtle, precursor effect, a mild effect, or a severe effect) and the subpopulation; for 
example, the RfD could be based on a 1 in 1,000 risk for a minimally adverse response in 
a sensitive subpopulation (Hattis et al. 2002). 

As is the case for linear cancer end points, multiple risk-specific doses could be provided 
in the Integrated Risk Information System and in the various risk characterizations that 
EPA produces to aid environmental decision-making. Different risk-management decisions 
may call for different acceptable risks, and this redefinition would provide risk managers a 
means of considering the population risk associated with exposures resulting from specific 
control strategies. The doses related to different target risks could be distinguished from 
RfDs and RfCs with names like risk-specific dose to avoid confusion. The confidence values 
associated with these risk-specific doses should be included in any database with the risk 
targets to ensure that this key information is not lost. Over the years of experience with 
cancer—a severe effect with a relatively long latent period—an acceptable risk range has 
been adopted that is used in risk-management decisions. Such experience will accrue for 
other health end points. 

BOX 5-1 A Risk-Specific Reference Dose

For quantal effects, the RfD can be defined to be the dose that corresponds to a particular risk 
specified to be de minimis (for example, 1 in 100,000) at a defined confidence level (for example, 
95%) for the toxicity end point of concern. It can be derived by applying human variability and other 
adjustment factors (for example, for interspecies differences) represented by distributions rather than 
default uncertainty factors.
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Conceptual Models

Approaches to describe dose-response relationships in probabilistic terms depend on how 
one conceives the underlying biologic processes and how they contribute to an individual’s 
dose-response relationship, the nature of human variability, and the degree to which the 
processes may be independent of background exposures and processes. This is illustrated in 
three example prototypical conceptual models:

1.	 Nonlinear individual response, low-dose linear population response with background 
dependence. As discussed above, low-dose linearity can arise when the dose-response curves 
for individuals in the population are nonlinear or even have thresholds but the exposure to 
the chemical in question adds to prevalent background exposures that are contributing to 
current disease. The dose-response relationship would be determined to a great extent by 
human variability and background exposure. In Figure 5-4, each individual’s dose-response 
relationship can be characterized by a threshold dose-response function with zero risk up 
to a particular dose and then sharply increasing risk with increasing dose above it. A col-
lection of the threshold dose-response functions for a number of individuals is displayed on 
the left side of the figure. The proportion of individuals in the population whose threshold 
is exceeded by a particular dose is displayed on the right side.

2.	 Low-dose nonlinear individual and population response, low-dose response inde-
pendent of background. This is the dose-response conceptual model currently in use for 
noncancer end points. For these dose-response relationships, the fraction of the human 
population responding drops to inconsequential levels at low doses. At very low doses, the 
threshold dose for toxicity is not exceeded in individuals, or the risk is infinitesimal. The 
same is true for the population, with the shape of its dose-response relationship determined 
by the variability in individuals’ thresholds, as illustrated in Figure 5-5. 

Clearly, there are many compounds and end points for which available compound-spe-
cific data are not sufficient to describe probabilistic dose-response relationships for nonlinear 
end points adequately. For some chemicals, default distributions may be constructed on the 
basis of known chemical and physiologic properties for chemicals considered representa-
tive for this purpose. Some default adjustment factors could be specific for some types of 
chemicals. Examples of how default distributions may be derived to support the derivation 
of risk for this conceptual model are given below; the committee cites these examples not to 
endorse particular distributions or specific results but to provide an example of a low-dose 
nonlinear dose-response modeling approach.

Figure 5-4.eps
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FIGURE 5-4  Linear low-dose response in the population dose-response relationship resulting from 
background xenobiotic and endogenous exposures and variable susceptibility in the population.



Copyright © National Academy of Sciences. All rights reserved.

Science and Decisions:  Advancing Risk Assessment
http://www.nap.edu/catalog/12209.html

142	 SCIENCE AND DECISIONS: ADVANCING RISK ASSESSMENT

3.	 Low-dose linear individual and population dose-response. For this conceptual mod-
el, both individual risk and population risk have no threshold and are linear at low doses, 
as illustrated in Figure 5-6. Note that low-dose linear means that at low doses “added risk” 
(above background) increases linearly with increasing dose; it does not mean that the dose-
response relationship is linear throughout the dose range between zero dose and high doses. 
A possible approach for deriving linear cancer dose-response relationships and estimating 
risk for individuals at different quantiles and for the population is described below for this 
conceptual model illustrated in Figure 5-6. 

To the extent that uncertainty in cross-species and other adjustments can be ascertained, 
rough quantitative estimates of uncertainty may be provided and incorporated into the char-
acterization of the dose-response relationship. The upper confidence bound on the population 
dose-response curve in Figure 5-6 depicts the uncertainty in the model fit to data, as well as 
in the other adjustments. 

Figure 5-5.eps
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FIGURE 5-5  Nonlinear or threshold low-dose response relationships for individuals and 
populations. 
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FIGURE 5-6  Linear low-dose response models for individuals and population. Individual dose-
response relationships may cross. Thus, individual at the 95th percentile at one dose (dashed line in 
graph on left) may not be same individual at another dose. From uncertainty estimates for assessment 
components, upper 95th percentile estimate for population dose-response relationship can be derived 
(dashed line in graph on right). 
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Low-dose linear dose-response relationships can also involve continuous-effect variables, 
such as decreasing IQ, illustrated in Figure 5-7. As the exposure increases, IQ decreases 
potentially shifting the entire population distribution in the direction of decreased function, 
as may occur with methylmercury (Axelrad et al. 2007). 

General Approach to Dose-Response Assessment

The general approach, illustrated in Figure 5-8, involves consideration of MOA, back-
ground exposures, and possible vulnerable populations in selecting a conceptual model and 
methods for dose-response analysis. 

Data Assembly and End-Point Assessment

The process begins, as is done currently, with review of the peer-reviewed scientific 
literature to assemble health-effects data for identifying end points of concern. The review 
emphasizes end points that are of greatest concern to populations exposed through environ-
mental media. Thus, for chemicals with robust datasets, there is little focus on severe effects 
at high doses other than as indicators, for example, of possible target organs, route specificity, 
and dose-dependent pharmacokinetics. An exception is the plausible scenario, in which, for 
example, acute high-dose exposures occur from chemical terrorism or accidental releases.

One important aspect of dataset selection for dose-response estimation is the consider-
ation of target organ (site) concordance between animals and humans. A toxic effect may 
be preferentially expressed in an animal model in a tissue that is particularly vulnerable 
because of unique features of metabolism in the tissue, the particular hormonal influences 
on the tissue, or the rates of aging, damage, and repair in the tissue, and other factors. In 
some cases, the target organ in a rodent species, such as the forestomach or Zymbal gland, 
may not have an exact human counterpart. However, the presence of carcinogenic action 
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FIGURE 5-7  Dose-response relationships involving a continuous effect variable.
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Figure 5-8.eps
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FIGURE 5-8  New unified process for selecting approach and methods for dose-response assessment 
for cancer and noncancer end points involves evaluation of background exposure and population vul-
nerability to ascertain potential for linearity in dose-response relationship at low doses and to ascertain 
vulnerable populations for possible assessment.

in tissues for which there is no correspondence in humans or that may be regulated differ-
ently in humans does not mean that the toxicity or tumor finding in animals is irrelevant. 
That the rodent tissue is sensitive to the toxicant signifies that the toxicant MOAs operate 
in a mammalian system that has characteristics in common with similar or even not obvi-
ously related tissues in humans or human subpopulations. Because epidemiologic studies 
are often limited in their ability to explore outcomes related to workplace or environmental 
exposures, it is typically impossible to rule out the relevance of an effect seen in a particular 
rodent tissue unless there is detailed mechanistic information on why humans would not 
be affected (IARC 2006). The finding that the high sensitivity of the rat Zymbal gland to 
benzene tumorigenesis occurs via an MOA (clastogenesis) similar to that which produces 
benzene-induced bone marrow toxicity and cancer in humans (Angelosanto et al. 1996) is 
an indication that a tissue that is specific to the rat can still provide important hazard and 
potency information related to human risk. In general, tissues that are responsive to a toxi-
cant should be considered relevant to human risk assessment unless mechanistic information 
demonstrates that the processes occurring in the tissues could not occur in humans. 
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Mode-of-Action Assessment

The MOA evaluation explores what is known or hypothesized about the key events after 
chemical exposures that lead to the toxicity of a compound, including metabolic activation 
and detoxification, initial interactions with critical cellular targets (for example, covalent 
binding with protein or DNA, peroxidation of lipids and proteins, DNA methylation, and 
receptor binding), altered cellular processes (for example, apoptosis, gene expression, and 
signal transduction), and other types of biochemical perturbation that may involve defense 
mechanisms or be considered precursor events. Background or endogenous processes that 
might act in concert with those events would also be considered. Any MOA information 
that might be helpful in understanding dose-response relationships at both high and low 
doses would be considered, including dose-dependent nonlinearities in metabolic processes, 
depletion of cellular defenses, potential to outpace repair processes, induction of enzymes by 
repeat dosing, additivity and interaction with background disease processes, and additivity 
of the chemical and its metabolites with other chemical exposures. 

The MOA assessment brings mechanistic information to bear on the dose-response as-
sessment. However, the available data will often be too limited to explain how a chemical 
or its metabolites act to produce an effect. In such cases, default assumptions will apply; 
below possible defaults are presented in the context of conceptual models. Chapter 6 provides 
further recommendations and guidance on developing and applying defaults. 

Precautionary lessons on the use of MOA data in dose-response assessment are presented 
by way of the following examples. As the first example, findings of rodent liver cancer have 
been hypothesized to be of limited or no human relevance for chemicals that are agonists for 
the peroxisome proliferator activated receptor α (PPARα), a hormone receptor involved in 
energy homeostasis (Klaunig et al. 2003). Notably findings of rodent liver cancer for di(2-
ethylhexyl)phthalate were found by the International Agency for Research on Cancer (IARC 
2000) not to be relevant to humans because peroxisome proliferation was demonstrated in 
mice and rats, but not in human hepatocyte cultures or livers of nonhuman primates ex-
posed to DEHP. However, findings of liver cancer at a higher incidence in PPARα-null than 
wild-type mice (Ito et al. 2007) call into question this conclusion. Second, MOA assessment 
has recently been introduced as a way to determine whether a carcinogen has greater sen-
sitivity early in life. Following EPA (2005c), a factor is to be applied when exposure occurs 
in early life to account for the greater sensitivity during this period, but only for chemicals 
with established mutagenic MOAs. These guidelines (EPA 2005c) raise the question of what 
constitutes a mutagenic MOA. It can be difficult to establish how a chemical with some 
genotoxic activity may induce a mutation (for example, direct vs indirect effect), how to 
translate findings from one biologic system or age group to another, and how effects are 
produced when a chemical induces cancer by multiple MOAs, as many carcinogens are 
likely to do. The practice is inconsistent with the EPA approach to low-dose extrapolation 
in its cancer risk-assessment guidance: when the MOA is uncertain, the default position is 
to assume a low-dose linear extrapolation (EPA 2005b, p. 3-21). 

The “M” factor described later in this chapter is introduced to modify the dose-response 
slope at low doses to address the case of multiple MOAs or other aspects that can be different 
between high and low dose. The MOA assessment would inform the selection of M. 

Background and Vulnerability Assessments

A critical aspect of the new approach is the determination that, whether addressing 
cancer or noncancer end points, dose-response models should fully address both intersubject 



Copyright © National Academy of Sciences. All rights reserved.

Science and Decisions:  Advancing Risk Assessment
http://www.nap.edu/catalog/12209.html

146	 SCIENCE AND DECISIONS: ADVANCING RISK ASSESSMENT

variability and background disease processes and exposures. How those factors may “linear-
ize” dose-response relationships, which would otherwise be low-dose nonlinear relationships 
on the basis of MOA, should be considered explicitly. The committee recommends that two 
systematic reviews be included as components of EPA dose-response assessments. The first 
is an assessment of background exposures to xenobiotics (for example, in pharmaceuticals, 
food, and environmental media) and endogenous chemicals that may affect the processes by 
which the chemical produces toxicity and may result in low-dose linearity. The second is an 
assessment of human vulnerability that identifies underlying disease processes in the popula-
tion to which the chemical in question may be adding and that suggests groups of sensitive 
individuals and their characteristics. Those issues are considered further below in terms of 
how they may affect the choice of conceptual model used in dose-response analysis. 

To facilitate this step of the dose-response assessment process, the committee provides 
an initial set of diagnostic questions that address whether background considerations are 
key factors:

•	 What is known or suspected to be the chemical’s MOA? 
•	 What underlying degenerative or disease processes might the toxicant affect or 

otherwise interact with?
•	 What are the background incidences and population distributions of these 

processes?
•	 Are there identified sensitive populations?
•	 Have the underlying processes been characterized in humans with markers of sus-

ceptibility and precursor effect? 
•	 What known and probable factors can affect the underlying processes and thus 

potentially modulate adverse health outcomes of exposure to the toxicant? 
•	 What are the levels of human-to-human and age-dependent variability and uncer-

tainty with respect to background degenerative and disease processes, and how do they 
interact with the toxicant’s MOA?

•	 What environmental contaminants in air, drinking water, food or in consumer prod-
ucts (for example, foods, pharmaceuticals, cosmetics) or endogenous chemicals (for example, 
natural hormones) are similar to the chemical in question?

