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Risk Assessment at the Crossroads of the 21 st · 
Century: Opportunities ·and iqhalleng·es for Research.1 -·: 

• ~ •• • • • • ,1. • 

Leslie Stayner,1· Mark Toraason,2 and Dale Hattis3 

1Risk Evaluation Branch, Educa.i:ion and Information Division, NIOSH Cl5, 4676 . 
Columbia Park~ay, Cincinnati, Ohio 45226; 2Division of Applied Rese~rch and 
Technology, NIOSH; 3George Perkins Marsh Institute, Clark University, 950 · 
Main Street, Worcester, .MA 016°10 . . . . . 

INTRODUCTION 

Although one could say that assessing risks is as old as man , formalized ·hu_m_a~ . · 
health risk assessment is a re!atively new discipline that has largely developed as a 
result of environmental (U.S. Environmental Protectio_n Agency [USEPA]) and ),:· 
occupational regulations (Occupational Safety and Health Administration [OSHA]) 
that were adopted in the 1970s. Court decisions, such as the U.S. Supreme Court's 
ruling on the OSHA benzene standard (Industrial Union Department v. American 
Petroleum Institute, 448 U.S.' 607, ·555 [1980)), have reinforced the requirements that ! .. 
these· agen~ies make their best efforts to tjuan.tify' ~isks a.rid benefits when . setting :,'. 
standards for protecting the public health. _For better or .worse, risk assessment has , 
become a sine qua non for regulatory decision making in the U.S. 

CHALLENGES , 

One word that would best describe the last 20 years of experience with risk 
assessment in the U.S. is "controversy." Performing quantitative assessments of risk , 

.requires extensive toxic_ological dose-response information in animals and, to the ·: 

. extent possible ,- in humans. Controversy aris't:s largely frbm the gaps in the scientific,' · 
data available fpr risk assessments. There is often considerable debate regardii:1g the :_ 
practice of predicting human risks based on .outcomes in experimental toxicological 
· studies with their accompanying assumptions regarding similarities or differences in 
interspecie·s metabolism ofxenobiotic compounds (e.g. ; Aines and Gold 1990) . 

Risk assessments based on epidemiologic data are often no less contentious. For 
example, risk analyses of the effects of diesel exhaust on human health has been the 
subject of numerous analyses, reanalyses, and debates in the last decade (Crump 

* Corresponding author . 

I 080-7039/ 02/$.50 



Stayner et al. 

2001 ;, Dawson and Alexeeff 2001). There are many potential biases and other factors 
in epidemiologic investigations that are difficult to control for and that can distort 
the shape of the exposure-response relationship, such as the "healthy worker survi­
vor" effect (Steenland and Stayner 1991; Steenland et al. 1996; Kolstad and Olsen 
1999). 

Methods used for performing risk assessments have also been a major source of 
uncertainty and controversy. USEPA and other agencies have used the linear mul­
tistage model (Cru~p et. al. 1976, 1977) for cancer nsk assessment. This model has 
been under considerable attack over recent years for its failure to consider possible · 
effects of carcinogens on cell growth and differentiation, and for ignoring alterna­
tives such as the "two-stage clonal expansion model" (Moolgavkar et al. 1980; 
Moolgavkar and Knudson 1981; Moolgavkar 1994) . In response, the USEPA (1996) 
has developed draft guidelines for cancer risk assessment to address these issues. 
However, the fact that these guidelines have been under review for the last 5 years 
reflects the degree of debate over this issue. Similar debates exist over current 
methods for assessing noncancer risks, particularly over the continued use of the no 
observed adverse effect level (NOAEL) and uncertainty factors for determining 
"safe" levels of exposure and alternative methods ha.,e been proposed (Bailer et al. 
1997; Hattis 1998; Hattis et al. 1999; Hattis et al. 20C2). 

Controversy also surrounds risk assessment because it provides the scientific basis 
for regulations that have major social and fiscal implications. Groups most affected 
by these regulations frequently raise questions about either tl1e data and/ or the 
methods used in risk assessments as a means of either strengthening or weakening 
the proposed regulation. The net effect of these debates has often been to delay the 
finalization of a risk assessment and associated regulatory actions. Diesel exhaust 
particulates (DEP) is a classic example (see Figure 1) of how difficult the risk 
assessment" process has become for many regulatory agencies (Stayner et al. 1999). · 
The USEPA initiated its efforts to assess the potential lung cai1cer risk associated 
·with environmental exposures to DEP before 1980 (Albert et al. 1979, Albert, 1983) . 
In 1987 the USEPA formally reinitiated its efforts, and after four drafts the risk 
assessment was just recently approved for finalization by their scientific advisory 
committee and it is anticipated that this assessment will be published in the next few 
.months. Thus, it has taken the USEPA more than 20 years to complete its risk . 
assessment for DEP. The USEPA risk assessment for dioxin has taken nearly as long ' 
and has also ·not yet been finalized. 

The process of risk assessment and regulatory actions has been equally difficult 
in the occupati_onal arena. To illustrate this, the number of occupational permissible 
exposure limits (PELs) set by OSHA since its existence is presented in Figure 2. OSHA , 
set a relatively large number of RELs in the 1970s with a peak of 15 standards in : 
1974. There appears to have been a clear drop off in standard setting after the 
benzene Supreme Court case in 1980, which made the quantification of risks and 
benefits a requirement for setting standards. Only 10 standards have been set since 

. 1980. 0In the last 4 years, ·OSHA·only finalized one standard,- the ergonomics rule ':,· · ,. 
(CFR, 29CFR 1910.900) . However, this rule.was just recently overturned by Congress · 
under the Congressional Review Act of 1996. The development ofNIOSH Recom-

. mended Exposure Levels (RELs) has been nearly as slow, as illustrated in Figure 3 
with only 6 new RELs set in the 1990s. 

1196 Hum. Ecol. Risk Assess. Vol. 8, No. 6, 2002 
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Figure 3: Number of NIOSH RELs set since passage 
of the Occupational Safety and Health Act in 1970 
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tie exk-:we1y Iargi a'~ .0unt of resources and time that agencies have had to · 
jnvest j~ dey~jo1 ,i,1lg .~jsJ{ asse~s?1ents, h~s led. some to questio.n the utili.ty of risk 
asses~ments·fqi;- r~g.ufa.tq,i;y .dec1S1on ~akmg (Silberg~ld 1993). Recent env1ronmen­
:t:rl legislat;iofr Jn ili.e· .E9ropean Umon has emphasized the use of what has been 

. . re(erF!?<l to· ;;is .the''"pr'ecautionary principle" as an alternative to risk assessment for 
e."'11 • s~\ting regplaiibns (:Epstein 2000) . Simply put, the pre.cautionary principle empha­
.. sizes t!h,at when there is insufficient evidence to characterize risk then one should set 

'.f I I' ~ l \ , ' I ' 

standards that err on the side of protecting the public health. This is really not a new : .. ·, 
,; '.·'·, .. ~. , concbpt, and° in fact is essentially the philosophy that was the basis for much of the 
. ./. reg~latoiy·aci:ion in the U.S.' prior·ro ·the development of the formal requirements 

.. for .risk assessment in the 1980s. Some. in the U.S. risk assessment comi:irnnity have 
reacted negatively to the precautionary principle as a substitute for risk assessment, · 

. in part becau~e it does not provide either information needed to juxtapose expected 
costs and benefits of different policy options, or to judge the fairness ( equity) of the . 
distributions of benefits and risks to different parties that are expected to· result 
from different public policy choices (Hattis arid Anderson 1999; Graham 1999) . 

Finally because risk assessment often spans several different disciplines with 
different analytical paradigms .and diff~re11t ti:aditicin~ for what .counts as "good" 
information, there have been important philosophy of science and even ethical 
disputes as scientists trained in different fields have misunderstood or misinter­
preted work and the information standards used by others (Hattis and Smith 1987; · 
Hattis 2000). · 

OPPORTUNITIES 

Given what some might consider a crisis in the current state of affairs of risk 
· ·. assessment and risk management in our country, it seems an appropriate time to 1. 

consider what as researchers we could do to resolve some of the issues discussed . 
. above. In order to identify the research opportunities that would address these 
issues, a· workshop was convened on August 16 to 18th, 2000, in Aspen, Colorado, 
on "Future Research for Improving Risk Assessment Methods. ,; The primary objec­
tive of this workshop was to bring togethe·r prominent scientists in the field of risk 

·. , :assessment and related sciences (e.g., .epidemiology, toxicology, indus~rial hygiene 
.. ' : and statistics) to assist in the development of a national agenda for research that : 

would .erihance risk a.ssessment methodplogy. The first· few ·p~per~. in this journal ,· 
were from presentations intended to identify issues with current risk assessment 
methods; and to broadly identify oppcirtunities for research solutions to these issues. · 

:· The last set of papers in this issue are from three workgroups on mice (toxicology) , . 
men ,(epidemiology), and models (toxicokinetics·. and dose-response) . . These . 
workgroups were charged with developing specific 'research . ideas that could im­
prove our ability to perform risk ·assessments in the future that better reflec·t our · 
.scientific understanding, ·and are more helpful and .informative for deci~i.on mak- · 
:ing. · · · .. · · : : · . · : : 1 :. .., , ; , 

. It wmild be misleading to suggest th.at furth~r. research is all that is needed to solve. 
our problems with risk assessment. Nonetheless, there are significan·t research oppor­
tunities that may iinprove the current situation. The most significant new develop'.. 
ment is the burgeoning new area of geno~ics which'w<;1s the subject of one of the 

1200 Hum. Ecol. Risk Assess. Vol. 8, No. 6, 2002 
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presentations in this special issue (Morgan 2002). The recent announcement of the 
successful mapping of the genome (Lander et al. 2001) is clearly going to usher in a .... 
whole new era in our understanding of the molecular basis for diseases including 
those induced by environmental agents. Future risk assessments will need to address 
how the risk associated with a particular agent are modified by genetic characteristics. 
Current mechanistic models for cancer ( e.g., multistage and 2-stage clonal expansion) 
will need to be modified to fit our increasingly complex knowledge of the carcino­
genic process. Toxicologic bioassays may be improved so that they more accurately 
predict human risk, and require less time and resources to perform. Handling the vast 
amount of information generated from the high output DNA assays will present a 
challenge for risk assessors, and will require the development of new methods. 