•	 Could they potentially operate by MOAs similar to that of the chemical in 
question? 

•	 What chemicals might operate by a different MOA but have the potential to affect 
the same toxic process as the chemical under study? 

•	 How might the endogenous and exogenous background components vary among 
individuals? Can subgroups with particularly high exposures be identified? 

•	 Is there a potential for people with high background exposures to have health con-
ditions that predispose them to the critical end points or diseases caused by the chemical 
under study?

Questions, like those above, are essential to ask when conducting chemical risk assess-
ment, whether using the unified framework or current approaches. These questions help 
identify potential data sources for understanding inter-human variability in response and the 
extent to which a chemical may pose risks at low doses, and the limits in that understanding. 
EPA’s draft risk assessment for trichloroethylene (TCE) (EPA 2001a; NRC 2006a) took a 
step in this direction by considering how differences in metabolism, disease, and other fac-
tors contribute to human variability in response to TCE, and how other factors may alter 
its metabolism. EPA’s draft dioxin risk assessment considered the impact of background 
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and cumulative exposure to dioxin-like compounds and the potential impact on low-dose 
response (EPA 2004; NRC 2006b). The unified framework formalizes the incorporation of 
this type of information into human-health risk assessments, through background and vul-
nerability assessments and the subsequent selection of a conceptual model for dose-response 
assessment. 

A Pictorial to Aid Vulnerability Assessment

Many factors can affect susceptibility to a chemical, including host genetics, disease sta-
tus, sex, age, functional reserve, capability of defense mechanisms (for example, glutathione 
status), capability of repair mechanisms, activity of the immune system, and coexposure to 
other xenobiotics. Figure 5-9 is an aid to explore how the disease process may be influenced 
by numerous biochemical processes and risk factors. Someone who is not very vulnerable 
may have no or few risk factors, whereas someone who is vulnerable may have many or far 
greater exposure to one or several of them. Figure 5-9 portrays a hypothetical population 
vulnerability distribution, with the X-axis representing “functional decline,” a continuous 
variable that is an indicator of vulnerability. For example, the indicator of functional decline 
for asthma could be reduced airway responsiveness. People who have generally lower levels 
of risk factors and disease precursors will be on the left side of the population distribution 
in Figure 5-9. Moving to the right will be people who experience a loss of function but are 
not symptomatic. With further loss of function, as may occur in people who have additional 
or greater exposure to risk factors, biomarker levels are higher and approach their threshold 
for symptoms and disease. Stressors that may be innocuous in healthy people may be life-
threatening in those who are susceptible. For example, exposure to low concentrations of 
an infectious agent may cause clinical infection only rarely in the average person, but those 
whose lung clearance and immune function are compromised may develop pneumonia at a 
higher frequency and, when afflicted, may have a greater risk of death. 

Figure 5-9 illustrates a hypothetical situation in which the population depicted is ex-

Figure 5-9.eps

60

50

40

30

20

10

0
0 123456

Functional Decline

Fr
eq

u
en

cy

60

50

40

30

20

10

0
0 1 2 3 4 5 6

Functional Decline

Fr
eq

u
en

cy

FIGURE 5-9  Population vulnerability distribution. Arrows represent hypothetical response to same 
toxicant dose for people at given level of functional decline unrelated to any particular toxicant. Verti-
cal line represents presumed threshold between overt adverse and nonadverse effect in median person. 
Shaded area straddling line represents distribution of thresholds in population. 
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posed to a toxicant. The vertical line represents the theoretical threshold to elicit an adverse 
clinical effect in the median person. The threshold will not be the same in everyone, so it is 
represented in the figure as a normal distribution. The arrows represent the magnitude of 
toxicant effect in response to a given dose in people who are at a given level of functional 
decline. In this example, people who are more vulnerable are both closer to their threshold 
and more responsive to a given toxicant dose (represented by the larger arrows). Toxicant 
exposure will shift the vulnerability distribution to the right and make it more skewed, as 
indicated by the size of the arrows. Here, as in epidemiology, functional decline or baseline 
health status might be thought of as an effect modifier of the risk of interest. Sensitivity 
differs because the more vulnerable, on the one hand, have less functional reserve and cel-
lular defense and, on the other hand, may have a greater number of processes that could 
contribute to disease (for example, less responsive airways, less pulmonary clearance, poorer 
immune surveillance, or impaired cardiac function). Low-functioning people can be at greater 
risk not only because they can be near the threshold but because they can have a greater 
response per unit dose. 

Low doses cause a small shift, and even a very low dose may push a few people over their 
threshold. If the background level of clinical effect is high (for example, 1% of people have 
the disease) and there is considerable baseline variability, many people would be expected 
to be vulnerable to a toxicant-induced increase in the disease. In the case of rare diseases or 
effects (for example, affecting 1 per 100,000), few people are expected to be just shy of the 
threshold, and it would take a larger dose of toxicant to produce the same increase in effect 
as in the high-background case. The diagnostic questions listed above may help the risk as-
sessor to understand the characteristics of the population vulnerability distribution and the 
potential for low-dose exposures to push some in the population over their threshold. 

Selection of a Conceptual Model

Based on the background exposure, MOA, and vulnerability assessments, a decision 
is made as to the general approach to the dose-response analysis. It involves a selection of 
conceptual models for individual and population dose-response relationships. To guide this 
decision, the committee has developed examples of prototypical conceptual models, described 
earlier and summarized in Figure 5-10. 

Consideration of background exposures and processes is critical for the determination 
of likelihood of low-dose linearity in the population dose-response relationship. Conceptual 
models 1 and 3 are illustrations of low-dose linearity in population response. The commit-
tee recommends that agents be considered as low-dose nonlinear, as in conceptual model 
2, only if

•	 Biologic additivity is not a significant response modifier, for example, there are very 
low background rates of health end points or damage processes in the population in general, 
or relevant to the chemical’s known or possible MOAs.

•	 Chemical additivity is not a significant response modifier, that is, 
	 −	 the totality of exposure to the toxicant and other agents (exogenous and endog-

enous) is unlikely to cause the adverse affect, or 
	 −	 the toxicant’s contribution is so inconsequential that it will not promote the 

related ongoing toxic processes. 

To illustrate the criteria, consider the case of ambient xenon. At high levels, say 70% 
(mixed with 30% oxygen), xenon is an analgesic and induces a hypnotic effect, and at high 
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FIGURE 5-10  Examples of conceptual models to describe individual and population dose-response 
relationships.

levels, xenon displaces oxygen. The MOA for xenon’s anesthetic action is unknown but is 
believed to be electrophysiological in nature, like the other volatile anesthetics. Xenon is 
ubiquitous in air, at quite a low concentration (0.0000087%). If asked to do a risk assess-
ment for environmental levels of xenon, should a linear or nonlinear approach be applied? 

While the MOA is unknown, the number of individuals in the general population with 
analgesia by xenon relevant MOAs will be restricted to those undergoing surgery, and so the 
first criterion is met. The totality of exposure to xenon and other volatile anesthetics is not 
producing anesthesia in the general population. Also, at 0.0000087% xenon’s contribution 
to even those undergoing anesthesia would be inconsequential, as would the degree of oxygen 
displacement. Thus both criteria point to a threshold approach for the xenon analysis. 

Carbon monoxide also impairs blood oxygenation. Its average ambient concentration, 
expressed as carboxyhemoglobin levels in blood (COHb), is 0.5% COHb. This concentration 
is less than an order of magnitude below the COHb concentration where effects are observed 
in human subjects: 2-6% COHb has been associated with increased angina symptoms in 
those with coronary artery disease. Even in apparently healthy subjects, COHb levels as low 
as 5% are seen to affect maximal exercise time and the maximal exercise level. Furthermore, 
concentrations of carbon monoxide in air can fluctuate diurnally, geographically, and by 
activity (for example, driving). Thus in evaluating the risk of carbon monoxide exposure, 
both of the above criteria indicate a linear approach should be considered: coronary heart 
disease is common and increased carbon monoxide exposures will likely contribute to ongo-
ing toxic processes. 

The recommendation to consider background exposure and vulnerability in deciding 
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between linear and low-dose nonlinear approaches applies even to agents that, when tested in 
isolation in rodent models, appear to have a threshold and whose MOAs (in the absence of 
consideration of background and human heterogeneity) would otherwise suggest a threshold. 
Approaches and guidelines for conducting vulnerability and background assessments will be 
needed, as will guidelines for conducting the assessments and selecting conceptual models.

Selection of Method for Dose-Response Analysis

The approach to the analysis depends on the conceptual model, the data available for 
the analysis, and risk-management needs. If, for example, data are sparse and available only 
from animal studies and low-dose linearity is ruled out, the analysis may proceed by using 
default distributions for adjustment factors and using methods like those described in the 
next section. If there is a relatively high endogenous or exogenous background exposure 
to the same and related chemicals or vulnerability can be substantial and highly variable 
(perhaps in particularly sensitive subgroups), the analysis may proceed by a linear default 
or incorporate distributional information specific to the particular chemical or circumstance 
being analyzed. 

The following section suggests approaches to dose-response analyses for a variety of 
toxic mechanisms and interactions with background processes and exposures. The general 
assumption in working through the examples provided is that variability distributions are 
unimodal: people who are at an extreme for a particular parameter are not numerous enough 
to constitute a subpopulation that should be analyzed separately. However, for any given 
parameter (for example, respiratory function, immunoglobulin E status, blood pressure, 
xenobiotic-metabolizing capacity, or DNA repair), a multimodal distribution may exist and 
be influential enough to create a multimodal distribution of risk at a given dose. 

Unique subpopulations can be addressed as special cases within the framework. Figure 
5-11 depicts such a case, showing that the dose-response relationship for sensitive people 
has very little overlap with that for the typical person. If the sensitive people constitute a 
distinct group either because of their numbers or because of identifiable characteristics—such 
as ethnicity, genetic polymorphism, functional or health status, or disease—they should be 
considered for separate treatment in the overall risk assessment. An example of a gener-
ally susceptible well-defined group is asthmatics, with respect to their response to irritant 
gases emitted from rocket engines (NRC 1998a). Analysis of dose-response functions of 
asthmatic subjects indicated sensitivity to hydrochloric acid potentially 3 times greater, to 
nitrogen dioxide 10 times greater, and to nitric acid 20 times greater than healthy individuals, 
respectively. The committee reviewing the data considered that a multimodal distribution 
that includes the variance and distributional form within each mode was needed for full 
characterization of the range of sensitivity to those irritants. Issues of threshold and back-
ground additivity can be analyzed separately for each mode to determine whether low-dose 
linearity assumptions are appropriate for one or more subpopulations. While consideration 
of susceptible subpopulations has been included in a number of environmental risk assess-
ments (for example, NRC 2000 [copper and Wilson’s disease heterozygotes]; EPA 2001b 
[methylmercury effects on developing children]), the level of consideration and incorporation 
in EPA assessments could be much improved. The conceptual framework and committee 
recommendations in this chapter support qualitative and quantitative improvements.
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CASE STUDIES AND POSSIBLE MODELING APPROACHES

This section provides case studies and possible methods for dose-response analysis for 
the three example conceptual models, as outlined in Figure 5-12. Methods take into account 
the nature of the data available. Some methods are “bottom up” in that the dose-response 
relationship is constructed from components. An example is given for how human variabil-
ity in asthmatic response might be inferred from gene polymorphisms and might lead to a 
description of the population dose-response relationship for asthma. Other methods are “top 
down” in that the dose-response relationship at low doses is derived by fitting exposure-
response models to observations from epidemiologic or animal studies. 

Conceptual Model 1: Low-Dose Linear Dose-Response Relationship Due to 
Heterogeneous Individual Thresholds and High Background

Particulate-Matter Case Study

Fine PM (PM2.5) belongs to a family of pollutants (including ozone) with noncancer 
end points for which the evidence points to a linear or other nonthreshold population re-
sponse at low doses. For those agents, exposed individuals have different thresholds, and 
full characterization of the distribution of thresholds in the population (in this case based 
on epidemiologic evidence) is informative for a population concentration-response func-
tion. Numerous factors contribute to the distribution of the thresholds, as explained later. 
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FIGURE 5-12  Three example conceptual models lead to different descriptions of dose-response 
relationships at individual or population levels. These are illustrated in the case studies. For each 
conceptual model, there may be a sensitive subgroup that should be addressed with separate dose-
response analysis. 

Furthermore, PM2.5 is an example of pollutants that have numerous sources of exposure, so 
any analysis of a given source of PM2.5 takes place against a background that may already 
be above a threshold for numerous people. 

This case illustrates two dose-response issues that are of particular interest to the 
committee’s framework for dose-response assessment:

•	 How concentration-response functions are developed throughout the range of ob-
served exposures, taking into account potential nonlinearities and population thresholds.

•	 How human heterogeneity in response has been quantified and formally addressed 
both to understand sensitive subpopulations and to determine the distribution of individual 
thresholds to understand low-dose effects better.

How concentration-response functions are determined outside the range of observed 
exposures is not addressed. The available epidemiologic evidence for PM2.5 analyses has 
involved fairly low-level exposures, and extrapolation below the level of observation to any 
great degree is less important than for compounds for which evidence is derived from animal 
bioassays or occupational (high dose) epidemiology. 