The explosion of information available for risk assessments in the future will also 
provide an even greater burden on risk assessors _to develop methods that are not_ 
overly complex. Silbergeld (2002) has a clear warning to the risk assessment com­
munity that current risk assessments are already too complex, which contributes to 
distrust on the part of the general public. In developing new methods we should 
bear this warning in mind and remember ,the principle of Ockham's razor, which 
for risk assessment might state that the simplest model that adequately explains a 
phenomenon is probably the most useful. On the other hand, we might also 
consider that Einstein reportedly said that theories should be as simple as possible, 
but no simpler. The balance between faithfulness to our mechanistic understanding 
and simplicity in describing limited available data is addressed by Krewski et al. 
(2002) in these proceedings. Clearly, with the ·explosion of genetic and other 
mechanistic information that will be available to us, striking this delicate balance is 
probably the greatest challenge that risk assessors will face in the future. 
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ABSTRACT 

Rather than the conventional practice of compiling a list of interesting research 
projects and then a·uempting to make the case that each repr~sents a high priority, . 
I will attempt ar1 ~pproach rooted in decision.' analysis. The information of greatest · ' 
value, according to decision the'ory, :is .tha t ·which most enables us to make more 
reliable, transparent, and cost-effective decisions. Therefore, I begin with a brief 
discussion of how and why typical . decisions relying on cancer dose-response infor­
mation can fall short, in an attempt to assess where and how this aspect of risk 
assessment is "broken" before gen~rating a ·list of research projects to "fix" it. I 

' discuss the problem of model uncertainty ,in ;dose~respo~se .ass,essmen~, an~ .con­
clude it is impossible to gauge how valuable it might be to kriow the coi:rect mode.I · 

.. until we agree on guidelines. for how to make' decisions give~ 'imperfect information ·. ' 
in this regarct: After discussing four broad ~esearch ' areas 'tliat a;guably represent ' . 
particularly high pr iorities given this framework, I conclude by identifying three : 
overarching. areas of risk assessment and management. tha~, if no.t given co~lllerisu- .· . 
rate attention, threaten to render even perfe.ct dose-response . infoqnation of ~ubi-
ous value. · · · · · · ' ' 

' ' ' 

. . Key Words: uncertainty, value of irform~tion, risk assessm.e1~t g~ideliries, rese~rch 
'. priorities, . h()listic ;~pp,roacl~ .. ' ' . 

• • ' ' ' I. . ~ ' ' • ,' • • 1_ ' : ; ; / \ \ • I : • I 1' : ' ," J ~ I • '. ' • ;, .' • : \ / I : : : z • 

. INTRODUCTION 
, · 1 ' 

.·. · .. 
,·, .. 

. · . . Tradition dictates that speakers at conferences about resea~ch needs for risk · 
•,r· assessment present a list 'oi knowledge gaps' that, if filled,' would 'make the control . 

· 1 Currently Regional Administrator (Region VIII), U.S. Occupational Safety and Health · 
Administration, 1999 Broadway, Suite 1690, P.O. Box 46550, Denver, CO 80201-6550. 
The views expressed here are those of the auth? r and hot necessarily those of OSHA or 

· the U.S. Department of Labor. This manuscript is considered to be a work of the U.S. 
Government and therefore is not copyrighted. 
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of environmental and occupational hazards tidy and uncontroversial. I will present 
a short list at the end of this talk, so as not to disappoint (unless the substance of 
my suggested priorities does that for me) . But first, I want to try to do something I 
hope will prove more useful: to step back and ask what we are trying to fix here­
and why-before unrolling the laundry list of desirable research projects. Inasmuch 
as we are all going off to breakout groups to vote on which research questions are 
most meritorious, it might help to have a common vision (or at the very least an , 

· appreciation of the diversity of possible visions) of what kind of party we're planning , . , 
before we vote on the menu. 

To tackle the "why" question first, I start from the prem~se that for risk assessment 
to be more useful and beneficial, it needs to perform well along various dimensions: 

e Producing estimates of both individual risk (probability of harm) and popu­
lation risk (aggregate harm) that are reliable enough to lead us toward sound 
decisions---:--both with regard to what hazards to address (priority-setting) and 
how to address them; 

• Allowing individual decision-makers (citizens, consumers, workers, parents) 
and social decision-makers (regulators,judges, legislators) to choose the best 
decision according to preferences they specify;2 · 

• Allowing consumers of risk assessment information, who are willing to put in · 
some effort of their own, to understand the strengths and limitations of the 
analysis itself, and to assess what information might be worth deferring a 
decision in order to obtain. 

These attributes-to oversimplify, "accuracy," "honesty" and "transparency"-are 
indispensable and make all the analytic work worthwhile, even though they some­
times conflict with each other and can each be t..'1ken to undesirable extremes 
(Hattis 2000). 

A SENSE OF WHERE WE ARE 

To debate how risk assessment research can improve the status quo, and to narrow 
down which research initiatives deserve.highest priority, we also need a snapshot of (: :-' 
what 30 years of building a risk assessment ·system has brough~ us . . Let me begin ·· · 
sketching this out with five generalizations, designed as all generalizations are to , 
capture something fundamental while admittedly doing some violence to . the de­
tails. 

1. Current QRA methods oflen predict population risk with surprising accuracy. I refer ,, 
here to the few data sources we have to compare predictions of excess human 
risk derived from animal experimentation to actual enumeration of excess · 
morbidity or mortality. Such comparisons, as the U.S. Environmental Protec-

2 I contrast this to the decision that is only best given a hidden, and perhaps manipulative 
set of preferences (such as extreme risk-aversion or (more commonly) the strange belief 
that errors resulting in needless expenditures to co11trol risks are exactly equivalent to 
errors causing needless human suffering ·or ecological damage, "suitably monetized"). 
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tion Agency (USEP,'.\) notes in'its ctirr~i:i.t draft Gt~idelines for Carcinogen Risk 
1 Assessment, generally sho\\l th~t rathe_r _than a one-sided parade of.false posi~ ·.' 
. tives and gross exaggeratioi1~ . ot the magnitude . of risk, epidemiology ·_ (and ' 

exposure .meastirement) often corroborate .. the expectations derived from 
toxico_logy (and exposure m·odeling) (Allen et al. 1988; Dedrick and Morrison 
1992) . A similar (though more qualitative than quantitative at present) pattern 
can be discerned from data compadng some non-cancer effects between 
rodents and humans (Takihi et al. 1994; Olson el al. 2000). That the deviations 1 

from perfect predictive power tend to balance o~_t, with roughly as many errors 
of ''conservatism" as' its opposite, attests to a 'set ·of rules and asstimptions tliat, 
while certainly not of uncanny accuracy, are not systematically "rigged" either 
to exaggerate or to gloss_ over .the risks to humans from exposures we study. 
Given the many physiologic similarities among mammalian species (arid the 
long track record of using these test animals to gauge the efficacy and side­
effects of pharmaceuticals), and the _ firm scientific foundation of exposure 
modeling in various environmental media, the usefulness of current risk 

·assessment methods should not be surprising. I. only use that adjective here to 
emphasize how surprising 'these data might be to someone acquainted only 
with the thousands of articles, editorials, and other pronouncements of the 
many observers determined to expose and rectify the purported "hyper-co_n~ . 
servatism". of risk assessment." · · · · .. · 

2. 'Human beings vary substantially in their susceptibility to carcinogenesis and other toxic : 
processes. The combination of genetic differences (in metabolism, DNA repair, 
immunocompetence, etc.), concurrent diseases, and lifestyle factors make for 
a tremendous diversity in the ,individual risks each of us would face upon 
expostire ·to'an identical toxic stiniulus'.A few very preliminary estimates, based , . 
either on models of the '.infl~'ence .of the'se various factors or on analysis of 
cancer age-incidence data, tend to agree with each other and to suggest that i 
a substantial minority of persons (above and beyond those afflicted with visible 
predisposing conditions such as Down Syndrome) may be 50 to 100 times · . 

. 'i 

. · mci're susceptible than the average person (with a similar fraction equally less ·,. 
susceptible) ·. (Fi11kel ·. 1995a; 'Hattis · and 'Barlow 1996): Related istudies ·of : 
interindividual variability in su.sceptibility to non-car1cer effects si.1ggest a simi­
l~r degree of heterogeneity in the human population (Hattis et al. 1999). 

S:· ;ii~refore, · :rienl 'QRA '.: p;oc~d~ies ~~d;stat~' risk'\o ind~tiiiJ.,ats 4 l~:6~ve-~tJ;rag'e' · ·" l · ·: , 

susceptibility. I offer this as a truism-the only logical conclusion if statements , . 
l ,and 2 above are true. If we have a black box that spits out a reasonable 

·; prediction of population risk (which · is merely ·a scalar ·m·ultiple of the indi- · 
vidual risk to the average person), ·then it do.es so by si"multaneously overesti-
, mating risks to persons oflow suscepti_bility and underestimating risks to those 
of higher-than-average susceptibility. The USEPA, unfortunately, has com-

. , pletely garbled this truism in its proposed Carcinogen Risk Assessment Guide­
.'. Jines, proclaiming that one plus one equals zero instead of two. The guidelines 

· (p. B-5 of the 1999 version, the most recent version available on the USEPA 
Web sfre, at http://www.epa.gov/ncea/raf/crasab.htm) assert that the Agency 
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does not need to consider adjusting its cancer risk assess1nents to account for 
individuals of above-average susceptibility, because "linear extrapolation is 
sufficiently conservative to protect public health," but then cites as support for 
tl1is proposition evidence that "linear approaches .. . from animal data are 
consistent with linear extrapolation on the same agents from human data 
(Goodman and Wilson 1991; Hoel and Portier 1994)." Of course, if linear 
extrapolation indeed yields reasonable predictions of risk to the individual of 
average susceptibili_ty, it cannot als<? .bf suff.i~.iently coi:iservative to protect 
persons of above-average susceptibility! · 

4. When QRA does miss the mark, it misses badly, due to faulty model assumptions. The 
"half full" optimism of the ·first two generalizations above needs to be tem­
pered with the sober observation than on occasion, we have learned how error­
prone risk assessment can be. Certain substances which would appear to be 
likely human carcinogens turn out to cause animal tumors via processes 
unlikely or impossible to occur in people, while in other cases (notably . 
cigarette smoke), relying on exculpatory evidence from bioassays would have 
been folly. In exposure assessment; models are rarely qualitatively wrong, but 
still we some.times fail to apply the right models in tl1e right situation-which . 
is really what happens whenever we end up saying "we found . quantities of 
substance X when we didn't expect to find them" or . "we measured the 
environment or human beings and didn't find any substance X even though 
our predictions said we would." 

5. When such "model uncertainty" looms large, it is "bad science" to conceal the controversy, 
either by refusing to consider credible alternatives to a default model or by rushing to 
declare the default model ~'dead. "I hope this is an uncontroversial statement, and '.' 
that anyone partictdarly aggrieved by one of these two types of abuses will be 
able to acknowledge that the oppo_site problem occurs no less frequently in 
public discourse about chemical risks. We tend to either give short shrift to 
promising new ways to look at the science. or else switch-to_o soon for some 
critics, too late according to otl1ers-to a new model with no allowance for the 

· possibility that the old approach may still be quite credible. It stands to reason , . 
that except ·in t11e' rare cases where· one definitive publication ,"rocks tl1e 
world," .data accri.ie to support a theory (and in so doing .c:ast doubt ori 
currently-used assumptions) gradually rather than instari.taneously. This sug­
gests that instantaneous shifts from not mentioning a new approach to not . 

. mentioning the old one are failures of risk communication . . 

. I will later provide some recomme~dations for ti·ow we might accommodate n(;!,v · 
model information when our knowledge paints ~ picture in shades· of gray rather 
than black or white. However, I strongly believe that one way not to manage model . 

. . un<;ertainty is so tempting and sp wrong-headed it des~rves n:iention .as a. corollary. ' ' 
· Taking two or more fundamentally incompatible scientific theories and "averaging 

them together"-that is, concocting a risk prediction based on a "probability"- · 
weighted sum of the estimates each model produces-is worse than arbitrarily using 
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one theory only, because the former practice can be·said to yield a "best estimate" 
of risk, a siren's song if ever there was one. 

Even if you believe in expected-value decisio~-making (and volu~~s have bee·n 
written on the limitations of "the greatest good for the greatest number" as a 
precept), surely you should at least know how to choose correctly under this 
framework. Unfortunately, proponents of"decision-making by expected-value" have 
thoroughly confused two basic concepts and are thus unable to choose (or advise) 
correctly. The decision that yields the greatest expe.cted value over an uncertain 
spectrum of possible outcomes is generally not the decision that follows if ·the 
outcome was known with certainty to be equal to its expected value (which is the 
trap "best estimate" decision-making leads one into) . To belabor a parable I've used 
to excess elsewhere (Finkel 1996), if competing scientific theories predict either 
that a hurricane brewing in the Gulf of Mexico will turn west and hit New Orleans 
or turn east and hit Tampa, it makes no sense to "average" the predictions together . , , 
and evacuate (or warn) the residents of Mobile. 

The only way to determine "the greatest good for the greatest number" in 
such a case is to compare the costs of incorrectly evacuating Tampa given the 
probability that the hurricane will hit New Orleans, versus the costs under the 
converse situation. The interplay of probabilities and costs (in turn related to 
the number of lives that might be _lost in either city, the difficulty of evacuating 
residents of either location, etc.) determines which of the two sensible decisions 
is superior "on average.;, Fo~ this reaso·n, the ·1994 National Academy of Sciences 
committee charged with evaluating USEPA's risk assessment methods warned 
against indiscriminate use of central-tendency estimates, especially when the · 
main thing we don't know is which of two models is correct We recommended 
in Science and Judgment in Risk Assessment that "EPA should try to quantify the 
parameter and other uncertainty that exists for each plausible choice of scien­
tific model," but should not force all these uncertainties '.'under one roof," and 
certainly not present only a single point estimate concocte_d out of this misappli­
cation of decision theory. Note that we thought it sufficient to stress the logical 
fallacy inherent in "model averaging;" despite the more obvious and well-studied 
concern about the processes that would have to be used to derive the subjective . 
weights assigned to each model. 3 

STRUCTURED RESEARCH . 

· If this snapshot is even ·roughly.correct, then I .would argue that.before we can.· .. :,· 
identify ,worthwhile research endeavors, we r:ieed to develop guideliries for how to .. ' . . 
identify, communicate, and (most importantly) react to uncertainties in risk-both 
of the quantitative variety (the sum of parameter uncertainty and inter-individual 

3 When, as is often the case, the scientific controversy reduces to a choice between two 
models, one that predict5 substantial risk at current exposure levels and one that predicts 
zero risk, the "best estimate" if the models are to be averaged becomes en ti rely a function 
of the fraction of "experts" surveyed who believe the former model is correct. Thus, the · 
choice of a single expert over another in a group of 10 could cause the "average risk" to 
be cut by half. 
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variability) and qualitative variety (the fundamental model choices referred to 
, above). Such '.'ground rules" would enable decision-makers to: 

• Find the strength to avoid "paralysis by analysis"-either the familiar inability 
to choose if and how to control a hazard because there will always be another 
stt1dy to commission, or the utter catatonia of not even being able to start 
reducing uncer.tainty .out of despair over how intractable .it,seems; 

. ·. : 
< ,_ , ' j • •1, ', l , •1 .: , , I I ' ', 1 • i • ' ' 

• . Identify the critical contributo.rs· to uncertainty, in order to estimate ho:w m.uch· 
more robust the apparently best available control decision' would be if each 
component uncertainty was resolved. This estimation relies on the "quantita­
tive value-of-inform~tion" approach deve.loped several decades ago (Raiffa and 
Schlaifer 1961; Morgan and Henrion 1990) and more recently applied to the 
environmental risk assessment paradigm (Finkel and Evans 1987; Dakins et al. 
1996); . . 

• Provide sensible incentives for needed research to occur, grounded in a sober 
assessment of who controls resources and what motivates them to allocate · 
.resources to research . rather than to any other use; and · 

• Empower risk managers to favor "erring on the side of safety" (or to favor a 
strategy biased toward protecting financial interests, or any other calculus) in 
the full light of day. 

For me, the dilemmas surrounding model uncertainty are .particularly more inter­
esting and deserving of elaboration here-but I would be remiss not to mention that 

, several years ago, th~ Presidential/Congressional Commission on Risk Assessment 
and Management thre~ a wrench iiltO what.se'emed to be a growing i::o~ser'lsus about 
the need to better quantify parameter uncertainty. The Commission recommended 
that analysts not routinely compute and report uncertainty in risk, on the grounds that 
this would needlessly complicate matters, and confuse decision-makers and citizens 
who would mistakenly tend to assume that all values were equally likely within an 
in~erval given as the plausible endpoints of the magnitude of a risk. This latter 

; objection, 'if valid, could be easily remedied by a bit of explanatory .material, but .I 
. believe the Commission fe,ll 1nto a n:iort:: fundamental misunderstandirig. Quantitative 
. uncertainty analysis (QUA) does not have to burden decision-makers and the public ,. 
with ranges and probability density functions rather than point estimates of risk; done 
properly, it is in.stead a tool for replacing erroneous point estimates with valid ones.4 · 

• ,(,,. , ,, ' ' I • { .·, . 

------------
4 · Ctiri~usly, the' Coin mission was b~llish· ~n 'the: need. to rigorously quantify in terindividual 

variability in exposure at,the same timeh threw cold water on quantifying uncertainty 
in potency or inter-individual variability in .susceptibilfty ('The Coinmission strongly 
supports using mathemati.cal desc_riptions, of variability,' particularly,.distributions of a 

; 1 populatiori's' possible ··contarriinant'•exposure i:011centhi.tioris," ·p.89) .' Since the addi-' 
. tional risk C()ITIIDU!lication: complexity is no_ differe1~t, I wonder whether this inconsis- . 

tency can be explained by the hope that full distributions of exposure would reveal how 
conservative current methods ofpoirit estimation are in this part of the process (coupled . 
perhaps with the concern that full distributions of potency, if brought to light, might ' 
reveal something quite different). 
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Assuming for the sake of a,gument that the recipient of risk information cannot 
cope with the distribution or range emerging from a QUA, all the analyst has to do 
is provide a point estimate from out of this distribution, preferably after discussing · · 
what type of estimator ("typical" or median value, expected value, rather conserva­
tive, extremely conservative, efc.) the recipient desires. Without having performed a 
QUA, s/he can still gin up a desired point estimate, of course-agencies do this all 
the time, as when they multiply and divide a bunch of "typical" estimates together 
and somehow declare the result to be the "best estimate" ( or worse, when they 
combine a string of purportedly' upper-bound estimates together, then "back away" 
by some arbitrary factor and declare the result to be either an average value or a 
"reasonably high- end estimate.") Contrary to the spirit of the Commission's recom­
mendation, a decision-maker who can't be bothered with more than a single point 
estimate does not have to "dumb down " the entire process-all she/he needs to do 
is ask the analyst whether the point estimate proffered has consciously been chosen 
from a distribution acknowledging uncertainty, or has merely been labeled a central · 
or other type of estimate without any assurance this is appropriate. 

An extreme view at the opposite extreme (that any use of a point estimate ruins 
a risk assessment) came recently from consultant Warner North, who testified 
before Congress in 1997 that OSHA's methylene chloride regulation should be 
invalidated because the Agency used a point estimate of individual risk (and a 
corresponding estimate of the expected number of cancer deaths averted) at 
various places within several hundred pages of analysis: North offered this opinion 
even though he acknowledged that OSHA had made it quite clear (through narra­
tive, tabular, and graphical presentations) that it had chosen these estimates only 
after having undertaken an exhaustive and transparent QUA whose validity North 
did not question. Assuming this was a genuine expression of a general view that 
displaying any one point estimate is always an error that no amount of analysis can · · 
overcome, I can see why tl1e Commission might have felt there was some zealous . 
worship of complicated QUA out there that they had to combat . . 

Returning to model uncertainty, the first crossroads in developing ground rules 
for coping with it is to decide whether new scientific information should be fodder 
for a process that combines all credible models'together,"or should instead deter- · 
mine which models shall have primacy over others. We are all familiar witl1 the latter 
system, wherein we start with a set of"default" models (one for each inference point 
in the risk assessment) and switch to one or more alternative mode_ls when it seems 
the right thing to do. In addition to the misuse of expected- value dedsion-making . 
and tl1e precarfous nature of eliciting the si.1bjectiv~ 'weights (see 'above) : 'the ·other 
approach to model uncertainty also degrades research-it may simply be easier to , 
influence the weights by warping the process rather than by truly advancing knowl­
edge. The binary approach has its problen1s, but they are self-made, as we've never 
had a clear formula for implementii1g it-when improved, this approach is a clear 
winner over the construction of hybrid estimates. A better binary system needs, 
above all, two things it has never really had: (1) a commitment to clearly explaining , 
(either in a generic document or de novo each time a risk assessment is published) 
~e scientific and policy rationale for each of the default models used; and (2) a set 
of!=lear criteria-preferably published prior to the risk assessment in which they are 
us_ed-that establish the nature and quality of research needed to abandon or 
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. modify ea2h one· of the def~ult models and adopt some new alternative. Without the 
forthright description of how we came to follow a "default pathway" through the 
brariching m~e of infeience points, we play into the harids of those who denigrate 
the defaults as bureaucratic rather than scientific rules, or as "purely policy-driven." 
Without . an explanation of the various sound theoretical bases for (and strong 
empirical ·suppor( ·~or) linear extrapolation from relatively high exposures to a 

, , • i · ·carcinogei1 (exposures causing roughly 5 to 50 percent tumor incidenc_e) to expo-
., , · • · · ·S~~es i 0- .t<;> 100-foid_ lo~er'. fo~ example, the i1aive reader ofa risk assessment might 

. be '· excused Jor believing the propaganda that this practice amounts to "ruler 

. toxii;ology. ;: . . . '. . . . . . . . 

More importantly, without the up-front criteda for telling the scientific commu­
nity what constitutes sufficient evidence to overturn a default in favor of an alterna­
tive, agencies.will deservedly face severe criticism that each such decision is ad hoc­
succumbing to persuasive evidence can be derided as "giving·away the store,"just_as 
holding on · to a time-tested default in the face of some preliminary (and dubious) 
·new hypothesis c'·an· b~ blast~d as being imm·un~ 'to com~on sense. We in the agendes 
owe it to those who want to understand our decisions, and especially to those who want to 
conduct fruitful resef!,rch ·to influence ou~ decisions, to spell out why we will act a certain way ' 
in the absence of evidence to the c01itrary, and what we will need to be persuaded to ciiange our · 
minds. 

·· Tobe sure, such criteria are inextricably bound up in policy choices. The height . 
of the hurdle required to abandon a default model and ·replace it with an alternative 
model can, in simplest terms, be very low-the general premise )Jeing something 
like "move off the default whenever there is any evidence ( of any quality) that the 
alternative is reasonable"-or very high, ranging up to_a rule such _as "abandon the 
default only when airtight evidence has proven beyond a shadow of a doubt that the 
alternative is correct'and the default is incorrect." Within the infinite shades of gray · 
between these two extremes, we couid adopt philosophies . r~nging from ' "a non­
trivial chance the alternative is more reasonable tl1an the default," through various , 
gradations of wanting· "persuasive," "compelling," or "clear and convincing" (but 
not airtight) evidence before switching approaches. 