The PM2.5 dose-response assessment entails the construction, from epidemiologic obser-
vations, of a concentration-response function spanning all observed levels of exposure. Such 
a function could be used to determine directly the proportion of people whose thresholds 
were exceeded by a given concentration (as described above), if concentration-response func-
tions were developed all the way down to the lowest observed exposure (ideally, approaching 
nonanthropogenic background). However, in a benefit-cost analysis framework, the question 
of the slope of the concentration-response curve near nonanthropogenic background is ir-
relevant because any feasible control strategies involve incremental exposure reductions and 
some residual exposure. For the PM2.5 case, an important outcome of the assessment for 
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risk management is the difference in the proportions of people adversely affected between a 
precontrol and a postcontrol scenario. Thus, the analysis has focused on risks in regions of 
the dose-response curve in which control options are relevant. 

Some investigators have used statistical techniques to investigate whether any nonlineari-
ties (including population thresholds) were present in PM2.5 concentration-response functions 
in the range of observed data. For time-series studies looking at mortality and morbidity end 
points, the statistical methods used have included generalized additive models (Schwartz et 
al. 2002) and penalized regression splines (Samoli et al. 2005). Other studies have evaluated 
the questions of thresholds and nonlinearities explicitly by fitting piecewise linear concentra-
tion-response functions with defined knot points and then using model averaging based on 
the posterior probabilities of the various candidate models (Schwartz et al. 2008). Regardless 
of the approach, any of these techniques allow the explicit consideration of nonlinearities 
in concentration-response functions, including the possibility of population thresholds. 
However, these approaches are clearly applicable only to epidemiologic evidence, in which 
there are observations at a sufficient number of magnitudes of exposure to infer the shape 
of the concentration-response function empirically rather than on the basis of prior hypoth-
eses about functional form. It is also most relevant for population rather than occupational 
epidemiology, so it will be valuable for only a small number of compounds (those to which 
exposure is ubiquitous and which pose relatively high population risks). 

One crucial question is whether those statistical methods have demonstrated population 
thresholds for PM2.5 or substantial departures from linearity. Another is whether the data 
would ever be rich enough to discriminate between a model with a threshold and a model 
without a threshold. Most studies that have used the methods (Schwartz and Zanobetti 
2000; Daniels et al. 2000; Schwartz et al. 2002; Dominici et al. 2003; Samoli et al. 2005) 
have concluded that the functions are effectively linear throughout the range of observed 
concentrations, which, in the case of many time-series studies, approaches zero. Thus, in 
spite of the use of statistical models that could detect population thresholds, or at least 
low-dose nonlinearity, no thresholds appeared to be present in the range of observed con-
centrations. That finding has been attributed (Schwartz et al. 2002) to the fact that there is 
a wide distribution of individual thresholds and, in the case of cardiopulmonary mortality (a 
background disease process with which PM2.5 exposures are associated), numerous genetic, 
environmental, disease-state, and behavioral risk factors each contribute to the distribution 
of the thresholds.

The extent of the distribution of individual thresholds was quantified by one study of 
PK and PD factors that influence heterogeneity in response to PM2.5 (Hattis et al. 2001). The 
study assumed lognormality to describe the distribution for individual thresholds. The study 
concluded that the most susceptible (99.9th percentile) people would respond at doses only 
0.2-0.7% of those needed to exhibit responses in people of median susceptibility. An exten-
sion of this analysis found results for subpopulations that were consistent with lognormal 
distributions for a very small number of cut points (Hattis 2008), suggesting the general 
population responses may be consistent with a mixture of lognormal distributions. Given 
that the analyses did not include all important aspects of coexposures and disease states that 
might influence vulnerability, the true heterogeneity could be greater. That provides good 
physiologic plausibility of low-dose linearity on a population basis, given ubiquitous expo-
sures that imply that a substantial number of people will be found to be at least as sensitive 
as the 99.9th percentile individual. 

Human heterogeneity in response has also been evaluated epidemiologically through the 
examination of effect modifiers to identify sensitive subpopulations. For example, multiple 
studies have found that the relative risk of cardiovascular end points (ranging from markers 
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of systemic inflammation to hospitalization to death) was increased in people with diabetes, 
hypertension, or conduction disorders of the heart (Zanobetti et al. 2000; Dubowsky et al. 
2006; Peel et al. 2007). In principle, such pooled evidence from multiple studies could allow 
a calculation of the risk of an effect of a defined dose in subpopulations with and without 
specific conditions. Instead of attempting to define risk-specific doses for a pooled popula-
tion that includes a wide range of sensitivities, a stratified analysis could be performed of the 
range of thresholds possible in the population on the basis of what is known about unique 
and definable subgroups. 

There are some aspects of PM2.5 and other criteria pollutants that are not generalizable 
to other pollutants, but this case example illustrates the greater role that epidemiology could 
play in unified toxicity assessments. Opportunities to develop concentration-response func-
tions for noncancer end points should be exploited by using statistical techniques to draw 
empirical inferences about the shape of the concentration-response function in the range of 
observed data, taking account of sensitive subpopulations. This case also serves as a reminder 
that EPA is already developing quantitative risk estimates for a few noncancer stressors that 
go beyond the threshold concept and has been doing so for some time.

Asthma Case Study 

The PM2.5 case provided an example of how “top-down” methods can be used to 
characterize the population distribution of vulnerability. “Bottom-up” approaches may also 
be informative, as described by this example. These approaches entail characterization of 
background processes of function loss, damage, disease, and concomitant exposures that 
will enable a description of the population distribution of vulnerability. That, in turn, can be 
used in assessing interindividual variability in toxicodynamic response at low doses and can 
inform the shape of the dose-response relationship at low doses. A case study of asthma is 
used to explore the concept. Here evidence from markers of disease susceptibility combined 
with analyses of genotypic differences in vulnerability and relatively high background asthma 
incidence are considered to evaluate the potential for asthmagenic chemicals to have linear-
dose-response relationships at low doses.

Host markers of susceptibility to asthma have been developed and can be used to 
construct a vulnerability distribution. Asthma occurs in people who are hyperresponsive 
to allergens and irritants and are thus at the high end of the population distribution of 
airway responsiveness. The methacholine-challenge test is one of several probes used to 
screen populations for airway reactivity and used in the diagnosis of asthma. Methacholine 
is a cholinergic bronchoconstrictor in both normal and hyperreactive airways; there is a 
continuous distribution of airway reactivity as defined by the challenge dose required to 
decrease FEV1 by a given percentage. FEV1 is the volume of air that can be forced out of 
the lungs in 1 s after a person takes a deep breath. The PC20 is the provoking concentration 
of methacholine required to decrease FEV1 by 20%. Among healthy, nonasthmatic people, 
this measure is distributed so that the majority have low reactivity (high PC20) and a subset 
have high to very high reactivity. The PC20 of 8 mg/L has been used as a cut point to indicate 
airway hyperreactivity; a person with a PC20 below this value is considered to be hyper-
responsive and is likely to be either asthmatic or vulnerable to becoming asthmatic. Those 
with reactive airways appear to be at increased risk for xenobiotic triggering of symptoms 
and the onset of clinically diagnosed asthma, as indicated in prospective studies that con-
trast “normoresponders” with asymptomatic “hyperresponders” (Laprise and Boulet 1997; 
Boutet et al. 2007). The hyperresponders tended to develop more asthmatic symptoms and 
have decreasing PC20. 
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Boutet et al. (2007) evaluated the distribution of PC20 values in a population of 428 
healthy vocational students in the province of Quebec, Canada. Figure 5-13 is constructed 
from the data presented in that study. Asymptomatic hyperresponsiveness (PC20 less than 8 
mg/mL) was observed in 8.5% of the subjects. The increase in respiratory symptoms over a 
3-year observation period differed dramatically in this population. Those most at risk had 
the highest baseline response to methacholine (PC20 less than 4 mg/mL); these high responders 
had a relative risk of symptoms of over 30 compared with baseline normal responders (PC20 
over 32 mg/mL). The increase in symptoms in this population was apparently not related to 
workplace exposure and so may reflect a generalized trend toward the asthmatic phenotype 
in otherwise healthy people who are asymptomatic hyperresponders in the initial screening. 
This finding is reinforced by a similar earlier occupational study of animal workers and 
bakers (de Meer et al. 2003). 

The findings indicate how an underlying disease factor, such as airway hyperresponsive-
ness, can influence the onset of new disease (in this case asthma) in the population. The more 
people are in the asymptomatic but vulnerable range, the more likely it is that new cases 
of disease will occur. Different populations may have different background distributions of 
predisposing risk factors, as shown in an analysis of PC20 data by Hattis (2008). 

The background rate of airway hyperresponsiveness may be used to assess the number 
of people at risk for developing asthma symptoms in response to even low doses of a new 
insulting agent. If the background rate of hyperresponsiveness is low, the number of people 
near the threshold for symptoms may also be low, and the low-dose incremental effects of 
the toxicant may have a linear dose-response relationship but with a shallow slope. If many 
people are vulnerable, the slope at a low dose may be steeper, with a greater incremental 
effect increase per unit of exposure. Thus, variability in this precursor characteristic, airway 
hyperresponsiveness, may be a key input into a distributional analysis of the effects of ozone 
or other toxicants on asthma risk. It will be a challenge to toxicology and epidemiology to 
generate data that can inform understanding of the interaction of toxicants with predispos-
ing disease factors in vulnerable populations. A simplistic approach to these relationships 
for asthma follows. 
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FIGURE 5-13  Baseline airway reactivity as vulnerability factor for allergen-induced respiratory effects 
expressed as relative risk. Source: Data from Boutet et al. 2007. Reprinted with permission; copyright 
2007, Thorax. 
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Progress has been made in identifying specific genetic factors that predispose to asthma. 
A recent publication breaks the factors into three broad categories: immune and inflam-
matory (12 genes), atopic (three genes), and metabolic (one gene) (Demchuk et al. 2007). 
By accounting for the population frequency of polymorphisms that affect gene expression 
or protein function and for the odds ratio associated with each polymorphism in terms of 
asthma risk, the analysis provided a population distribution of vulnerability to asthma, as 
shown in Figure 5-14. If some people had all the higher-risk polymorphisms (circle) and the 
sensitivity-enhancing effects acted multiplicatively when combined, these people would have 
a roughly 50,000-fold increase in risk of developing asthma compared with all wild-type 
people (arrow). Kramer et al. (2006) propose ways of identifying key candidate genes to 
better describe genetic susceptibility on PM induced asthma and how research might better 
support the regulatory standard-setting for PM. Modeling exercises can explore toxicant 
interaction with the polymorphic pathways to see how exposure in conjunction with host 
variability may combine to create a distribution of risk of asthma. In the absence of such an 
understanding, it would be reasonable to assume that chemicals that induce or exacerbate 
asthma do not have threshold dose-response relationships at the population level and that 
low-dose linearity prevails.

1,4-Dioxane in Animals Case Study

When epidemiologic data are lacking, diagnostic questions regarding vulnerability 
and background exposures may be difficult to answer. The background rate of toxicity in 
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FIGURE 5-14  Effect of asthma-related gene polymorphisms on human vulnerability to asthma. Odds 
ratios and frequencies were calculated with assumption of 16 gene variants, each point representing 
a unique combination. Referent genotype (arrow) has odds ratio of 1, and profile composed of all 
variants (circle) is at other extreme. Source: Demchuk et al. 2007.
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unexposed animals and the shape of the dose-response relationship may indicate whether 
background or endogenous processes will be important in evaluating the potential for low-
dose linearity. Variability is expected to be much greater in the human population than in 
tester strains bred for use in the laboratory and exposed under controlled conditions, so it is 
important to reflect on potential human processes in reaching overall conclusions. However, 
animal studies can be more thorough in evaluating age-related and spontaneous toxicity in 
the control group than is typically possible in unexposed or reference human populations. 
Therefore, animal toxicity studies may provide important insights into the potential for 
low-dose linearity. 

A case in point is 1,4-dioxane. This solvent produces histopathologic changes in the 
liver’s Ito cells termed hepatic spongiosis—an inflammatory lesion of the sinusoidal and 
endothelial cells that can be progressive and is believed to be involved in the response to 
nitrosamines and other hepatocarcinogens in rodents (Karbe and Kerlin 2002; Bannasch 
2003). This end point is sensitive to 1,4-dioxane exposure (Yamazaki et al. 1994) and is an 
example of a noncancer end point. However, evidence of its involvement as a precursor le-
sion in hepatocarcinogenesis could lead to its evaluation with a different analytic framework 
(for example, conceptual model 3). As shown below, control males have a high incidence 
(24%), whereas this lesion was not detected in the control and lowest-dose females. The 
sex-specific differences in background incidence of and sensitivity to liver disease mirror the 
pattern of hepatocarcinogenesis in rats and humans, with males more commonly affected 
than females (West et al. 2006). 

As seen in Figure 5-15, the high background rate of the toxic end point in males is 
associated with a steeper dose-response curve at low dose in males than in females; this is 
consistent with the shape of the dose-response curve expected on the basis of the background 
rate of response. 

The potential for background processes to affect the shape of the dose-response curve 
for specific toxicants as observed in animal studies should be considered in building PD 
variability distributions in humans and in evaluating the possibility of low-dose linearity. 
In the case of the hepatic effect caused by 1,4-dioxane, prefibrotic and precirrhotic findings 

Figure 5-15.eps
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FIGURE 5-15  Dose-response relationship for liver spongiosis in 1,4-dioxane-exposed rats. Bars indi-
cate the 95% confidence intervals. Source: Adapted from Yamazaki et al. 1994.
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in the human population would be helpful in weighing the relevance of findings on animal 
vulnerability to that likely to occur in people. Diagnostic methods that can detect subtle liver 
damage in humans, such as ultrasonography and liver-function tests, may help in exploring 
background vulnerability to hepatotoxicants if developed further and applied to popula-
tions of healthy people (Hsiao et al. 2004; Maroni and Fanetti 2006). Existing underlying 
conditions and their causes could be considered in the context of potential mechanisms of 
1,4-dioxane toxicity to evaluate whether the dose-response relationship should be treated 
as linear or nonlinear at low doses.

Default Modeling Approach for Conceptual Model 1: Linear Extrapolation for Phosgene

As described above, small chemical exposures in the presence of existing disease pro-
cesses and other endogenous and exogenous exposures can have linear dose-response rela-
tionships at low doses. Thus, a simple methodologic default to address conceptual model 1 
compounds is linear extrapolation from the POD, such as a benchmark dose, down to low 
doses. Greater information on MOA and chemical interactions with background disease 
processes and similarly acting chemicals may allow different low-dose extrapolations. For 
example, the slope of the line at the POD or another particular dose could be adjusted, as 
described below for conceptual model 3. 

Linear low-dose extrapolation for a noncancer end point is illustrated with the case 
example of phosgene. This reactive respiratory toxicant damages the airways at high doses, 
and dose-response studies in rats exposed for 12 weeks report effects of inflammation and 
fibrosis of the bronchiolar region (Kodavanti et al. 1997; EPA 2005d). The BMD10 for this 
phosgene effect in rats is 170 µg/m3 as a human equivalent concentration (HEC). The lower 
95% confidence bound—the BMDL10—is 30 µg/m3. To this an adjustment is made because 
the study is subchronic rather chronic, and chronic exposure is of interest in calculating an 
alternative RfD. 

In considering how this risk may be manifested in human populations, the background 
incidence of asthma—about 6% in children (CDC 2007)—is relevant. Asthmatics experience 
inflammation, fibrosis, and airway remodeling in response to environmental allergens and 
irritants and so constitute a large population potentially vulnerable to phosgene. In addition 
there are numerous medical conditions (for example, infection, environmental exposures, and 
pharmaceuticals) that lead to the lung inflammation and fibrosis that would potentially be 
worsened by phosgene exposure. Thus, there is a potential for background additivity that is 
consistent with conceptual model 1 and linear extrapolation to low dose. Further analysis of 
cell types and disease processes involved in phosgene toxicity and the other medical condi-
tions may lead one to discover otherwise, but absent more definitive information indicating 
implausibility, background additivity would be assumed. 

Box 5-2 shows that a linear extrapolation from the BMD derived by EPA would yield 
a risk-specific dose (median estimate) of 0.0085 µg/m3 phosgene exposure. Theoretically, 
exposure at this dose is predicted to contribute to inflammation and fibrosis in 1 in 105 of 
exposed individuals. The phosgene RfC of 0.3 µg/m3, set by EPA with a 100-fold cumulative 
uncertainty factor, corresponds to a theoretical risk that 1 in 3,000 (median estimate) indi-
viduals could be affected, on the basis of linear extrapolation. Implicit in the extrapolation 
are the assumptions that a 10-fold reduction in exposure will result in a 10-fold reduction in 
risk and that the BMDL10 in terms of the HEC is the human 10% effect dose. This approach 
could be refined to explore the variability between individuals that is possible because of 
pharmacokinetics, the incidence and distribution of relevant respiratory health conditions, 
and many other factors, and to explore issues regarding species dose-effect concordance for 
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BOX 5-2 Conceptual Model 1:  
Default Linear Low-Dose Extrapolation for Phosgene

1.	� Assume uncertainty in all parameters can be characterized by a lognormal distribution, with stan-
dard deviation represented by σ.

2.	� BMD10 (human equivalent concentration) = 170 µg/m3, with 95%-tile lower bound 30 µg/m3 vari-
ability in animal BMD, with a difference between lower 95% bound and median of 5.7-fold (because 
5.7=170/30): 
	 σAnimal BMD = log(5.7)/1.645 = 0.46
	� (Division by the 95% confidence bound is 1.645 standard deviations from the median in the 

standard normal distribution.)
3.	� The human equivalent concentration accounts for cross-species differerence in pharmacokinetics 

but not pharmacodynamics. 
	 Assume, as in Hattis et al. 2002, that σ logA→H = 0.42 

4.	 Median human POD: 
	 Adjust for subchronic to chronic study length, as in Hattis et al. 2002, by a factor of 2: 
	 170 µg/m3 ÷ 2 = 85 µg/m3

	 Assume the uncertainty (σ logSC→C
2) in the adjustment, as in Hattis et al. 2002: 

	 σlogSC→C
 = log[2.17] = 0.34

5.	 Uncertainty in the human POD (σlogHuman POD): 
	 σ2

logHuman POD
 = σ2

logAnimal BMD + σ2
logA→H

 + σ 
2
logSC→C

	 σ 2Human POD = 0.462 + 0.422 + 0.342 = 0.712

6.	 Lower 95% confidence bound on Human POD = 
		  (median human POD)/10[(1.645)(σlogHuman POD)] = 85/10[(1.645)(0.71)] = 85/14.7 = 5.8 µg/m3 
7.	� Linear extrapolation to risk-specific dose - inflammation of 1 in 105 people would be affected: 

	 risk-specific dose = 10–5 × (85/0.1) = 0.0085 µg/m3, with lower bound 0.00058 µg/m3

8.	� Estimate risk at different doses: for example, at 0.01 µg/m3, three people in 105 (median estimate) 
would be affected.

phosgene. Here, as for conceptual model 3, an important issue is whether dose effectiveness 
is the same at high doses and low doses. Extrapolation methods for addressing that are 
discussed in the section below on the mathematical framework for conceptual model 3. 

Conceptual Model 2: Low-Dose Nonlinear Dose-Response in Individuals and the 
Population, Low-Dose Response Independent of Background 

The approach would be applied when there is sufficient evidence to reject the possibility 
of low-dose linearity on the basis of vulnerability and background assessments. As discussed 
above, the committee encourages the agency to conduct the necessary research and develop 
appropriate methods and practices for using probabilistic methods for low-dose nonlinear 
end points. To illustrate the approach, an example methodology using distributions for mak-
ing calculations is laid out here and sample calculations are applied for a general case. The 
committee acknowledges that work is needed to further develop the underlying distributions 
and that methods are needed to support their use in a regulatory context.

Deriving a Reference Dose with Probabilistic Methods

Published methods and examples describing noncancer risk probabilistically (Gaylor et 
al. 1999; Evans et al. 2001; Hattis et al. 2002; Axelrad et al. 2005; Hattis and Lynch 2007; 
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Woodruff et al. 2007) illustrate a general approach or elements of it that can be used for 
this conceptual model. They can lead to an RfD based on a de minimis risk target, such 
as a specified fraction of the population exceeding a threshold, and the uncertainty in that 
estimate (for example, less than 1 in 100,000 people with some threshold response with a 
95% confidence interval). 

The general approach is to use distributions for the adjustments to the POD to derive 
a human-based POD and then to extrapolate from the human POD to lower doses on the 
basis of assumptions about how humans differ in susceptibility. Figure 5-16 shows how the 
adjustments from the animal to the human POD could be made. They are depicted here 
as distributions for the subchronic-to-chronic adjustment (if animal study was of less than 
chronic duration), database deficiencies, and animal-to-human adjustment, encompassing 
PK and PD across-species variability. As illustrated in Figure 5-16, the adjustment distri-
butions can be convolved by using statistical or numerical approaches to form an overall 
adjustment and uncertainty distribution. Quantitatively accounting for the uncertainty in the 
adjustments enables a quantitative expression of the uncertainty in the overall adjustment. 
The adjustment distribution is applied to the animal POD to derive a distribution for the 
human POD. The extrapolation from the POD down the dose-response curve is driven by 
interhuman variability, broken out in Figure 5-16 into PK and PD elements. The application 
of adjustment and uncertainty distributions representing each of these elements effectively 
converts the animal POD (for example, the BMDL or the ED50, the effective dose estimated 
to affect 50% of subjects) to a probabilistic dose-response relationship for the human popu-
lation with confidence bounds based on the adjustment distributions. 

It is possible in principle to derive the RfD on the basis of some upper percentile value 
selected from each of the distributions. That would yield a single estimate, similar to the 
current approach. The preferred method is to incorporate the full distributional information 
on each component factor by using probabilistic approaches, such as a Monte Carlo ap-
proach or a simple analytic approach (for example, when adjustments can be described by 
lognormal distributions). In that case, the RfD could be selected as a confidence point on the 
probability distribution for the fraction of the population with a defined risk. Alternatively, 
the population risk posed by a given dose could be described with a probability distribution 
reflecting the uncertainty in the estimate. 

The approach relies on distributions for the adjustment factors. Researchers develop-
ing the method have defined distributions of each of the factors from empirical databases, 
as briefly summarized below. These distributions are provided to show how they might be 
derived, not as an endorsement of any specific distribution or their use by EPA. The distribu-
tions that lead to the adjustment of the animal POD to the human POD are described first, 
and then those used to extrapolate from the human POD to lower doses.

Distributions to Adjust Animal POD to Human POD

•	 Subchronic-to-chronic factor. Subchronic and chronic NOAELs from a database of 
61 chemicals were compared and statistically analyzed (Weil and McCollister 1963; Nessel 
et al. 1995; Baird et al. 1996). A lognormal distribution was fitted to the data, which had 
a geometric mean of 2.01 (that is, the subchronic NOAEL was generally twice the chronic 
NOAEL) and a geometric standard deviation of 2.17 (Hattis et al. 2002). The standard 
10-fold adjustment factor for subchronic-to-chronic extrapolation was about at the 98th 
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percentile of this distribution (that is, 98th percentile ≈ 2.01 × 2.17 × 2.17 = 9.5) (Baird et 
al. 1996; Hattis et al. 2002�). 

•	 Database-deficiency factor. A dataset for 35 pesticides with “complete” toxicity-
testing profiles was analyzed to compare reproductive, developmental, and chronic NOAELs 
(Evans and Baird 1998). It was possible to develop distributions for missing reproductive, 
developmental, or chronic toxicity data in terms of how much the POD can change by the 
addition of the missing data (Hattis et al. 2002). The data source is limited in terms of the 
type of chemicals assessed (pesticides) and the end points analyzed, but it provides an ex-
ample of a useful approach to developing a distribution for this factor. 

•	 Animal-to-human extrapolation. Cross-species differences in acute and subacute 
toxicity of anticancer drugs have been generalized to draw conclusions about animal-human 
differences in noncancer and cancer toxicity (Freireich et al. 1966; Travis and White 1988; 
Watanabe et al. 1992; Hattis et al. 2002). Animal-human interspecies distributions have been 
inferred from rat-mouse comparisons of cancer potency (Crouch and Wilson 1979), although 
because of the nature of the underlying data the distributions are likely to underpredict 
actual species differences. The results for cancer chemotherapeutic agents may have limited 
applicability. First, the agents are mostly direct-acting, so species differences in PK may not 
be as great for environmental chemicals. Second, the results are for a narrow range of end 
points (lethality and tolerated dose), and may not be representative of species differences 
for the more variable critical end points for environmental toxicants. Third, results are for 
acute and subacute exposures, and may not adequately represent cross-species differences 
for chronic exposures and more subtle end points. Indeed, Rhomberg and Wolff (1998) have 
shown that cross-species scaling observed with single-dose-lethal toxicity differs from the 
subacute toxicity. These authors hypothesize that “dose-scaling patterns across differently 
sized species should be different for single-dose and repeated-dose regimes of exposure, at 
least for severe toxic effects.” The number of animal species studied is also an important 
consideration in developing the cross-species extrapolation distribution (Hattis et al. 2003). 
Further exploration of the issues raised is needed in developing interspecies distributions for 
application in EPA assessments.

•	 Example derivation of the human POD. In the examples given above, lognormal 
distributions replace uncertainty factors, and each factor is independent of the other. The 
overall adjustment is simple to calculate and does not have to be done numerically, using 
for example, Monte Carlo treatment. To obtain the human POD, the animal POD is divided 
by the overall adjustment factor, which for the sake of discussion is called here “FA→H POD 

adjust,”

Human POD = Animal POD ÷ FA→H POD adjust.

The overall adjustment is made up of three adjustments: for animal-to-human extrapola-
tion, “FA→H”; for experiment duration from subchronic to chronic, “FSC→C”; and for data 
gaps, “FGap.” Thus, 

Human POD = (Animal POD)/(FA→H POD adjust) = (Animal POD)/(FA→H × FSC→C × 
FGap).

� A full version of this publication is available at http://www2.clarku.edu/faculty/dhattis. Updated results are 
published in Hattis and Lynch (2007).
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If each factor is lognormally distributed, FA→H POD adjust will be lognormally distributed; when 
a given adjustment is not needed its factor would be assigned a single value of 1. 