Most of us believe that by and large,· the current set of risk assessment defaults 
: terid to be ·somewhat '.'conservative," althdugh} believe it quite notewo_rtl1y that the I: . 
, -1~_94 National Academy of Sciences committee (whic~ encompassed experts who 

worked for tl1e chemical manufacturing industry as well as others ·who worked for 
· or' with erivironmental advocacy grot'ips) expressed the consensu~ view that because 
c,ancer d~k assessment curre,ntly treats all humans as having identical susceptibility, 
a significant "missing default" needs to be addressed for us to be confident that the 
otii:puts .'of t:radition'al cancer risk assessment do in fact tend to err on ·the side of , 
overe~timation. The.NAS panel went even furtller, and affirmed that a system_ based 
on "conservative" defaults is the right way to begiri-tliat the more we know, the less 
prbtective ·:~e need to be: Our committee could have . questioned this logic or , , 

I '· .. • .. c;;n~eiv~hlfeven -~~-dorseci'i:he mirror~frriage' PfOCes·s; '.whereiri .~e woti.ld start with'' 
'. an ,"anti-precautionary''. bias and allow or encourage research that would substitute 
models that "erred against the side of safety" with conservative ones-more on this 
later. But as night follows day, the acceptance ~fa system that starts with ·a conser-

. va·tive stance means that the decisioii about how high an evidentiary .hurdle we 
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should erect to evaluate new science becomes a referendum on how reluctant or how eager 
we s_hould be to relax (what we hope is) this built-in conservatism. 

Here the Science and judgment committee reflected the deep division within the 
expert community and offered two sharply contrasting sets. of views. I worked with 
some committee members to draft a chapter recommending "plausible conserva­
tism" as an organizing principle for deciding when to switch to a more sophisticated 
and less conservative model, while Roger McClellan and Warner North worked with 
others to elaborate on the "maximum use of scientific information" as a desired : 
guiding principle. The chapter I wrote basically argued for a less stringent version 
of a "clear and convincing" standard-tha( we need not be convinced that ari 
alternative model is correct in order to adopt it instead of the default, only con- · 
vinced that it is sufficiently more reasonable than the default to render the default 
no longer plausible by comparison. The other minority report advocated switching · 
to an alternative model whenever the scientific community agreed it was more 
reasonable-:-greatly so or slightly so, no matter-than the default. The USEPA 
Cancer Guidelines seem to be in a constant state of flux, but in the 1996 draft, the 
Agency has essentially signaled its acceptance of the latter viewpoint-"if data 
support an alternative to the default as the more reasonable judgment. the data are 
[to be] used" (p. 22, emphasis added).5 

We ought to be greatly concerned, I_asse_rt, about the practical consequences for 
health and environmental protection of adopting a "more reasonable judgement" 
standard rather tl1an a somewhat more stringent one that embraces an alternative 
model only once a better case has been made than "it's slightly better than the 
default." The difference between "a 51/49 preponderance of the evidence" and "a 
90/10 preponderance" may have profound consequences, and I personally believe it 
is rech/,ess to allow minor ( and highly subjective) differences in relative plausibility to compktely 
trump major' differences in the degree to which our analysis-driv~n environmental '·control ' 
decisions tend to provide adequate protection in the face of uncertainty. As with the confti- · 
sion over "best estimates," it may be comforting -to allege that using ,the "most , 
reasonable" model is simply "being agnostic about the extent of conservatism and 
letting science drive the outcome," but this is again an affirmative (though con­
cealed) statement that potential errors of overestimation 'are exactly as unwanted as . \ ·;. ' 
the converse '. To .th.row out the "49 ·percent possibility" (and ·thus ·deprive ·the ·: 
decision-maker of the chance to take precatitionary action) on the grounds that 
"science made us do it" is what I would have called a "cop-out" had I beeri born a 
few years earlier. · · · · · · ·, · -· · ·· ; 

• • j . • : • ' 1 ' ' \• " I ,•, ' ' !• -', • ' '' ' •' 1 I' , 

We should also be concerned aboi.1t the implications for scientific research of one 
. type of "departure from defaults" regime or another. Obviously, a draconian stan-. 
. . 1ard requiring absolute proof would quic_kly stifle research, as both human nature 

5 The previous sentence of the Guidelines document ("If data support a plausible alterna­
tive to the default, btit no more strongly th.an they support the default, both the default 
and its alternative are carried _ through the assessment and characterized for the risk . 
manager") (emphasis added) seems clearly to address the special case where two equally 

, plausible models exist. In context, therefore, "more reasonable" clearly refers to any 
situation where the alternative is deemed even infinitesimally more plausible than the 
default. 
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and financial realities weigh against conducting or fonding research that has little 
or no chance of ever being accepted. But an overly permissive standard threatens 
research quality almost as severely. After all, why bu:ld a boat painstakingly, filling 
in all the cracks, shoring up weak areas that might nor fail rapidly but will eventually, 
wh~n the buyer has already told you that it only has to loo~ slightly better than the 
old boat he already owns and no more questions will be asked? Consider, for 

· example, the default assumption that tumors produced in experimental animals are 
considered relevant to lminant · In a last-ditch attempt to block OSHA's pending 
regula.tion of methylene ·chloride,' an industry trade association petitioned us to 
declare that observed tumor responses in mice were irrelevant to humans, on the 
grounds that tl1e metabolizing enzyme had been found in the nuclei of some mouse 
cells but purpotortedly could be shown predominantly in the cytoplasm of analo­
gous human cells. With several years' hindsight, I remain confident that OSHA 
would have correctly rejected this hypothesis (for a wealth ofreasons detailed in the . 
preamble to the 199? final mle, 62FR 1494-1619, esp. pp. 1517-1529) even ifwe had 
used an explicit "the more reasonable model shall prevail" standard. However, there 
would have been no impetus for the research sponsors to even try to patch the 
numerous holes in their arguments had we accepted this alternative without point­
ing out what additional questions needed to be answered. 

I also surmise that a permissive standard applied to new research would stifle 
exploration in another, more· subtle way. The r1sk~and-reward calculus that under­
lies decisions to direct research toward improving chemical-specific risk assessment 
must be quite sensitive to the expected "shelf life" of changes in analyses and 
decisions prompted by successful acceptance of the completed studies. A system that 
promises to switch gears when one model is marginally more reasonable tl1an 
anotl1er is, after all, by definition ;:i. system t11.at will just as easily abandon new Model 
B in favor of new Model C ( or go back to old Model A) when the next smidgen of 

. information is brought to light. In other words, "most reasonable" is a fickle 
· standard that could well discourage "suitors" considering investing in research. 

One formidable obstacle remains in the path of developing any explicit standard, 
however high or low the evidentiary bar-the claim that it is impossible for risk 
assessment agencies to develop scientific criteria that would flesh out in detail how 
they would determine an alternative model to'be "more reasonable," "compelling," '.'; 
or whatever. Th

0

is is USEPA's ·rationalization in 'the ·cance'r Guidelines for refusing .. 
to choose between the two ·pathways the National Academy of Sciences offered (or . · 
to craft a third approach of its own). First, the Agency put its own "spin".on what the .. 
_C::ommit~ee recon:imended, re(erring to it as a ~all to "adopt a list o~formal decision . 
criteria in the sense of a checklist" (it puzzles me how a request that the USEPA' '·: 
·slwuld state whether it advocates a "clear ·and ·convincing" standard or some other · · · 
hurdle for accepting new models could morph into a "checklist"). The USEPA then 

6 . To me·, .thi~ ·m'a.ke~ ab.oi;t ~~ ~uch ~~ris~ ~s.sayirig ;,becatise·e~~·ry susp~ct ii;· a ~urder case .,· ; :.: .:, 
will have to be judged guilty or innocent based on a unique ;et of facts, ~~e can't.decide .·. 
whether the standard of proof ought to be 'beyond a reasonable doubt'." Not only has 
our system of laws made that decision, but centuries of case law has clarified how juries · . 
might think about what makes a doubt "reasonable." 
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·denigrates this straw man; claiming that because "risk assessments are highly vari~· .· 
•· able i_fl COntent and purpose ... nO Uniform Checklist WiH fit all CaSeS. "6 • ' I• '. ·. 

Such a claim does not starid up even to cursory scrutiny. The judgments made 
. ' using criteria develo.ped a priori will, of course, create; new "case law" with e~ch . 

specific application, but the criteria themselves can certainly be developei:l......:..indeed, , 
they already have been. OSHA confronted this question in 1995 when I suggested · 
that the time had come to set an OSHA Permissible Exposure Limit based on a 
pharmacokinetic adjustment of the dose-exposure relationship across species rather' 
than the traditional allometric adjustment (again, methylene chloride was the case .. 

· in point). Before we mad~ our decision ," I initiated a discussion ·of whafsorts or · 
evidence, of what quality, we would need in the general case to rule that the PBPK. 
approach was clearly more credible than the generic default. Out of this discussion : . 
we developed 11 criteria (see Appendix) that amply specify how OSHA would weigh ·· 
this question in subsequent rulemakings. In the methylerie chloride case, we ended 
up reasonably confident that researchers had already met the standard 'of proof · 
along all 11 dimensions, an.d we calculated the cancer potency using a PBPK model. 

Now at least for this one paradigm choice .. (allometry versus PBPK), researchers 
and their sponsors will know as they build a case for a "departure from default" what· 
questions OSHA deems impor_tant, what data .are needed to complete the case, and 
what must be done to sufficiently rule out alter11ative interpretation·s·ofthe new_data _ 
cc:>llected. ' OSHA recentiy ,began working :o.~'. developing similar sets .of criteria fo/ 
several other recurring cho.ices we will be called upon to make between traditional 

· and novel scientific models. For example, we are discussing tl1e recurring question 
of what constitutes sufficient reason to dismiss animal tumor responses as irrelevant 
to people, to adopt a non-linear dose-response extrapolation, or to use an exposure 
duration parameter other than the standard 45-year working lifetime. 7 

. , '• •' • ·., '•:; •' ,I : : ' , 

,' ~ I .' , I . . 
· A FEW IDIOSYNCRATIC RESEARCH PRIORITIES ': · 

Having sketched out )pe prer~·qi.1i~ites f~r determi~ing which risk assessment 
research efforts are likely to produce the most vah.iabie results, I cannot take the . 

:'next step · and .iden'tify spedfic priorities .without information-q1.iantitative esti- ,. , 
. , mates of uncertainties and their effect on how pre.carious our ."best guess" environ-
. menta_l protection decisions are-that the decision-analytic framework demands but · 

.. that 0tir collective 'wisdorri carinot yet supply. I will, however, ·offer four general · 
'· avenues of research that· ~ppear to me to beJikely candidates for ~ :"most val~able 

. -~ .. \ ·: q :re·se·arc~ ··jfl . cancer ·pOtentY'~ list. 1 I. ',·,· '. \ \ :' ~ ... '·' 1' ' t · •• -~ • '. ) ) i' ' . '. . . 