The animal POD could be established as it is currently, or it could be described by the 
BMD distribution associated with its estimation. If the estimator of animal POD is lognor-
mally distributed or is considered a constant, the human POD will be lognormally distrib-
uted. In this example, distribution of the animal POD is taken into account. Guidance on 
how a BMD should be defined for continuous outcomes would facilitate its current use as 
an animal POD (Gaylor et al. 1998; Sand et al. 2003) and for the probabilistic descriptions 
envisioned here. 

The median value of the human POD distribution can be calculated by substituting the 
median values of the factors and the animal POD in the above equation. 

log (Human POD) = log Animal POD – (log FA→H + log FSC→C + log FGap).

For this case, each factor is assumed to be lognormally distributed,

σ2
logHuman POD

 = σ2
logAnimal POD + σ2

logA→H
 + σ2

logSC→C + σ2
logGap.

The lower confidence bound on the human POD can be readily calculated. The human POD 
is the starting point for the extrapolation to lower doses based on information on human 
variability. A sample set of calculations is provided in Box 5-3 to illustrate how the above 
calculations can be made to derive a human POD. 

Human Variability Distributions for Extrapolating from Human POD to Low Doses

•	 Interindividual variability—PK Dimension. Blood concentration information (AUC� 
and Cmax

�) were compiled for 471 data groups involving 37 drugs (Hattis et al. 2003) and 
summarized. A small number of data groups involved children under the age of 12 years. 
These PK data summaries that included young children (Ginsberg et al. 2002; Hattis et al. 
2003) were then incorporated to yield a PK variability estimate for the overall population 
(Hattis and Lynch 2007). This work illustrates the feasibility of constructing PK variabil-
ity distributions that are specific to particular age groups and clearance mechanisms. PK 
parameters have been derived from blood concentration data in children and adults and 
compiled according to type of agent, clearance pathway, or receptor (Ginsberg et al. 2002). 
Since these data come from a clinical setting in which the health of the studied subjects was 
impaired, and the characteristics of the treatment group may be similar, the data may not 
be representative of the general public. However, the researchers note the similarity of pat-
terns of metabolizing-enzyme ontogeny in the databases and in vitro liver-bank specimens, 
suggesting that results from pharmaceutical studies may be generalizable. 

•	 Interindividual variability—PD Dimension. From a database for 97 groups, Hat-
tis et al. (2002) and Hattis and Lynch (2007) derived estimates of PD variability in (1) the 
chemical’s reaching the target site after systemic absorption; (2) parameter change per deliv-
ered dose, the dose-response relationship at the active site (for example, beta-2-microglobulin 
spillage into urine in relation to urinary cadmium concentration); and (3) functional reserve, 

� AUC is the area under the concentration-time curve that displays the complete time course of a chemical in a 
particular body compartment. AUC is sometimes used to represent the total dose in that compartment integrated 
over time.

� Cmax is the maximum concentration of a chemical attained in a particular compartment after dosing. 
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a factor inherent in many of the PD datasets but of which direct measurements in humans 
were not available. Hattis et al. (2002) took the first listed component as a component of PD 
rather than PK variability because it was related to reaching a specific organ, cell type, or 
subcellular constituent that is not typically addressed in physiologically-based pharmaco-
kinetic models. The human interindividual variabilities derived for those components were 
combined to estimate the overall interhuman PD variability. 

•	 Overall distribution for human interindividual variability. For the example here, 
overall human interindividual variability is described by a lognormal distribution with me-

BOX 5-3 Calculating a Risk-Specific Dose and  
Confidence Bound in Conceptual Model 2

I. Derivation of Human POD

Human POD = (Animal POD)/FA→H POD adjust = (Animal POD)/(FA→H × FSC→C × FGap)
log (Human POD) = (log Animal POD) – (log FA→H + log FSC→C + log FGap)
σ 2log F Human POD = σ 2log F Animal POD + σ 2log F A→H

  + σ 2log F SC→C
2 + σ 2log F Gap

Assume: 

Data gap is inconsequential: 
FGap = 1, σlog F Gap = 0 

Subchronic-to-chronic per Hattis et al. 2002: 
50th percentile for FSC→C = 2, σ log F SC→C = log [2.17] = 0.34

Animal to human adjustment per Hattis et al. �������������������������   (2002) for sodium azide: 
�50th percentile for �FA→H ���������������������������������     3.85, 95% upper bound 18.5, thus σ logA→H = log(18.5/3.85)/1.645 = 
0.42 (Division by the 95% confidence bound is 1.645 standard deviations from the median in the 
standard normal distribution.)

Variability in animal POD: 
lower 95% bound 2-fold difference from median; thus σAnimal POD = log(2)/1.645 = 0.18
⇒ Overall variability in human POD: σ 2Human POD = 0.342 + 0.182 + 0.422 = 0.32 = 0.572

For animal POD (ED50) of 1 mg/kg-d:
Human median POD (ED50) = 1/(FA→HFSC→CFGap) = 1/(2 × 3.85 × 1) = 0.13 mg/kg-d

Lower 95% confidence bound on human POD 
= (median Human POD)/10[(1.645)(σlogHuman POD)] = 0.13/10[(1.645)(0.57)] = 0.015 mg/kg-d 

II. Derivation of Risk-Specific Dose 

Interindividual PK/PD variability (assume Hattis et al. 2002 distribution): 
σlogH = 0.476 (This estimate also is uncertain, with geometric standard deviation of 1.45)
�The 10–5 individual is 4.25 standard deviations from the estimated human ED50:   
10[(4.25)(0.476)] = 105

Median human dose with 10–5 risk: 
(Median POD)/105 = 0.13/105 = 0.0012 mg/kg-d
�Lower 95% bound on human dose with 10–5 risk: 0.006 µg/kg-d (This is calculated using  a Monte 
Carlo procedure. It takes into account σHuman POD and the uncertainty in σlogH.)
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dian of 1 and logarithmic (base 10) standard deviation σlogH. Hattis et al. (2002) derived such 
a distribution for both PK and PD components from data for general systemic toxic effects on 
different agents, with a geometric standard deviation of 2.99 (σlogH = 0.476; 100.476 = 2.99), 
indicating the median and upper 98th percentile human differ in sensitivity by a factor of 
9. Human variability in response is chemical dependent. For some chemicals the difference 
between the median and 98th percentile is greater than a factor of 9, for others it will be 
less. Hattis and Lynch (2007) also describe the uncertainty in the variability estimate. The 
estimate of 0.476 for σlogH has its own geometric standard deviation of 1.45. Because these 
characterizations of variability are limited by the relatively small numbers upon which the 
estimates are based, this uncertainty estimate may have a downward bias. 

Calculation of Risk-Specific Dose and Confidence Bound

A distribution of human variability can be applied to move from the human POD down 
the dose-response curve, as illustrated in the set of calculations in Box 5-3. These calculations 
illustrate a generic case with an animal median ED50 value of 1 mg/kg-day.

In Box 5-3, as done by Hattis et al. (2002) and (Evans et al. 2001), the ED50 was chosen 
as the POD. Because the ED50 is at the center of the animal dose-response curve, there is 
less uncertainty in its measurement, and it is not as heavily influenced by interanimal vari-
ability as a response at the tail of the distribution might be. In addition, in many animal 
experimental datasets, the ED50 is not likely to be as influenced by the dose-response model 
selected to analyze the data relative to other effect levels. But there are other factors, such 
as intra-individual variability and the extent that this may play a role in the dose-response 
relationship. Any implementation of this approach by EPA would have to develop a process 
for selecting the POD for risk extrapolation for nonlinear end points. 

Interhuman PK and PD distributions would ideally be derived with chemical-specific data 
on the differences possible among human populations. However, this type of information 
is usually lacking. Therefore, generic distributions based on surrogate chemicals and end 
points will be needed. Specific distributions for related chemicals and end points of interest 
may be possible. The first tier of a default distribution may be one built on a broad array 
of structurally dissimilar chemicals tested in different types of systems (from in vitro to in 
vivo) for different end points. The Hattis et al. (2002) effort to collect and analyze mostly 
clinical human data is a good initial effort at characterizing human PD variability. However, 
an important consideration with regard to this and related exercises is whether they fully 
capture PD variability, given the limited array of data studied. Data on small numbers of 
people may be a useful beginning but provide little information on overall interhuman vari-
ability. Even when multiple studies are combined so that data on greater numbers of people 
are tabulated, they still might not capture the broad spectrum of PD variability caused by 
differences in age, genetics, diet, health status, medications, and exposure to other agents. 

Greater relevance may be achieved by applying PD variability information on prototypi-
cal chemicals in the same class as the chemical of interest. When there is a much larger and 
substantial database on one particular toxicant in a structural series, there is the potential 
to apply the information to others in the series on the basis of relative-potency approaches, 
as described in Chapter 6. A similar analogy may also be useful for assessing interhuman 
PD variability if the toxicity end points of the prototype and of the chemical of interest 
match well. For example, human variability in the renal response to cadmium, as assessed 
on the basis of beta-2-microglobulin leakage, may be relevant to other heavy metals, such 
as mercury and uranium, that can also damage the kidney (Kobayashi et al. 2006). An-
other possibility is that the degree of interhuman variability can be gleaned from studies of 
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environmental mixtures to which populations are exposed. Biomarkers of exposure—such 
as urinary 1-hydroxypyrene, a marker of exposure to polycyclic aromatic hydrocarbons 
(PAHs)—can be related to biomarkers of effective internal dose (such as bulky DNA adducts 
and urine mutagenicity) and effect (such as chromosomal damage in peripheral lymphocytes). 
Evaluations of such markers in coke-oven workers, bus drivers, and the general population 
ingesting charcoal-broiled meat or inhaling cigarette smoke provide a database from which 
interindividual variability in response to carcinogenic PAHs may be deduced (Santella et al. 
1993; Kang et al. 1995; Autrup et al. 1999; Siwinska et al. 2004). 

Thus, the data gap represented by interhuman PD variability presents a critical research 
need that can be approached by mining the existing epidemiology literature and by designing 
new studies in which biomarkers of exposure and effect are used to describe variability in 
sensitivity to health outcomes in similarly exposed people. 

There are likely to be a number of cases in which the approach illustrated above can be 
used to derive an RfD. Sometimes, however, there will be a well-defined sensitive subgroup. 
The RfD for the pesticide alachlor is based on hemolytic anemia in dogs (EPA 1993); the 
background incidence of hemolytic anemia in humans is generally very low except in ethnic 
groups in which, because of inherited traits (such as glucose-6-phosphate dehydrogenase 
deficiency), the risk is higher (Sackey 1999). In cases like this one, an analysis focusing on 
describing risks to the sensitive subgroups would be needed (see Figure 5-12). 

Conceptual Model 3:  
Low-Dose Linear Individual and Population Dose-Response Relationship

Here linear dose-response processes govern the dose-response relationship for indi-
viduals, as may occur for cancer and other complex toxic processes, and consequently the 
population dose response relationship is low-dose linear. This is unlike the previous two 
conceptual models, which described population dose-response distributions that arise when 
the dose-response relationship in an individual has a threshold. A possible approach to 
default analysis following this conceptual model is presented below. It emphasizes proba-
bilistic descriptions of the uncertainty in the dose-response relationship and descriptions of 
variability among individuals exposed to the same dose.

Approach

This approach to dose-response analysis begins, as do the other examples above, with the 
derivation of the human POD distribution. When derived from animal data, the human POD 
is based on the animal POD and distributions of adjustment factor, such as for interspecies 
differences and study duration less than a lifetime. Here, the POD is taken from a model fitted 
at a dose in the lower end of the observable response range, and does not use an ED50. Risk 
at lower dose than this POD for the median person is estimated by linear extrapolation, that 
is, risk is assumed to decrease linearly with dose below the POD. However, as illustrated in 
Chapter 4 (Table 4-1), people exposed to the same dose will differ in risk. Estimates of the 
spectrum of individual risks at a given dose can be based on a distribution that describes 
interhuman variability. The individual dose-response relationships allow the calculation of 
the population dose-response curve. This approach to dose-response assessment is illustrated 
in Figure 5-17 and through the case study for 4-aminobiphenyl. 
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Implications of the Approach

Functionally, the approach would change dose-response characterizations for low-dose 
linear carcinogens in two basic ways. First, there would be an explicit characterization of 
uncertainty in the human POD that accounted for uncertainty in the cross-species extrapola-
tion and the statistical fit to the dose-response data. EPA could choose to report particular 
percentile values, such as the upper 95th percentile. EPA could describe the population 
excess cancer risk associated with dose D as the plausible upper bound of the excess risk, 
taking into account uncertainty in the population dose-response relationship and variability 
in the individual dose-response relationship. The excess-risk estimate for a person whose 
susceptibility puts him or her at the 95th or some other percentile of the population could 
also be separately reported. 

Second, when the underlying variability distributions are right-skewed, as in the case 
of the lognormal distribution, the population risk estimate emerging from the analysis will 
be greater than the estimate for the median individual. The mean or “expected value” will 
exceed the median value by some amount that depends on the assumed shape of the distri-
bution of interindividual variability in susceptibility. 