. I. How broad is the distribution of hwnan inte~individtlal variability in susceptibil-· 
ity to carcinogenesis? I hope we al.I understand that '.'risk" is not a group concept, 
but.applies to individuals and is de_termined by the combination of exposure and : 
susceptibility unique to each individual. The more we know about the rea.sons · . 
for such differences, · the better we will be able to fulfill two absolutely crucial 
functions ofrisk ·assessment and management: (1) determining what exposure 

7 As I recently ceased directing the health regulatory arm of OSHA to become a Regional 
Administrator, I do not know what will become of this endeavor. 
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levels are actually necessary to protect (i.e., reduce cancer risk to an "acceptably 
low" probability) "most or nearly all" of the exposed population-in contrast to 
current risk-based levels, which I assert are only designed to protect the person 
of average susceptibility; and (2) communicating to specific individuals (or 
giving them the raw materials to determine for themselves) what we think their 
individual risk actually is, based on our knowledge of their exposure plus 
knowledge of particular genetic or other factors that render them more or less 
susceptible than the "reference man." I suggest we greatly step up our research ,­
efforts both into determining the distribution (and pinpointing an individual's 
place witl1in that distribution) of predisposing factors that would likely affect risk 
to carcinogenic stimuli in general (e.g., inborn or acquired variations in the 
competence of the physiologic processes that detect and combat incipient 
tumors) as well as factors specific to particular stimuli (e.g., inborn or acquired 
variations in the concentrations of particular enzymes that activate xenobiotics , 
to proximate carcinogens or detoxify them). I also suggest that we not exclu­
sively focus on quantifying the influence of specific factors we already suspect are 
prominent in affecting susceptibility (albeit a very important task, since an X­
fold difference between two individuals in _some factor may imply any degree­
including zero-of difference in the persons' overall susceptibilities). Instead, · 
we might well supplement this work with some thoughtful "fishing expeditions" 
that worked backward from individuals who appear to be highly susceptible or 
highly resistant to cancer, and catalog the phenotypic and other differences 
between them in an effort to discern the important determinants of susceptibil­
ity. For example, I have long wondered if and in what way(s) lifelong heavy 
smokers who do not develop lung cancer even by an advanced age differ from 
young adults whose lung cancers (non-adenocarcinomatous lesions) developed 
seemingly after very few pack-years of exposure. 

2. How much error is introduced by testing substances in the standard rodent 
bioassay? "Mice are not little men," the inane saying goes, but do tl1ey predict 
cancer risk as if they were? One difference tl1at tends to make bioassay results 
underestimate human risk is that we care about human exposures tl1at begin at 
birth ( or in utero) and can extend for 80 or more years, whereas we begin exposing · : 
rodents after weaning ( the equivalent of missing the first several years ofa h~nan 
life) and sacrifice them at 24 months (10 or mart' human-equivalent years before 
the end of the natural lifespan). Research that enabled us to lengthen . the . 
duration of the bioassay at both extremes, or tl1at allowed us to estimate how many · 

. more tumors would be produced if we did, would be of great value in making mice ' · 
act more like little men. (Peto et al. 1991). On the other hand, a systematic catalog 
of physiologic differences between rodents and humans-not just what proteins 
or enzymes one species has that tl1e otl1er doesn't (or has mucli more or much 
less of), but how tl1e species differ functionally-could greatly demystify tl1e . 
contentious process of deciding that a positive rodent response should not be :";: ' 
relied upon as indicative of equal ( or any) human risk. 

3. When (if ever) does a series of exposures to different carcinogenic stimuli 
over a lifetime or working lifetime· not yield similar cumulative risk to an 
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equivalent exposure to a single .substance? This is not an exposu·re-assessment . 
question, but a knowledge gap i~ toxicology; it has taken · on great practical . 
importance with the emphasis on survey data quantifying what we already 
know-that people move from home to home and job to job during their 
lifetimes. Some have argued (Hamilton, et al. 1997) that if an average per.son 
changes residences seven times in seventy years, then a risk assessment assum­
ing seventy years of being a "porch potato" exaggerates risk sevenfold. But 
relaxing all exposure standards by a factor of seven to account for this would , . 
simply and perversely increase individual risk by the same factor, unless one 
of two conditions held: either only one IO-year period of exposure conferred '.' 
any risk at all, or each period "restarted the clock" such that the variety ofrisks· 
broadened but the magnitude_ ,did not increase_. The for.mer condition is_ . 
clearly absurd-there would be "no escape" if all standards_ are relaxed in the 
name ofadjusting for duration, and more to the point, ·adjusting them in one ' 
arena (say the Superfund program, as Hamilton et al. adyocate) ignores the 
grim reality that the people most exposed to those hazards in . the first place : . 
are those least likely to be able t~ ,m_ove at all or (what counts) m_ove to pristine : 
(i.e., expensive) locations.8 If, however, exposures in location B did not oper­
ate by related mechanisms to the exposures already accrued earlier in location 
A, then adjusting for . transience might have some me.rit. Bioassays _that com­
pared two COnsec11tive J.2-mon·~ -~XpO/iUr~s to substari_ces (with different de-. 
grees of structural similarity) to a 2-year exposure (historical data?) to each 
substance singly might shed valuable light on this question. 

4. Where on the continuum between "high" and "low" (non-zero) doses might 
significant non-linearities in dos_e-response occur? The field of risk assessment 
has been very concerned about !'the" shape of particular dose-response func­
tions, intent on discovering which are linear, which are .stee·p~r at high doses, 
than at lower ones, and which exhibit threshold behavioL Some analysts have 
focused on the behavior of these functions at vanishingly low doses, with critics 
of traditional multistage extrapolation arguing it is implausible to posit that a 
single molecule cari present any non-zero risk, and defenders of this default ' 
pointing out sound theoretical reasons why risk should often rise in propor­
tion to dose even in the limit of low dose. This stark controversy has frustrated 
regulators enough thatthe curre.nt version of the draft USEPA Cancer Guide-· 
lines abandons risk quantification aitogether in favor of a i 'margin of expo- . 

' ·, • > ' , , > I ' ', J ' • ' ' \-',, ) •, •' I / , •.' • .. ' , I \ • .' ' • , ; 

The analogy to the occupational setting would be failing to appreciate that a worker 
exposed to high levels of a given chemical is likely to move (if at all) to a new employer . 
and situation where exposures are identical or similar. Sandblasters who report a change 
of employer very often remain sandblasters, and are unlikely to become stockbrokers. 
Hence the conclusion of Burmaster (2000) that "the assumption often dictated · by 
federal and state environmental agencies that all people work _in all jobs for 30 years is 
false and misleading" misses the mar_k badly. A worker who merely changes employer 
several times during a working lifetime (which is all that the data Burmaster analyzed can 
reveal) may well be exposed to 30,' 45, or mor·e years of exposure to the same ( or 
functionally. equivalent) chemical exposures. · 
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sure" (MOE) approach whenever "the curve is thought to be non-linear, based 
on [assumptions about] mode of action.''9 

But we hardly need to build a road to infinity in order to be fairly confident that we 
are on a useful path down the proverbial block. In cases where lifetime risk can 
reasonably be assumed to be the sum of a vast number of molecular encounters with 
DNA, each one of which carries with it a very small probability of yielding a particular 
unrepaired mutation that pushes a cell irreversibly along the pathway to tumorigenesis, . 

. surely the difference between the (say) 1028 molecules a test animal encounte'rs during : 
a bioassay and the (say) 1·026 molecules aii. exposed human could encounter during a 
lifetime has very little to do with "extrapolation to zero." We don't need a referendum 
on whether "one molecule can cause cancer" to be concerned about being this close 
(relative to zero) to exposures that cause "mini-epidemics" of cancer in tl1e laboratory . 

. The interesting questions, which do lend themselves to risk quantification rather than 
the MOE approach, involve cases where something important happens as exposure is 
reduced tl1is relatively tiny increment toward the vanishing zero, by virtue of discontinuities .. 
in fundamental biological processes. If, for example, X ppm saturates a detoxifying 
metabolic pathway, leading to some production of a dangerous metabolite, but X/2 

. ppm results in I 00 percent of the substan~e being detoxified, then linear extrapolation , : 
· even over a factor of 10 could be misleading. Research-difficult as it may well be-to 
. shed light on when "1026" molecules per lifetime is qualitatively different from "1028" 

may be our only avenue for answering questions tl1at matter. "Does 'ruler toxicology' 
beginning at a TD10 and heading toward zero miss important non-linearities or 
discontinuities in dose~response, ·iri the ·range of exposures relevant to humans?"-tl1is 
is a research question wortl1y of our attention. 

PARTING SHOTS 

At meetings such as these, I realize tl1at it is easy to grouse about how the organizers 
have defined the topic too narrowly and stifled efforts to step back and discuss "the 
forest rather than the trees." At the time the Aspen conference was held, the phrase 
"the weakest link" had not yet become grating, so I would note that if.dose-response 
assessment was in fact the weakest link in the chain of events leading to the control 
of environmental hazards, it would be efficient ·to meet and discuss ·research needs in ); 
this area alone to the exclusion of others'. To the ~ontrary, I believe that if we do draw 
some concentric circles around the larger problem, dose-response may be at the core 
but is far from the area needing the most attention. As we expand our view, let me 
offer three broader areas where "weaker. links" can be found: 

I. exposure assessment. It may seem ~dd to caution that the tidy world of exposure 
assessment, where analytical devices have errors in the percent range or less . 

· 9 · As.of this writing, the USEPA has not begun to craft any ir~terpretive guidance that might .; 
help dedsion-makers and the public cope with its having abdicated the responsibility to : . . · 
produce estimates of risk and uncertainty for this important class of situati~ns. How · · 
should the consumer react to the news that "we can't estimate your risk-all ,ve can tell · 
you is that an exposure of X units produces an apocalyptically high tumor incidence in 
animals, and that your exposure is less than X by°an 'MOE'?" . · 
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and physical/ chemical models ·are ·well-specified, may be a shakier ground . 
than the "black box" of d_ose-respbnse _assessment. 1·would suggest, however, 
that we understand exposures more in theory than in practice, and certainly 
more as single-substance snapshots than as integrated profiles of encounters 
with multiple substances over time. Even if you draw the semantic boundary 
so that variations among humans in uptake and metabolism count as uncer­
tainties in effective potency rather than variabilities in true exposure, the 
remaining variations in ambient concentrations are often substantial and not 
well studied. Nowhere is this, m_o_re _evident than as in the workplace. For less 
than a handful of substances · (really only lead and crystalline silica) is the 
probability significantly different from zero that a given U.S. worker will ever 
have had even one eight-hour exposure measurement taken during her.career 
(unless she works for one of°the few companies that systematically collects such 
information on its own and discloses it to those sampled). For example, in the 
12 months ending October 1999, OSHA ·took 17 samples nationwide for 
carbon monoxide exposure, 607 samples from among the 250,000 workers 
exposed to methylene chloride, 204 samples _for perchloroethylene exposure 
from among the nation's 30,000-plus dry-cleaning establishments, and zero 
samples for such ;,ubstances of concern as vinyl chloride, methyl-tert-butyl 
ether, and pesticides such as aldrin, chlordane, heptachlor, etc. Having" at-
.tended ·numerous interagency meetings where the paucity of exposure data 
has been recognized, I'm hopeful that help may be on the way. However, 
based on the current proposals I've seen, it is no exaggeration to predict that 
within several years, we will probably know more about the body burdens of 
toxic chemicals in domestic cats and dogs that we will about the same burdens 
in U.S. industri,d workers. 