Recommended Default for Interindividual Variability in Cancer Susceptibility

An assumption that the distribution is lognormal is reasonable, as is an assumption of a 
difference of a factor of 10-50 between median and upper 95th percentile people, as indicated 
by the series of examples provided in Chapter 4. It is clear that the difference is significantly 
greater than a factor of 1, the current implicit assumption in cancer risk assessment. In the 
absence of further research leading to more accurate distributional values or chemical-spe-
cific information, the committee recommends that EPA adopt a default distribution or fixed 
adjustment value for use in cancer risk assessment. A factor of 25 would be a reasonable 
default value to assume as a ratio between the median and upper 95th percentile persons’ 
cancer sensitivity for the low-dose linear case, as would be a default lognormal distribu-
tion. A factor of twenty-five could be interpreted as a factor of 10 for pharmacokinetic 
variability, and a factor of 2.5 for pharmacodynamic variability. For some chemicals, as in 
the 4-aminobiphenyl case study below, variability due to interindividual PK differences can 
be greater. In a cancer process, with long latency and multiple determinants, PD variability 
could be considerably greater than the suggested default. PD differences would include the 
various degrees among people in DNA repair and misrepair, surveillance of mutated cells, 
and accumulation of additional mutations and other factors involved in progression to 
malignancy.

A common assumption for noncancer end points is an overall factor of 10 to account 
for interindividual variability—3.2 or 4 uncertainty factor for PK differences and 3.2 or 
2.5 for PD differences (EPA 2002a; IPCS 2005). For genotoxic metabolically activated car-
cinogens, Hattis and Barlow (1996), considering activation, detoxification and DNA repair 
alone, found greater PK variability with individuals at the median and the 95th percentile 
differing by a factor of 10. The factor was a central estimate, some chemicals exhibited 
greater and others lesser PK variability. In the 4-aminobiphenyl case discussed below, ad-
ditional physiologic factors such as storage in the bladder contributed to human variability 
in PK elements. 

The suggested default of 25 will have the effect of increasing the population risk (average 
risk) relative to the median person’s risk by a factor of 6.8: For a lognormal distribution, the 
mean to median ratio is equal to exp(σ2/2). When the 95th percentile to median ratio is 25, 
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σ is 1.96 [=ln(25)/1.645], and the mean exceeds the median by a factor of 6.8. If the risk to 
the median human were estimated to be 10-6, and a population of one-million persons were 
exposed, the expected number of cases of cancer would be 6.8 rather than 1.0.

Thus under this new default, the value for the median person would remain as provided 
by the current approach to cancer risk assessment; for a default of a factor of 25, the average 
would be higher by a factor of 6.8. It would be important for the cancer risk assessment to 
express interindividual variability by showing the median and average population risks, as 
well as the range of individual risks for risk-management consideration. 

Case Study: 4-Aminobiphenyl

4-Aminobiphenyl is a known cause of human bladder cancer. It was once used as a 
dye intermediate and rubber antioxidant, but its use was curtailed after findings of bladder 
cancer in substantial numbers of workers. Current exposures are due mostly to cigarette-
smoking, which increases bladder-cancer risk by 2-10 times. The compound binds to bladder 
DNA and is mutagenic in a variety of test systems, including human cell culture. It has the 
hallmarks of low-dose linearity and is implicated as a cause of bladder cancer in smokers 
exposed to relatively low doses and quite recently in female never-smokers in Los Angeles 
County exposed to environmental tobacco smoke (Jiang et al. 2007). The compound has 
been extensively studied and found to have marked interindividual differences in activation 
and detoxification, and higher risk has been observed in slow acetylators, who detoxify it 
less efficiently (Gu et al. 2005, Inatomi et al. 1999). It is presented to illustrate how human 
interindividual variability can be addressed in dose-response assessment when reasonably 
high-quality data are available. 

Estimating Variability in Human Susceptibility to 4-Aminobiphenyl

Bois et al. (1995) modeled interindividual heterogeneity in human cancer risk using data 
on differences among humans in their PK and physiologic handling of 4-aminobiphenyl. 
Briefly, the compound is thought to be activated via N-hydroxylation by CYP1A2, although 
recently other enzymes have also been found to be involved (Tsuneoka et al. 2003; Nakajima 
et al. 2006). A major detoxification pathway is N-acetylation. To simulate interindividual 
variability in pharmacokinetics, parameters describing the absorption, distribution, activa-
tion, detoxification, and urinary excretion were varied according to human ranges found in 
the literature. Distributions of the formation of the proximate carcinogen and its binding to 
urinary-bladder DNA were simulated. The latter can be used to describe possible differences 
in susceptibility due to physiologic and PK factors and is shown in Figure 5-18. 

The DNA-binding distribution accounts for human differences only up to the point of 
binding and does not address PD differences. The DNA-binding distribution therefore can 
be considered an undercharacterization of overall human variability. The upper and lower 
bounds for the PK-based distributions shown in Figure 5-18 differed from the geometric 
mean by factors of 16 and 26, respectively. The distribution of human interindividual vari-
ability would be greater than indicated by the PK-based distributions because of PD differ-
ences among people. 

For the 4-aminobiphenyl case study an estimate of interindividual variability of a range 
of 50 (ratio of 95th percentile to median person) is assumed for the purposes of illustrating 
the incorporation of variability into cancer dose-response modeling. It reflects the factor of 
roughly 20-30 between median and upper 95th percentile individual sensitivity in pharma-
cokinetics and a modest factor for variability factors pertinent to PD differences in carci-
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Figure 5-18.eps
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FIGURE 5-18  A, AUC for proximate carcinogen in bladder in units of nanograms-minutes simulated 
for 500 people. B, simulated fraction bound in bladder, presumed to indicate differences in susceptibil-
ity due to PK and physiologic parameters. Upper 95% confidence limit is factor of 16 above geometric 
mean of 0.0034 and factor of 26 above lower confidence limit. Source: Bois et al. 1995. Reprinted 
with permission; copyright 1995, Risk Analysis.

nogenesis. As noted above, this may be an underestimate, the range of 50, assumed in the 
calculations for this case study, corresponds to a geometric standard deviation of 10.8 and 
a standard deviation in natural log space of 2.38 (σlnH), and in base 10 log space of 1.03. 

Derivation of Median Human POD and Slope for 4-Aminobiphenyl

Despite the known causal association between human bladder-cancer risk and 4-ami-
nobiphenyl, human exposure estimates in occupational studies may be insufficient for 
establishing reliable dose-response relationships, and the assessment may have to be based 
on animal data, as is done here. Fitting dose-response models to a sensitive site observed 
in the animals—liver tumors in female mice exposed by gavage—results in an ED10 of 0.1 
mg/kg-d with a lower 95% confidence bound of 0.070 mg/kg-d. That corresponds roughly 
to a σlogAnimal POD of 0.09, assuming a lognormal uncertainty distribution. For cross-species 
extrapolation to adjust the animal POD to the human POD, doses are assumed to have 
equal effectiveness if the human dose is reduced consistently with three-fourths bodyweight 
scaling. As described above, data are available on acute and subacute toxicity in different 
species. Hattis et al. (2002) derived an uncertainty estimate of 0.416 for σlogA→H

 from those 
data, and also found that an additional small factor slightly increasing the uncertainty esti-
mate was merited. However, for cancer end points, which result from more protracted and 
complex biologic processes, that value can be presumed to substantially understate the actual 
uncertainty. Nonetheless, it is adopted for the illustrative example here with the recognition 
that the estimate may be low. The median estimate for cross-adjustment scaling would be 
7.3 [that is, (70/0.025)(1 – 0.75), assuming bodyweights of 70 kg and 0.025 kg for humans and 
mice, respectively]. Thus, the median human POD would be 0.014 mg/kg-d (0.1/7.3), and 
the slope of the dose-response curve at the POD would be 7.5 (mg/kg-d)–1 [–ln(0.9)/0.014]. 
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The confidence interval would take into account uncertainty resulting from fitting the dose-
response model to the data, the cross-species extrapolation, and other factors. For the sake 
of illustration, the first two factors are accounted for here, and the resulting σhumanPOD is 0.43 
[(0.092 + 0.422)1/2], reflecting a lower 95% bound on the median human POD of 0.003 mg/
kg-d (0.014/101.645σ = 0.014/5.1) and an upper 95% bound of 38 (mg/kg-d)–1 [(7.5)(5.1)].

Derivation of Individual and Population Dose-Response Relationships for 
4-Aminobiphenyl

On the basis of the interindividual variability estimate noted above, the population and 
individual percentile dose-response relationships can be estimated with the uncertainty esti-
mates for those functions. The slope of the population dose-response curve can be calculated 
from the risk, averaged among individuals, at a given dose. For a lognormally distributed 
variable, the derivation of the mean, µ, from the median involves a simple calculation [µ = 
(median)(exp{σ2/2}), where σ is expressed in base e units and “exp{σ2/2}” represents base e 
to the power {σ2/2}]; for this case, with the human interindividual variability estimate, σlnH 
= 2.38, the mean potency is 126 (mg/kg-d)–1 [(7.5)(exp{2.38 2/2}) = (7.5)(16.9)]. At low 
doses, population risk is calculated by multiplying the population potency by the dose. The 
uncertainty bound on this estimate is derived by considering the uncertainty in the adjust-
ment factors and in the model fit at the POD. 

At low doses, the risk for the 95th percentile person is given by multiplying the dose 
by 376 (mg/kg-d)–1 [376 = (7.5)(50)], and the dose associated with a 10-5 risk for the 95th 
percentile sensitive person would be 3 µg/kg (that is, [14 µg/kg]/50). The uncertainty bounds 
around this dose estimate would be given by the human POD distribution, represented by 
σhumanPOD. The lower confidence bound on the estimate for this person would be deter-
mined by σ as described above (for example, the 95% lower bound would be [(3 µg/kg-
d)/101.645σhuman POD = 0.6 µg/kg-d]). This example does not capture all sources of uncertainty 
and is provided only to illustrate an approach.

Mathematical Framework for Conceptual Model 3 

Human low-dose risk� from a given dose D of toxicant could be expressed as

RiskH = SlopeHD = (SlopeBMDFH–A)D.					         (1)

RiskH here is the incremental increase in risk above background, also called “extra risk.” 
In current practice, SlopeBMD is the slope� of the dose-response curve at the BMD. The 
cross-species factor, FH-A, adjusts for differences in effect in humans compared with animals 
exposed to the same dose and is usually greater than 1. As discussed above, FH-A is typically 
expressed as two factors: one to account for human-animal differences in pharmacokinet-

� If a quantal linear-regression model is fitted and the risk over the dose-response range (πD) can be given by πD 
= 1 – exp(–β0 – β1 D). Extra risk (ER) can be defined as: ER(D) = (πD – π0)/(1 – π0). This model reduces to ER(D) 
=1 – exp(–β1D). For a specified benchmark response (BMR), the BMD is defined in this model as BMD = –ln(1 
– BMR)/β1. When the relationship between extra risk and dose is quadratic, πD = 1 – exp(–β0 – β1D – β2D

2).
� The SlopeBMD could be defined as the slope of the line tangent to the ER(D) curve at D = BMD, that is, Slo-

peBMD = ER(BMD) = d/dD[ER(D)] evaluated at D = BMD. For ER(D) defined in the context of a quantal linear 
model, this reduces to SlopeBMD = ER’(BMD) = b1exp(–b1BMD) evaluated at the estimated BMD. For simplicity 
and transparency, however, the following approximation can be used: SlopeBMD = BMR/BMD, which corresponds 
to the slope of the line connecting (BMD, BMR) and (0,0). 
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ics and the other to account for human-animal differences in pharmacodynamics (FH-A = 
FH-A PKFH-A PD). It is a means of converting the animal slope (for example, in [mg/kg-d]–1) 
to a human slope and can be thought of as going from the median animal to the median 
human. In cases in which cross-species differences in pharmacokinetics were used to derive 
the SlopeBMD, FH-A would be represented by FH-A PD.

Each factor in Equation 1 may represent a model, a single number, or a distribution, 
depending on the nature of the data and the goal of the analysis. Variability in exposure could 
also be incorporated through some distribution of exposures (for example, as D ~ GD()). 
Uncertainty in dose extrapolation or in the animal-human extrapolation could be addressed 
by FH-A as distributions (for example, FH-A ~ GH-A()). It is important to distinguish variability 
in risk among individuals—that is, the difference in risk from individual to individual—from 
uncertainty, which describes our lack of knowledge of the risk. The goal here is to enable 
such expressions as “The risk of effect does not exceed x for the yth percentile individual, 
stated with a confidence interval of z1- z2.” The 4-aminobiphenyl case provided an example 
of how that might be done.

In some cases, as a default, it may be convenient and appropriate to describe uncertainty 
in RiskH mathematically with a lognormal distribution, for example, if the uncertainty in 
each factor in Equation 1 can be represented by a lognormal distribution. In this case, Equa-
tion 1 may be re-expressed as

Log Risk = log SlopeBMD + log FH-A + log D.	
	

For this simplistic case, 

σ2 = σlogSLOPE
2 + σlogF

2 + σlogD
2. 						          (2)

To the extent that σlogD represents differences in exposure rather than uncertainty, it 
would not be incorporated as above but tracked separately to be combined with the human 
susceptibility distributions described below. The 4-aminobiphenyl case illustrates how vari-
ability in PK factors may lead to considerably greater risks in some people than others and 
how this might be taken into account quantitatively. Formally introducing human PD vari-
ability into mathematical descriptions is more challenging, and in the case example below a 
default distribution is assumed. The risk for the yth percentile person may be described by

RiskH yth = SlopeBMDFH-ADVH yth ,	  					         (3)

where VHyth is the yth quantile of the distribution that describes the ratio of the yth percen-
tile person to the median person. If the uncertainty in VHyth and the other elements of the 
uncertainty are described by a lognormal distribution, the overall uncertainty represented 
by σ2 would be described by adding a term. 

σlogV
2, to the terms given in Equation 2.

Multiple Dose Dependent Modes of Action

The most recent EPA (2001c) dose-response assessment for chloroform, the drinking-
water disinfection byproduct, assumed that sustained or repeated cytotoxicity followed by 
regenerative hyperplasia was probably the cause of kidney and liver cancer observed in 
rodent bioassays. A margin-of-exposure (MOE) approach was recommended for the evalua-
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tion of carcinogenic exposures to the compound. However, the EPASAB (2000, p. 12) noted 
there is “some possibility that genotoxicity could contribute to the dose-response at low 
doses” for the observed kidney tumors and called for the agency to address the general issue 
of mixed modes of action by “beginning to develop a reasonable means of estimating the 
most likely and upper bound estimate of potential contribution of a ‘genotoxic’ component 
to the carcinogenic activity.” 

Dose-response analysis of chemicals whose end points are associated with multiple 
MOAs is challenging. The EPA (2005b) Guidelines for Carcinogen Risk Assessment state 
(p. 3-22) that

if there are multiple modes of action at a single tumor site, one linear and another nonlin-
ear, then both approaches are used to decouple and consider the respective contributions of 
each mode of action in different dose ranges. For example, an agent can act predominantly 
through cytotoxicity at high doses and through mutagenicity at lower doses where cytotoxic-
ity does not occur. Modeling to a low response level can be useful for estimating the response 
at doses where the high-dose mode of action would be less important.

Although that may have been the case for chloroform, the agency decided to take a low-
dose nonlinear approach to characterize the risks associated with the chemical, and applied 
noncancer RfD methodology. In cases like that of chloroform, the slope at high doses would 
not give a good indication of the low-dose slope. For cases with low-dose linearity in an 
individual’s response in which the high-dose response may be significantly influenced by a 
nonlinear MOA neither conceptual model 2 nor projection of low-dose risk from a high-dose 
BMD is satisfactory. In such cases an alternative default approach is suggested. 

At low doses, the linear MOA can be expected to dominate. A modifying factor, MS, 
could account for the change in slope. The adjustment factor would be based on mechanistic 
understanding. In this case risk (that is, “extra risk” as defined above) would be given by 

RiskH = [SlopeH]D = [SlopeBMDMSFH-A]D,	  				        (4)

where the terms SlopeBMD, FH-A, and D are as defined above for Equation 1, with SlopeBMD 
estimated as described above.

For cases like 4-aminobiphenyl, MS would have a value of 1. For cases like chloroform, 
it would have a value less than 1 and would probably be the subject of controversy and 
debate. Nonetheless. this Ms provides a vehicle for addressing potential low-dose linearity 
in cases in which there is strong evidence that the slope observed at high doses overpredicts 
the low-dose slope. 

M would serve the same purpose as the “dose and dose-rate effectiveness factor” adopted 
to adjust the slope of the dose-response curve observed at relatively high doses to predict 
radiation risk at low doses (ICRP 1991; EPA 1998; NRC 1998b; ICRP 2006; NRC 2006c; 
Wrixon 2008). Multiple mechanisms of toxicity may exist for a single agent, some of these 
mechanisms may have nonlinear-dose-response characteristics, or so-called dose-dependent 
transitions (Slikker et al. 2004). In considering values for M, any dose-dependent transitions 
would be considered in the context of background exposures and disease processes affecting 
these toxicity mechanisms. The selection of M would be a science policy call.

Implementation

The committee recognizes that the unified framework introduces additional needs for 
data and analyses into the risk-assessment process. The data and analyses may take time to 
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develop, and development of an implementation strategy will be important. The commit-
tee notes that the framework can be implemented in the short term by establishing default 
distributions. For noncancer end points, the defaults will enable a probabilistic basis of es-
tablishing the RfD and characterizing noncancer risks; for cancer-risk characterization, they 
will enable incorporation of interhuman variability. Use of default distributions for adjust-
ments in extrapolations, rather than default point-estimate uncertainty factors, provides an 
improved representation of variability and uncertainty and offers an opportunity for further 
refinements and incentives to gather and analyze existing information and to generate new 
data targeted to specific extrapolation needs. As experience accrues, guidelines will also be 
important to aid in the application of the defaults and to ensure consistency in the imple-
mentation of the framework. In the development of guidelines, the committee encourages 
attentiveness to issues regarding the use of defaults addressed in Chapter 6 and has concerns 
about the approach taken to ascertain a mutagenic MOA for genotoxic carcinogens (see 
discussion in the Mode-of-Action Assessment section above) in application of the guidelines 
to address early-life sensitivity to cancer (EPA 2005c). The committee has illustrated the ideas 
advocated in this chapter with conceptual models and example calculations. Assumptions 
and simplifications are used to make the examples tractable and clear, not to prescribe any 
particular approach or value.

Table 5-1 summarizes major aspects of the unified framework in terms of data needs, 
potential utility of defaults as interim placeholders for better-researched and better-defined 
distributions, and implementation. A number of other sources of uncertainty and variability 
that often arise in dose-response assessment are not peculiar to the proposed unified frame-
work and so are not addressed in the table; some of these issues and their associated default 
approaches are described in Chapter 6. 

An implementation plan can be devised to phase in the unified framework. Some con-
siderations and suggestions for developing the plan are presented in Table 5-1. Default 
distributions can initially be based on datasets that can be augmented with adjustments or 
other distributional assumptions to account for inferences that generalize from small num-
bers of people, of chemical case studies, and of end points to large populations, numbers 
of chemicals, and numbers of effects. As more data are collected and variability is better 
understood, the uncertainty portion of the default distribution may decrease. Emerging 
technologies, such as toxicogenomics and high-throughput assays, will highlight pathways 
that are at the crossroads of disease causation and toxicant action and will assist in the 
incorporation of background additivity and variability components. The implementation 
plan should be associated with a research agenda that will, over time, enable refinement of 
distributional approaches to dose-response assessment. Finally, EPA guidance will clearly be 
needed in order to implement the unified framework, including conduct of the background 
exposure and vulnerability assessments, departure from the linear default, establishment of 
distributions for the analysis, model selection, and so on. The development and roll out of 
guidelines and policies will be an essential component of any implementation plan, as well 
as ample opportunity for stakeholder involvement, scientific peer review and mid-course 
correction to address false starts and mis-steps.
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TABLE 5-1 Potential Approaches to Establish Defaults to Implement the Unified 
Framework for Dose-Response Assessment

Analytic Step Data Need

Testing and 
Implementation  
Issues

Potential Approach for 
Establishing Defaults in the  
Near Term

Cross-species 
extrapolation 

Relative sensitivity to 
toxicants, comparing 
rodent with human

Moving from default 
point estimate to 
distribution adds 
complexity and 
encounters data 
limitations; literature 
on acute and subacute 
effects and direct-
acting drugs is used 
mostly in comparisons, 
and small numbers of 
people studied may not 
be representative of 
human population

Base default distribution on wide 
sample of drugs and toxicants 
for which there are data on 
rodents and humans (drug 
trials, clinical toxicologic and 
epidemiologic studies) for similar 
end points and on adjustments 
to address data gaps; look 
to specify distributions to 
particular classes of chemicals 
and comparisons of particular 
rodents (mouse vs rat vs 
hamster) with humans; consider 
using bodyweight scaling for 
PK portion of extrapolation if 
overall distribution covering 
PK and PD cannot be derived; 
develop default distribution 
to describe uncertainty in 
bodyweight scaling  

Interindividual 
PK variability in 
humans 

PK differences 
among life stages, 
disease states, genetic 
polymorphisms, drug 
interactions

PK datasets on 
susceptible groups 
(such as children) are 
difficult to obtain; 
default may have to 
be based primarily on 
drug literature, which 
is also limited 

Derive default distribution of 
PK variability based on analogy 
with drug literature and, to 
extent possible, made spceific 
to particular enzyme pathways, 
types of receptors, and classes 
of chemicals; use PBPK Bayesian 
and Monte Carlo approaches 
to evaluate implications of 
variability in enzyme pathways 
for overall PK variability; 
consider adjustments to address 
small samples and other biases 
in derivation

Interindividual 
PD variability in 
humans 

PD differences in 
population with 
respect to various 
types of end points, 
including cancer

Human PD response is 
likely to vary widely, 
especially in groups 
that are difficult 
to study (such as 
children, elderly); 
it is unclear how to 
consider and integrate 
clinical, precursor, 
and other upstream 
end points and how to 
separate PK from PD 
variability

Base default distribution on 
broad array of human responses, 
chemicals, and end points from 
drug testing and high-quality 
epidemiologic studies; use 
information on background 
exposures and vulnerabilities 
to develop default; develop 
distributions specific to chemical 
classes, end points (such as 
cancer, endocrine, and acute 
toxicity), and humans to extent 
possible; consider adjustments to 
address small samples and other 
biases in derivation 
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Analytic Step Data Need

Testing and 
Implementation  
Issues

Potential Approach for 
Establishing Defaults in the  
Near Term

Background 
exposures

Low-dose interaction 
studies for chemicals 
with similar MOA

Human population has 
numerous background 
exposures; MOAs are 
difficult to define; 
when they are defined, 
interaction with other 
chemicals can be 
difficult to predict 
at different doses 
and dose ratios and 
in different species, 
ages, and organs; 
mechanistic and 
interaction data are 
limited

Develop guidance to judge 
whether background exposures 
(and vulnerability) are 
sufficiently unimportant to reject 
linearity at low doses; when 
it is rejected, use probabilistic 
approach to develop RfD, using 
interindividual variability and 
other distributions

Background 
vulnerability1

Sensitive epidemiologic 
and mechanistic studies 
relating chemical 
exposures and disease 
processes; biomonitoring 
data

Human population has 
numerous degenerative 
and disease processes; 
it is difficult to sort 
relevance to particular 
MOA; data on chemical-
disease interaction are 
insufficient

Establish guidance to judge wheth-
er background vulnerability, condi-
tions, and exposures are sufficiently 
unimportant to reject linearity at 
low doses; when it is rejected, use 
probabilistic approach to develop 
RfD, using interindividual variabil-
ity and other distributions

Low-dose 
extrapolation 
defaults

MOA information 
defining chemical effect 
at target and interaction 
with background pro-
cesses

It is difficult to obtain 
low-dose data in relevant 
test systems; chemicals 
can have mixed MOAs; 
different models can fit 
high-dose data equally 
but differ at low dose

Continue assumption that carcino-
gens have low-dose linear response 
unless sufficient data support other 
approaches; develop guidance for 
noncancer low-dose response and 
linear extrapolation due to back-
ground additivity and vulnerability 
(conceptual model 1); formally 
adopt assumption that genotoxic 
chemicals (clastogens, mutagens) 
cause cancer via a mutagenic MOA

Low-dose linear 
slope factor—M 
adjustment

Dose-response data 
over wide dose ranges 
in human and animal 
studies and related 
mechanistic data 

Data from epidemiologic 
and toxicologic studies 
are limited; there is 
need to know how to 
use biologic models in 
considering mechanistic 
data

Develop series of default M factors 
based on mechanistic consider-
ations and human and animal 
observations to apply in differ-
ent situations (such as saturation 
phenomena or high-dose cytotoxic-
ity that influences carcinogenicity 
of chemicals with some genotoxic 
activity)

	 a Susceptibility to endogenous (for example, age, gender, genetics, pre-existing health deficits and disease) and 
exogenous factors (exposure to agents) and due to variability in exposure.

TABLE 5-1 Continued
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

This chapter reviews the current paradigm for characterizing the dose-response relation-
ships of compounds for both cancer and noncancer end points and supports the following 
conclusions: 

•	 Separation of cancer and noncancer outcomes in dose-response analysis is artificial 
because noncancer end points can occur without a threshold or low-dose nonlinearity on 
the population level and in some cases on the individual level. Similarly, the MOA for car-
cinogens varies and requires a flexible but consistent analytic framework. The separation 
not only is scientifically unjustified but leads to undesirable risk-management outcomes, 
including inadequate attention to noncancer end points, especially in benefit-cost analyses. 

•	 The current formulation of the RfD is problematic because of its application as a 
determinant of risk vs no risk of regulatory importance, and it lacks a quantitative descrip-
tion of the risk at different doses. It hinders risk-risk and risk-benefit comparisons and risk-
management decision-making and does not make the best possible use of available scientific 
evidence.

•	 Cancer risk assessment typically lacks a quantitative description of interindividual 
variability. That leads to an incomplete description of the range of risk possible in the 
population. Noncancer risk assessment addresses interindividual variability, but cancer 
risk assessment typically does not; this reflects the implicit default assumption that human 
cancer susceptibility does not vary (see Chapters 4 and 6). The argument that the linear 
dose-response extrapolation procedure covers the omission (EPA 2005b) is unsupported 
and presents a separate consideration that should not be confused with the need to describe 
risk differences among individuals in addition to high-dose–low-dose extrapolation. The ap-
proach adopted in the current carcinogen guidelines (EPA 2005b) that considers variability 
only when a sensitive subpopulation can be identified for a particular chemical is limited by 
a lack of chemical-specific data. It also ignores the appreciable scientific knowledge of human 
interindividual variability in sensitivity (see, for example, Table 4-1), which can form the 
basis of general assumptions regarding variability when chemical-specific data are absent. 
The supplemental guidance regarding children (EPA 2005c) is an important step in the right 
direction, but variability in the general population should also be addressed. 