2. regulatoiy economics. It is the r·are environmental control decision where costs 
are not considered, ·either explicitly or implicitly. And yet we sit here, polishing 
the proverbial chrome on our system for quantifying risks, while the parallel 
system for. estimating costs is in disarray, with little impetus for improvement · 
or signs thereof. No . one . c~n say foi sure whether the typical error iD cost , 
estimation is larger or smaller "than that in ' risk estimation, but several valid . 
generalizations do bear on this issue: ( 1) the potential errors in cost estimation 
dwarf those in ri~k estimation-except for rare and .speculative cases where 

. hormesis may occur, _risk: a,;:ialysts m·ay misidentify a· situation .posing' zero risk '. ' 
' as risky;·b~t"n'.ot .:ni~take' a ' net mi~us for a n~t plus. But because economists . 
, almost invariably consider ·compliance costs (the amount paid out· by regu- · 
lated en ti ties as a result of a government intervention) rather than the relevant 
measure of social cost (the sum of all changes in economic welfare, negative 
and positive, set in motion by the intervention), they can easily report as a cost 
something that actually benefits the economy as well as the environment 
(Finkel 1995b); (2) whereas risk assessors have been accused (often falsely, in 
my opinion) of a systematic bias toward overestimation, regulatory economists 
_have a clear track record of producing exaggerated estimates-the evidence 
for this claim is persuasive and growing more voluminous each ye:ii; (~TA .. 
1995: Hodges 1997; Goodstein and Hodges 1997), and the natural causes of 
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this bias (e.g., incentives not to underestimate cost on the part of regulated 
firms and agency economists and lawyers concerned with court challenges for 
•underestimating cost, failure to account for economies of scale and techno­
logical improvements), are ingrained and recalcitrant to change; and (3) 
uncertainty analysis-the raw material for revealing the possible extent of 
'error and pointing the way to data or research to reduce it-has barely begun 
to catch on among regulatory economists. Economists have begun surround-

.' '' ' . fog their be'nefits estimates with ranges (generally to account only for coritro-.' ' 
, versies ii1 how to assign monetary values to effec'ts), but only the very best cost ' 

' analyses eve~ include ranges (and never to my knowledge' have included ' 
probability density functions th_at indicate .expected valu_es and other estima-

. tors) to be discerned. At OSHA, I've seen cost analyses presented as "correct" 
to the nearest penny! This glaring dispari,ty between the worlds of risk and cost 
in willingness to acknowledge uncertainty seems to be a ."vicious. circle" of , . 
overconfidence and lack of guidance. Why else w~uld the last dozen "regula­
tory reform" bills drafted by Congress be chock-full of rules to micro-manage · 
the process and substance of risk estimation, without a single admonition that 
economic analysis d~ma~ds at least equal attention to transparency, "sound 
science," peer review, ' disclosure of a~sumptions, etc.? This ·"free pass:" I sus­
pect, has emboldened economists to the point that recently several workshops 
have been convened to '~bridge the gap". between risk assessors and economists 
by· corisidering only ways in which the former group could improve its proce­
dures to make them more. useful to the Jatter. Obviously, I think something is 
seriously askew here, an'd that risk assessors should resist these ambushes and 
instead seek to expose and correct the "garbage in the numerator" problem 
tl1at stymies efI:orts _to m~\<,e sensible social decision's via cost-per-lives-saved and · 
similar metrics. ' ' . ' . . ' ' ' ' ' ' ' ' ' ' 

. 3. risk management. Bernie Goldstein has often made the astute observation that 
(to paraphrase) we obsess over "fixing" risk assessment to the detriment of the 
weaker link of risk management. Of the many ways in which risk management 
arguably is "broken," my recent experiences as a government official have . . ·- alerted ine to a set of problems 'stemmirig from a reductionist ode~tation to 
our mission. ;.By und~rtaking r.isk assessment and_ risk managementon sub­
stances rather than processes, I believe ~e are botl1 creating 'new prob.I ems· and . 
missing opportunities ~or more fundamental progress. Examples abound of 
controls on one substance impelling regulated entities to substitute a more 

, t ~ 

. dangerous, unregulated .substance in response. ·Currently, for instance, I am 
concerned that OSHA's ·1997 me'thylene chloride regulation will, · if further 

' interventions are not forthcoming, encourage firms in foam fabrication and 
· · man·y.other sectors to· s.yitch to n-propyl~bromide, unregulated despite clear 

evidence from animal studies (and .clear .human evidence on ari isomer con-
. 'I . ' . tained in the' corrilhercial 'material) ~f potent re'productive toxicity. ·The 'pitfalls ·,:, 

· at the USEPA of focusi~g on a singl~ :substance, wherein .different agency .: . 
. programs acting at different times have the net effect of moving exposures 
from one environmental medium to another and back again, have been well . 
documented .(Davies and Mazurek 1988). More recently, USEPA and OSHA ' 
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jointly convened a workshop to discuss a growing set of cases where environ­
mental controls applied to single substances have the effect of _reducing 
emissions from measured point sources at the expense of increased concentra-­
tions inside workplaces. These three problems-adverse substitution, intermedia 
pollutant transfers, and environment-workplace transfers-are untoward out­
comes that a less reductionist approach could anticipate and avert. The more 
far-reaching benefits of coordinated action aimed at improving industrial 
processes rather than simply reducing particular exposures could inclu,de 
cheaper control strategies (as companies are permitted to engineer compli~ 
ance with air, water, workplace, and other standards simultaneously rather 
than in fits and starts), resolutions that satisfy both the dictates of cost-benefit 
analysis and the preferences of industries and local citizens, and multiple risl<. 
reductions that surpass our limited expectations. 

Ultimately, dose-response assessment is an input to risk assessment, which in turn , . 
is raw material for risk-based decision-making. Research to refine dose-response 
assessment has value of its own, but realizing its full value depends on creating a 
system so that we can use risk assessment to discriminate among a rich set of possible 
solutions to the web of health, safety, welfare, and economic problems that continue 
to plague modern society. 
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. APPENDIX 
OSHA'S 11 CRITERIA FOR ACCEPTING A PHARMACOKINETIC MODEL 
(FROM THE 1997 METHYLENE CHLORIDE FINAL RULE). 

(1) The predominant and all relevant minor metabolic pathways must be well 
described in several species, including humam. 

(2) The routes of metabolism must be adequately modeled. 

(3') There must be strong empirical support for the putative mechanism of car­
cinogenesis (e.g., genotoxicity) and the proposed me<;hanism must be plau-
·sible. · ·' ' ' ·. '· · · ': · , 1 

( 4) The kinetics for the putative carcinogenic metabolic pathway must have been 
measured · in test aninials in vivo and in vitro· and in correspondirig human 
tissues at least ·in vitro, ·.although ,in vivo human data would .'be the most 
definitive.>'·· .. ::, ... _,.; .•! • :">·· ••· · ·:-\· 

(5) The putative carcinogenic metabolic pathway must contain metabolites which 
are plausible pro_ximate carcinogens (for example, reactive compounds such 
as formaldehyde ors.: cbloromethylglutathione) . , ·. . . . . ·. . 
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(6) The contribution to carcinogenesis via . other .pathways must be adequately 
modeled or ruled o·ut as a factor. For .example, there must be a reasonable 
analysis of why reactive metabolites' formed in a second pathway· would not 
contribute to carcinogenesis· {e.g., formy( chioride produc.ed via the MFO 
pathway is likely to be too short-lived to be important ii1 MC carcinogenesis). 

1 I ' I 

(7) The.dose surrogate in target tissues (lung and liver in the case of MC) used in. 
PBPK modeling must correlate with tumor .responses experienced by test · 
animals. 

(8) All biochemical parameters specific to the compound, such as blood:air par­
tition coefficients, must have been experimentally and reproducibly mea­
sured. This must be true especially for those parameters to which th<:i PBPK 
model is most sensitive. 

(9) The model must adequately describe experimentally measured physiological 
and biochemical phenomena. 

( 10) The PBPK models must have been validated with .data (including human data) 
which were not used to construct the models. 

. f • 

(11) There must be sufficient data, especially data from a broadly representative 
sample of humans, to assess uncertainty and variability in the PBPK modeling. 

I • ; ,• ' 

. ; , ;· ,: . , • 
,: ; ~ . . .... . .. 

' . . ; 
~ \ ". · 1' · : ,· • ,t ,' 
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ABSTRACT 
Hazard identification ·is based tipon the second "law" of toxicology, the specific-· 

ity of toxic effects ·caused by a ch~mical agent. Specificity reflec.ts the different:fal 
reactivity inherent in chemical structure and in the biological niches in which 
chemicals interact.Just as Paracelsus is identified with· the first "law" of toxicology, · 
the dose makes the poison, Pare, a century French surgeon, should be credited with 

.an early formulation of the second "law" of toxicology, the specificity of chemkal 
effects. I discuss a number of aspects of hazard identification, including issues 
related to oxygenated f{ie[~ ,' to routine safety assessme~·i't; to the i~terpretation of . ' 
hematological neoplasms and to 'the Precautioi1ary P~inciple. · '. . . 

. ' ' . . ,, 

Key Words: butadiene, methyl tert-butyl ether, · multiple myeloma, non-Hodgkins 
lymphoma. · · · · · 

. .. 
• , 1 • ... , :·, · :· " .. . . .i: 

· INTRODUCTION ·· · 

I hav_e chosen to discuss aspects of the hazard identification step of risk assess­
ment in large part because the distinguished presenters and panelists at this session , · 

... seem .to ~~ver every .oth~r. ay_ail~b_lf, topjc. '.f~is.s~oice_aJso ~efl,~c.i:s. my°C<)l1Ce_r,n~ that _.'. , 
we are · 1osing sight of the ·. important scientific principle . that i.mderlies hazard 

· identification - the specificity inhe~ent in the chemistry of an agent ·and in the · 
. biology of its receptor. · 

We are all aware that very slight changes in structure can greatly _alter ilie 'reactivity of '. 
a chemical, and we know of numerous instances in which important biological niches are 
exquisitely sensitive to seemingly minimal changes in ilie structure of chemical com- · 
pounds wiili otl1erwise similar reactivity. This specificity of chemical effects is as much a , 
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"law" of toxicology ;;;is the do~e makes d\e poison. My colleague Michael Gallo and I have 
. sugg~stedJhat the. name Pare be associa~ed with this second "law''. of toxicology, just as 
Baraaelsus .is associated with the first "law," the dose makes the poison (Goldstein and 
Gallo 2001). Pare is the father of experimental surgery. He lived in J6th century France, 
where his willingness to question accepted theories of medical care put him at odds with 
the academkmedical authorities of his time, but his ability to test and prove his hypotheses 
soon made him famous. This fume led him to be asked about the anti-poisoning efficacy 
of a bezoar recently bought at gre.~t ~xpense by the King o(france. A. bezoar. is .a 
concretion fro:m the stomach of goats, which was believed in the Middle Ages to be an 
antidote against all poisons. ·Pare told the king this was not possible. 

I answered, that nature could not admit it; for neither have all poysons·the like 
effects, neither doe they arise from one cause; for some worke from an occult and 
specifick property of their whole nature, others from some elementary quality 
which is predominant (Pare 1984). · · · 

As a test, a criminal condemned to be hanged accepted the option of being 
poisoned and receiving the bezoar antidote, which, unfortunately for the prisoner, 
did not work. 

OXYFUELS 

Hazard identification is under attack from different directions. We are hearing 
about the need to treat every .chemical as if it is a carcinogen, or assuming that a 
chemical that can cause cancer in one organ system can do so in all organ systems. 
We are also told, as in the ex~mple.of oxygenated automotive fuels, that because one 

· compound is P.otentially without .an effect then a chemically related .compou·nd is 
surely .harmless and does not need · thoroi.igh testing. · 

Since controversy began in the winter of 1992 about possible adverse health and 
environmental consequences of methyl tert-butyl ethers (MTBE), it has been clear 
that more information was needed on other ether oxyfuels, such as tert-amyl methyl 
ether (TAME) and ethyl tert-butyl ether (ETBE), both because they were already 
being used as oxyfuels and because any phase . out of MTBE would result in an 

· increase in their .use. Yet rnther than beginning in 1993 to . obtain the necessary , 
toxicological information, 'this intorma'tion is only now being requfred. Instead, 
there was a dependence on structure-activity relationships (SAR) which,·· even if one 
could argue that MTBE,was harmless,flew in the face of the many examples in which 

.just one methyl group could make an enormous difference. Just consider benzene 
vs. toluene, n..:.hexane· vs. il~hJptan~' or ethanol vs. mcth~nol: I do not question that 
·SAR'can be a highly valuable 'techriique, ·particularly with riewer c'omputer-bas~d 
approaches (Zhang et al. 199.7). But it is foolhardy to expose perhap~.100 mil.lion 
Americans to an agent as ubiquit~us as a gasoline cc:,mpon~nt with. an incomplete 

. ·, consideration of, i\S toxkity (I:r:a~Hin el ,a(2000; Erdal,,a~d, 901dstei11: 2000) ... '. 
. . ,I , • . • • , , , , ; I , • {• ' f , • t • , ~ , • : • • t , • ~ 1 

.... ; 
SAFETY ASSESSMENT 

We clearly heed better'tools fo~ hazard assessment. There is insufficient recogni-. 
. tion' that our mo'st'useful approaches· to determining' tii.e potential or",i' chemical to 
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produce a specific adverse effect come from improved basic scierice understanding 
of the mechanisms of chemical toxicity. The Ames test, for example, could not have 
been developed without an understanding of the mechanisms of chemical mutagen­
esis and of the relationships between mutagenesis and carcinogenesis. It was thus 
somewhat disappointing that the otheiwise positive agreement between the U.S. 
Environmental Protection Agency (USEPA), environmental groups, and the chemi­
cal industry to perform testing on the thousands of untested chemicals in commerce 
depends so heavily on routine safety assessment. 

I suggest a simple paper experiment. Choose a dozen or so chemicals that are of 
major public health concern, e.g., lead, arsenic, benzene, DDT, mercury, DBCP. 
Based on the literature, analyze whether the toxicity of these human problem 
chemicals would be picked up the battery of safety assessments studies being em­
ployed to assess existing untested chemicals. I may be wrong, but I suspect that at 
least a few of these known problem chemicals would slip past our current standard 
safety assessment procedures. ·This outcome would argue for investment of re­
sources in the development of the mechanistic understanding needed for better 
safety assessment so that we can be more protective than with our current routine 
safety assessment methodology. 

·MOLECUIAR BIOLOGY OF HEMATOLOGICAL NEOPLAS;MS 

The organizers· of this conference have asked for specific research ideas. In 
keeping with my theme of the importance of hazard_ identification, I suggest that it 
is time to use advances in molecular biology to sort out issues presented by hema­
tological neoplasms. 

The central issue exemplifies the old medical argument between the Jumpers and 
the splitters. The splitters have carried the day in two recent controversial analyses 
of potential chemical carcinogenicity. In the case of butadiene, the alleged lack of 
concordance between the two major positive epid_emiological studies, one reportin·g . 
lymphoma and the other reporting leukemia, played a major role in a recent review · 
by the International Agency for Research on Cancer (IARC), which narrowly voted 
butadiene to be a probable rather than a known human carcinogen (IARC 1999) . . · 
In the case of MTBE, the finding of a statistically significant increase in all hemato­
logical neoplasms in female rats exposed lifetime was not considered of regulatory 
significant because the increase for rione of the individual hematological tumor 
types was statistically significant (Belpoggi et al. 1998; USEPA 1999). These decisions 

. i~ould be understandable, and in my view supportable;- if in ·both cases the tumors > 
.. were of completely different organ systems, e.g., leukemia and kidney _cancer instead 
ofkukemia and lymphoma. 
· Benzene presents a somewhat different issue in hazard identification. There is no 

que~tion about it being a cause of human a'cute myelogenous leukemia (AML). But 
there is controversy concerning whether benzene can ca:use other hematological 
c_aric;e.rs (Goldstein 1990; Goldstein and Witz 1999). In my view, it is highly probable 
that benzene causes acute lymphatic leukemia,' non- Hodgkin's lymphoma and 
ll}ultiple myeloma and various myeloproliferative cancers. This view is based on 

: eB,idemiological as well as toxicological findings supportive of this relationship. For 
· the lymphatic tumors evidence includes the sensitivity of lymphocytes to benzene, 

.... ;i' . 
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the· readily detectable presence of chromosomal abnormalities in lymphocytes of 
exposed individuals, and the fact that a carcinogenic metabolite of benzene reaches 
the bone marrow resulting in AML. Yet the findings are not quite at the level of 
scientific proof due in large part to the inherent weakness of our methodology. A 
recent blatant example of a misleading approach are two meta-analyses of petro­
letim workers looking at the incidence of multiple myeloma (Bergsagel el al. 1999; 
Goldstein and Shalat 2000) and non-Hodgkin's lymphoma (Wong and Raabe 2000; 
Goldstein and Shalat 2001). Both were said to be negative but the level of benzene 
exposure was sufficiently trivial that the ·same cohorts would not. have had an 
increase in their incidence of AML. A study purporting to look at tl1e relationship 
between cigarette smoking and AML would be considered irrelevant if the level of 
cigarette smoking was too low to cause a measurable increased incidence of lung 
cancer. 

Central to resolution of the controversies concerning all three of these pollutants 
is an improved understanding of the relationship between myelopoietic and lym­
phopoietic cells. There has been a longstanding uncertainty about the extent to · 
which tl1ese two hematological cell types are related to each other tl1rough a 
pluripoteritial stem cell. Whether they are or not, and whether this is relevant to 
hazard identification for agents that produce hematological tumors, can and should · 
be addressed. · 

PRECAUTIONARY PRINCIPLE 

My last point about hazard identification concerns ·the Precautionary Principle 
(Goldstein 1999). This principle is increasingly in use as a means to regulate 
environmental threats. A reasonably standard definition derived from the 1989 Rio 
Declaration is: . . . . 

Nations shall use the precautionary approach to protect the environment. Where 
there are threats of serious or irreversible damage, scientific uncertainty shall not 
be used to postpone cost- effective measures to prevent environmental degrada­
tion (United Nations 1992). 

Past and pr~posed actions tha't ·could. fit under the· Precautionary Principle 
suggest that the value ·of hazard identification may be lost to the detriment of , 
effective environmentai'control. I give two examples. · · 

In the United States the 1990 Clean Air Act Amendments (CAAA) radically 
. , shifted regula.tory con_tr.ol ,strategy f~r so-:eaHe_d h~ardous air pollutants (HAP). _, 

Until then, the Glean ~r Act_ required the_ US~PA t~ make an .active d~termination 
tl1at there was sufficient evidence that a chemical could produce adverse health 
effects. Once this was determined, regulatory activities were risk based, targeted only 
at those sources whose elimination or control would be effective in reducing risk. 

·, congressionai'ifrustration· 1at :the .slow r;:ite . of ,r:egulaiory .-coritrol led -to the .1 g~o .. 
CA.AA. specifically listing m9re than 180 pol!utarits to. be controlled. In keepirig with 
the Precautionary Principle the burden ot proof was shifted from the need for 
evidence to prove adverse effects to be listed, to the need for evidence ofno adverse 
effects · to warra'rit removal 'from the list. Secondly, regulatory control is based on 
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maximal available control techn<,>logy (MACT) with risk being relegated to a sec­
ondary consideration:Ten years later it is still uncertain whether this new approach , 
to HAPs has· been more effective. The process has not been as simple as proponents 
believed. ' · · · · · 

We need to study more throughly .whether ignoring hazard in the control of 
HAPs is an effective control approach. The key issue for the present discussion is 
whether this shotgun approach is effective; whether treating known carcinogens · 
such as benzene no differently from reasonably well-studied compounds for which 
there is no evidence of effects at the levels likely to be present in worst-case 
community air pollution situations is ofvalu·e. Also of note is the issue of whether 
writing specific regulations for current MACT inhibits further development of even 
better control technology. By maintaining a secondary risk-based approach in which 
additional . measures are required if MACT does not stifficiently reduce risk; the 
1990 CAA amendments in essence recognize and attempt to cope with a limitation 
inherent in an approach solely based on the Preca'utionary Principle. · 

A more egregious example of ignoring the specificity of effects of chemical 
agents is the campaign, in essence, to ban any ·organic chemical with a chlorine 
atom, irrespective of hazard. Using the Precautionary Principle as the basis for such 
a sweeping ban suggests that hazard identification is being threatened by at least 
so.me proponents of the Precautionary Principle. 
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ABSTRACT . 
Risk assessme.nt research· rarely quells' controversy. Mega-inouse, and mega-rat, ·· 

experiments contradicted 'a threshold for' carcinogenesis, yet thresholds are still 
. argued. High to low dose conti_nuity ofrespcmse fr~m cigarette s1noking to environ­

mental tobacco smoke: and from occupational asbestos exposure to take-home 
asbestos, contradict thresholds in people. Nevertheless, mechanistic hypotheses 
allege "Houdi,~i Risk Ass~ssr-.'.ients", which make risks disappear or allow industries 
to escap~ from pro,ter:=,ting }VOrkfrS. Despite _cqnce;rp~for anir1~I-to-hu.man extrapo­
lations, , priority occupational exposures with 1sufficient or -substantial evidence of 
carcinogenkity i,;i peo~Ie not. addresse4 .. ~r .. _new · e~p,ostirf limi~ indude silica., _ 
sulfuric acid mist;chr<?mates, diesel particulate matter,particulate matter generally, 
metalworking fluids, welding fume, and for1naldehyde. "Houdini Risk Assessments" 
are exercises in /'anti-hypothesis generation'l:'ignore selected tumor sites and types; . 

, ignore data ,from people , (as with formaldehyde ,and diesel); .choose the most , 
· .· ~esista.nt species· i~ laboratory tests; select biobhemical parame.ters in which the mos·t 

resistant species resembles people; assume' ·a · mechanism that gives threshold or . 
'.. steep exposure respons'e for carcinogenic eft:e'ct; and ' redu!=e estimated people risk 

. ' • . I . • 
· by the parameter ratio to the -most ·resistant :species. tNORA'Tesearch' should focus , ; ; 
on quan tita~ive .. reconciliati,on · of_I~IJo~~tory_· ~~d epidemiology. studies, and develop 

. a counter "anti-hypothesis" gen.eration research agenda for key .expo'sure circum­
stances. 