•	 Uncertainty factors are generally used to make adjustments whose accuracy is 
unknown. The uncertainty factors comprise elements of the adjustment for uncertainty 
and variability. The default factors should be replaced with distributions that separate the 
elements transparently. Default distributions that characterize PK and PD variability, cross-
species dose adjustments, and adjustments for the lack of sensitive studies will be needed as 
starting points that can be improved as the research advances. 

•	 The committee considers that the term safety factor, to characterize uncertainty fac-
tors in noncancer risk assessments, is inappropriate and misleading. The term uncertainty 
factor is also inappropriate as it does not reflect the variability and adjustment elements that 
the factor represents. 

•	 The underlying scientific and risk-management considerations point to the need for 
unification of cancer and noncancer approaches in which chemicals are put into a common 
analytic framework regardless of type of outcome. There are core differences among end 
points, but in this analytic framework a dose corresponding to a specified increase in risk in 
the population could be derived for both cancer and noncancer end points, and this would 
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add transparency and quantitative insight to risk-management decisions. Among other 
changes, this would involve a redefinition of the RfD. The committee acknowledges that the 
risk estimates and risk specific RfDs derived from this methodology will often be uncertain. 
This would nonetheless be an improvement over the RfDs derived from the traditional BMD 
and uncertainty factor approach. The results are more transparent, presenting variability 
and uncertainty, and are more amenable to refinements as better data are obtained. Further, 
quantification of risk (along with the attendant uncertainty) not only at the RfD but along 
the dose continuum is an important advance for risk benefit analysis.

•	 The committee finds that a common analytic framework best reflects the underlying 
science. The main elements of this framework are shown in Figure 5-8 and include 

	 −	 Systematic assessments of the MOAs, vulnerable populations, and background 
exposures and disease processes that may affect a chemical’s human dose-response relation-
ships and human vulnerability. This includes an evaluation of the potential background 
exposures and processes (for example, damage and repair processes, disease, and aging) that 
interact with a chemical’s MOAs and thus contribute to variability in and vulnerability to 
the toxicant response and that can result in a population dose-response relationship that is 
linear at low doses. 

	 −	 Selection of a conceptual model for individual and population dose-response 
relationships. The following three are described in the chapter: 

		  i.	 Low-dose nonlinear individual response, low-dose linear population re-
sponse with background dependence. 

		  ii.	 Low-dose nonlinear individual and population response independent of 
background.

		  iii.	 Low-dose linear individual and population response. 
	 −	 Selection of a conceptual model and dose-response method that best reflects 

MOA and background considerations and the form of risk characterization needed for risk 
management. Where feasible, methods that result in quantitative descriptions of risk and 
uncertainty should be selected.

•	 The key advantages of the framework are
	 −	 Risk descriptors that are quantitative and probabilistic. The RfD would be re-

defined as a risk-specific dose (for example, the dose associated with a 1 in 100,000 risk of 
a particular end point), and the risk could be estimated at doses above and below the RfD. 
This would allow all end points to be more formally incorporated into risk-tradeoffs and 
benefit-cost analyses. 

	 −	 Characterization of variability and uncertainty for critical end points. This would 
address concerns about population heterogeneity in risk and inform value-of-information 
and other priority-setting analyses that require quantitative uncertainty estimates. The 
sources of variability and uncertainty and their quantitative contributions in the derivation 
of risk estimates would be more transparent. This would in turn enable the quantitative 
characterization of uncertainties in such benefits. 

	 −	 A means to quantitatively describe health benefits from changes in exposure. This 
would enable the direct comparisons of costs of these changes with the benefits accruing 
from them. 

	 −	 The basis for more flexibility in decision-making. The risk manager can use the 
risk specific RfD in the same manner the current RfD is used in regulatory decision-mak-
ing. However, additional quantitative risk information can accompany the RfD, including 
risk and uncertainty estimates above and below the RfD. This will enable a more robust 
consideration of options and trade-offs in risk-risk and risk-benefit analyses.
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•	 The key disadvantages of the framework are
	 −	 The need for increased analysis to consider in detail the background factors that 

may add to the exposure in question and that may contribute to variability. This can increase 
the complexity of the analysis and pose a challenge for communicating the analysis and its 
results. Training will be needed for both risk assessors and risk managers. The agency has 
already included some elements of the framework in a few assessments (for example, EPA 
2001b; EPA 2004), and explored other elements in case studies (for example, Axelrad et al. 
2005; Woodruff et al. 2007). EPA laboratories also conduct research that is supportive of 
the characterizations envisioned by the committee. Thus, EPA has internal capacity for the 
development of these methods. Realizing full use will take further development and staff 
training. The risk assessment community external to the agency provides several examples 
that are cited above and is also a resource for developing further cases and expanding the 
methodology. The agency also has considerable expertise translating risk information and 
using it in decision-making. Approaches currently used in risk management may have to be 
adapted to make full use of the new information and risk managers may need to be trained 
on how to best use the new and different risk characterizations.

	 −	 Because of the limitations of data on which some elements of the framework 
would be built, this necessarily entails development of defaults. Depending on the level of 
analysis, that would provide incentives for chemical-specific information on background ex-
posures, interaction with baseline aging and disease processes, and interindividual variability. 
It comes at a time when toxicology and risk-assessment resources are already challenged by 
the expanding role of risk assessment in decision-making and the lack of basic toxicology 
information on many chemicals. However, it also comes at a time of rapid scientific and 
technologic innovation in the biologic sciences and testing that can be developed to support 
novel and improved approaches (NRC 2006d, 2007a,b).

•	 Establishing reasonable and scientifically supported default approaches (such as 
linear extrapolation to low dose for chemicals that are subject to background additivity) and 
default distributions (such as interindividual variability) to implement the framework will 
encourage research and a healthy discussion of the science that underpins risk assessment. 
The resulting default approaches are part of the anticipated advances in the use of defaults 
in risk assessment described in Chapter 6. The process of establishing the defaults will bring 
about a better understanding of how chemical-specific information should be used to inform 
toxicity assessment and low-dose extrapolation. 

Recommendations

The committee has divided its recommendations on the unified framework into short- 
and long- term recommendations. If the short term recommendations are implemented, the 
committee envisions significant progress in the next 2-5 years. The time horizon for substan-
tial progress for the long term recommendations is further out, 10-20 years. 

Short-Term Recommendations

•	 The committee recommends the phase-in of the unified framework for dose-response 
assessment as new chemicals are assessed or old ones are reassessed for Integrated Risk In-
formation System or program offices or incorporated in comparative or cost-benefit analyses. 
The initial test cases should be used as a proof of concept. The committee recommends a 
flexible approach in which different conceptual models can be applied in the unified frame-
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work, as illustrated by the three conceptual models presented in this chapter. This approach 
would involve

	 −	 Incorporation of probabilistic and distributional methods into dose-response 
analysis for agents believed to have low-dose nonlinear responses and the later redefinition 
of the RfD on the basis of the probabilistic description.

	 −	 Evaluation of each chemical in terms of MOA, background exposure and disease 
processes, and vulnerable populations. This would add a step to the dose-response analysis 
in which background exposures and vulnerabilities of the target population are analyzed 
and used to decide between analytic options based on conceptual models, according to the 
unified framework outlined in Figure 5-8. 

	 −	 Incorporation of background additivity to account for
	 	 o	 Additional sources of exposure to the same chemical or to similarly acting 

chemicals (including endogenous sources).
	 	 o	 Chemical MOA interaction with relevant disease or aging processes that 

lead to a background vulnerability distribution.
	 −	 Development of defaults and guidance for assessing the MOA, background expo-

sure and disease processes, and vulnerable populations, and selection of conceptual model. 
The committee recommends that cancer and noncancer responses be assumed to be linear 
as a default. An alternative analytic option (conceptual model 2) is available for cases in 
which it can be shown that background is unlikely to be an important contributor to risk, 
according to the recommended evaluation of MOAs and background. 

	 −	 Formal introduction of human variability into cancer dose-response modeling 
and risk characterization. This will require chemical-specific distributions or the use of 
default variability distributions. The committee recommends that as the distributions are 
being developed, EPA use a default for interindividual variability that assumes a lognormal 
distribution and immediately begin to explicitly address human variability in cancer response 
estimates. A reasonable assumption would be that the 95% upper-bound person is about 
10-50 times as sensitive as the median person. 

•	 The committee recommends that EPA develop case studies to explore the use of the 
new unified framework. The goal of the case studies would not be simply to compare the 
results of the current approach and new framework. Rather, the case studies would be used to 
explore and gain experience with the framework in the MOA, vulnerability, and background 
assessments; using improved information on variability (for example, genetic polymorphisms, 
disease, and aging-related vulnerabilities) and coexposures in RfD derivation; incorporating 
variability into cancer risk analysis; and quantitative uncertainty characterizations of dose-
response relationships.

•	 The committee recommends that EPA gather information from epidemiology, the 
pharmaceutical literature, and clinical toxicology and use it to develop default interhuman 
variability PK and PD distributions. Some possible approaches are outlined in Table 5-1.

•	 The committee recommends that the agency develop default-adjustment distribu-
tions that quantitatively characterize the adjustments and key uncertainties typical in dose-
response assessment, including cross-species extrapolation in PK and PD and extrapolations 
among dose route, dosing intervals (for example, subchronic to chronic), and data gaps. Some 
possible approaches are outlined in Table 5-1. Maximum use of existing human datasets is 
encouraged. Studies with well-defined exposure information, such as biomarker measure-
ments on individuals, could be examined to understand the heterogeneity in response. Such 
datasets could be used to build variability distributions that may be applicable to sets of 
chemicals (with similar structure, MOA, target sites, and effects) and increase understanding 
of interhuman PD variability. 
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•	 The agency should develop formal guidance for dose-response analysis under the 
unified framework. For example, guidance will be needed for the conduct of background 
vulnerability and exposure assessments, MOA evaluation, default dose-response modeling, 
nondefault chemical specific analyses. 

•	 The committee recommends as default distributions are developed for the different 
adjustments used in dose-response assessment, they should be assigned accurate labels (such 
as human variability distribution). This should lessen the opportunity for transferring to the 
new default distributions the misunderstanding commonly associated with use of the term 
uncertainty factor. 

•	 Over the next 5 years, the committee recommends that EPA further develop the is-
sue of vulnerability by gathering data and developing a broad array of human-vulnerability 
information from the biomedical literature, focusing on diseases that are likely to interact 
with the MOAs of prevalent-exposure and high-priority chemicals (for example, pulmonary, 
cardiovascular, hepatic, and renal diseases and various cancers). This could involve working 
with clinicians, biochemists, epidemiologists, and other biomedical specialists to develop 
preclinical-disease biomarkers as upstream indicators of vulnerability to toxicant MOAs.

Long-Term Recommendations

•	 The committee recommends that EPA expand its research on the issues of vulner-
ability and susceptibility. The agency could conduct studies itself and coordinate with other 
agencies for more in-depth research on the determinants of vulnerability and the develop-
ment of approaches for more accurate consideration of vulnerability in agency assessments. 
This could involve using epidemiologic studies to explore how the response to toxicants 
may be affected by pre-existing diseases and vulnerabilities in the population. Biomark-
ers of vulnerability and effect could be developed for applications as predictive screens 
in exposed populations. When analyzed with exposure biomarkers, they could be used to 
assess human exposure-response relationships and interindividual variability. Regional and 
national datasets, such as those from National Health and Nutrition Examination Surveys 
and environmental and public-health tracking, could be used to evaluate whether people 
with background vulnerability or background exposure are at increased risk of the effects 
of exposure to toxicants. This work could lead to vulnerability distributions for use in dose-
response assessment. Pharmacogenetic and polymorphism probes could be incorporated into 
epidemiologic studies to explore key interindividual susceptibility factors and their frequency 
in the population. Animal models, such as genetically modified knockout mice, could be 
used to define the functional importance of particular genes and their polymorphisms in 
determining risk. 

•	 The committee recommends computational research that applies systems-biology 
techniques to analyze how -omics end points might inform the development of distributions 
outlined in Table 5-1. For example, analyzing data from high-throughput screens with ge-
nomics end points may result in interpretable upstream indicators of disease vulnerability. 
The biochemical processes that lead to pathologic conditions or functional loss could be 
described by continuous parameters that may be suitable as disease biomarkers in the popu-
lation. These approaches could also provide interpretable biochemical end points reflective 
of key steps in a toxicant’s MOA. 

•	 The committee recommends exploration into interactions of exposures to chemicals 
that have similar or different MOAs but affect the same toxicologic process. Such research 
should improve understanding of issues related to background additivity. The research would 
also affect approaches to mixtures and combined exposures and to the question of whether it 
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is more appropriate to assume effect additivity (now assumed in noncancer risk assessment), 
dose additivity, or some other characteristic in a given risk-assessment circumstance.
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