. ' . . '' · .. ' 
Key Words: carcinogenesis, Houdini, , risk assessment, silica, .diesel, chromate, 

particulate. 
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Risk assessment research is distinct from research into risks. Risk assessment 
research includes methods development and analyzes the body of available data on 
specific substances to support decision rules to assess the risks of additional sub­
stances or exposures, but does not usually include investigations of risks of specific · 
substances. Certain studies of model compounds, discussed below, are examples of 
risk assessment research. 

Our national research agenda, and particularly our public sector research agenda, 
must redress a distinct imbalance that inhibits public health progress in the occu~. , 
pational environment. These views are informed by the United Auto Workers'< 
(UAW's) experience, including participation in a dozen major Occupational Safety i 

and Health Administration (OSHA) standards. The UAW settled with industry 
lawsuits over OSHA's formaldehyde (OSHA 1991) and methylene chloride (OSHA 
1998) standards through negotiations with industry by refusing to address industry­
advanced, unproven and likely incorrect mechanistic hypotheses that supported , 
Houdini (Figure 1) risk assessments. Had the UAW and OSHA reengaged on these 
issues, we would still be litigating instead of having negotiated protections workers · 
needed, and management could live with. 

I also come here bruised by being on the losing end of votes on the carcinoge­
nicity of phthalates at the February 2000, International Agency for Research on · 
Cancer (IARC) Working Group. 

Risk assessment research rarely quells controversy. The most famous, but nearly · 
forgotten example is the mega mouse experiment, the mother of all bioassays, · 
which would settle the controversy over whether there was a thre.shold1 for carcino­
genesis. (Littlefield et al. 1980) 

The study found no apparent threshold for liver tumors, the possibility of a 
threshold for bladder tumors, and was ignored in tt1e subsequent debate.2 Subse­
quently dueling statistical analyses evaluating the threshold have obscured any 
conclusions about the significance of the study.3 

A threshold is a dose below which there is no dose response relationship, where increas­
ing dose has no increasing risk. 

The conclusion of the authors was: "Although bladder neoplasms exhibited a minimum 
effect level (or a nonlinea·r _response) 'ror specific conditions, the total result;5 were·, . 
consistent with a·"no threshold concept: The late,aprearing liver i1e·oplasms displayed 
a nearly linear type response that extrapolated direclly to zero dose." Others may have 
interpreted the results differently. This study also demonstrated the importance of time 
and mortality adjusted analysis: ''The liver neoplasms appeared very late in the study but 
were shown to be induced at a very early point in the exposures and did not require the . 
contin.uous presence of the carcinogen in .order to develop. A standard 18-month 
bioassay study, if conducted· under the same conditio;1s, would have classified this 
chemical as a weak acting carcinogen. These studies demonstrate the importance of the 
time factor in safety evaluation or risk assessment in carcinogenesis." We note that · 
National Toxicology .Program (NTP),' as a result, ·pioneered such analysis, while ·these· . 
method~ ~re rareiy used els~where, weakening th~ sensitivity and sp~dficity of chronic 
bioassays. Recently, investigators conducting bioassays of methyl t-butyl ether, and buta­
diene metabolites, have acquired a taste for 18-month rather than two-year bioassays . . 

The study used a model compound, 2-acetylamino fluorene, of no economic signifi­
cance. Thus, it didn't impact any exposures. 
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,, 

Figure I. Houdini. 

Similarly, a mega rat experiment found complete linearity ,to ti~~ lowest doses 
(Peto el al. 1991), and was also ' ignored.1 ,:!"· ' .' · · ·, '' 

Two paradigm examples of high-dose to low-dose potency of ·carcinoge·ns 'in .. · · ·
people are continuation of response from direct cigarette sm.oke to environmental . 
tobacco smoke, and from occupational asbestos exposure to take-h'ome asbestos.5 

The authors' conclusion was: "At these low dose rates, the nun~ber ~;r liv~~ ·(but 'not ot':. 
esophageal) neoplasms induced by treatment was simply prop~~tio11;it~i-·the dose rate. · 
This finding is not surprising, since the background incidence of liver (but not of 
esophageal) . neoplasms was appreciable. The linear relationship 0I:ise1ved at low dose · 
rates (below I ppm) suggests that \ 1;1der these ·,experim.ental conditions, , a·mong rats 
.allowed to live their natural life span, a dose of l ppm ofNDEA 01: NDMAfo'thedrinking . , 

.. w~ter will cause about 25% to develop a liver neoplasm, a dose of .0.1 ·PP!TI will _cause 
aJ:>i:mt 2.5% to do so, and a dose of 0.0 l ppm will cause about 0.25% to ·do so,' etc., ,vith 
no -indication of any 'threshold."' The study found a higher order slope· at higher dose 
rates, so simply extrapolating the exposure response from the high dose range would 
have underestimated the low dose risks actually observed. 

Asbestos is not reactive to DNA in a conventional matter. While tobacco smoke c
0

ontains 
DNA re~ctive material, it also might be carcinogenic in the lung via an inert particle 
effect. such as that hypothesized for washed carbon black. Thus, the two paradigm 
examples in people appear to contradict the notion that only DNA-reactive materials are 
carc'.hogenic to low doses or over a wide range. 
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Thus, in the four examples testing the threshold or low dose extrapolation, low dose 
toxicity, if notHnearity was observed. 

Risk assessment applies equally to the dangers of !llusculoskeletal disorders, the 
largest cause of occupational disability, or the need to implement NFPA Standard 
97, on guarding of machinery, to prevent fatalities, or to the prevention of.asthma 
among workers exposed to metalworking fluids. It does not just apply to cancer. 
· However, occupational cancer accounts for abopt 90% of currently identified 

· work-related mortality. And, the longest running and most developed scien_tific and 
political controversies around risk assessment for cancer: 

Harry Houdini,· the magician, gave his last performance in Detroit, where he 
collapsed on stage _and died _(Silverman 1996). Like their namesake, Houdini risk 
assessments either make a risk disappear, or allow a public health agency or industry 
escape from action to prevent a health problem. Houdini also enjoyed exposing 
other illusionists who claimed their performances were reality. 

Most risk assessment commentaries focus on interventions based on laboratory 
studies of carcinogenicity in · the face of absent or negative epidemiology. Public 
health advocates argue for "intervention in the face of uncertainty" and the "precau­
. tionary principle." 

The opposite reality prevails in the occupational environment. Large amounts of 
epidemiology identify hazardous exposures. Workers endure the refusal to inter­
vene in the face of certain evidence of significant risk at prevailing exposure levels. 

Examples of occupational exposures, with sufficient or substantial evidence of 
carcinogenicity iri people not addressed by new exposure limits include silica (IARC 
1997), sulfuric acid mist (IARC 1992), diesel parti~ulate matter (IARC 1989), 
particulate matter generally (Mauderly 1997), metalworking fluids (NIOSH 1998), 
·:welding fume (IARC 1990), and, formaldehyde. 

The steps i~ risk assessine_nt which define areas for improvement were ·codified ·. 
by the NAS's Committee on Institutional Means for Risk Assessment in the Fedei·al 
Government (NAS 1983): 

o Hazard Identification 

o Dose-Res{)onse Assessment 
.• ,! i' i .. 

. ,• , ... 
o ~xposure Assessment · 

o Risk Characterization 

Least c~ritentious of these opportunities is improvemei1t of exposure assessment ; ·. 
·methodology, · .which would immediately ,narrow unc_ertainty. In addition, .better , 
understanding of limitations of exposure assessment iri the occupational environ- . 
ment would improve evaluation of studies·. . 

· The most impo_rtant need is to un_derstand variability and uncertainty of expo- . 
'°s'ure. The preseifre or absence of ari· exposure-response relationship is important in , · 
hazard identification from human studies: ·.Therefo_re, .metl10ds for _testing _the 
power of detecting an exposure-response relationship, if it were there, would im-

. prove interpretati_on of such studies. · · 

/ , 
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Reconstructing exposures in studies of known human carcinogens, or laboratory ·. 
carcinogens with negative human studies, would permit contrast and comparison of :· 
potency in human and laboratory studies. 

Much past risk .assessment debate questioned whether dose response assessment 
and quantitative risk charactei;izationwas valid, feasible, or appropriate. Such assess­
ment leads inevitably to defining an acceptable risk, reasonable risk, significant risk, 
or a body count for cost benefit analysis at a given exposure level. 

Quantitative risk assessment was initially introduced to rationalize not banning ,,. 
certain chemicals by defining the Virtually Safe Dose (VSD) at 1 in a million risk . . 
Later, the method was forced on OSHA by the Petroleum Institute in the Benzene 
Standard controversy, with the Supreme Court acknowledging a 1 in a thousand ; 
lifetime risk for cancer as "significant." This debate _has been overrun by the large 
number ofagents for which a carcinogenic hazard has been identified, especially in 
people. The large number ofunbannable agents identified as carcinogens, ,includ-· 
ing silica and diesel particulate matter, compel quantitative analysis at least to set 
priorities. · 

Now, many former users of straightforward quantitative extrapolation have turned 
against the method, instead advocating complicated black-box modeling approaches. · 

Risk identification remains a significant area of controversy. Identification o_f 
. carcinogenicity from laboratory studies had moderately well-defined decision rules· .. 

until the optional exceptions for mechanistic hypotheses was introduced. We lack ' 
clear decision rules for use of mechanistic information. For epidemiology, we lack 
consistent decision criteria, and also suffer from a lack attention to dose in recon­
ciling human and laboratory data. We also lack clear decision rules for genetic 
toxicology data. · 

Many conflicts over quantitative risk assessment actually arise from dispute over 
the hazard identification stage; ·and what data is relevant and should be used in the :·.· 
risk assessment. ·.· '· · '· · 

Laboratory and human studies researchers. and risk assessors, must use a com-,· 
man metric for magnitude and limits of detection for each -others' . endpoints. , 
Toxicologists deal mostly in unit risks, while epidemiologists deal in relativ~ risk ·, 
without much attention to quantitative dose ' measures. The metrics used by ·public :_· · 
health agencies in assessing risks further diverge. · · · ' 

For toxicologists, the following "thought epidemiology" study (Figure 2) illus-
trates the relationship of dose rate and limit of detection in mortality studies. . 

Consider a population exposed to.an agent at a level where the exposure~related • - · 
risk of lung ·cancer is 1noo. The b~ckgroun'ci'risk ofhiri.g cance·r amo~g-Americaii.':,'. 
white males is 6/100. A common -outcome'-. measure of a mortality ,study -is the : 
standardized mortality ratio (SMR), the ratio of observed risk (background+ attrib­
uted) to expected risk (background). In this example, the background risk is 6/100, · , . · 
the hypothetical attributable risk is i/100 on top of6/100 adding to 7%. Therefore, ' 

· the SMR is 117, or a 17% increase. 
Such a risk ratio might be statistically significant in a large study. Yet, it would be· 

very suspect for hazard identiiication For example a study of textile workers exposed 
to formaldehyde at sub-part per million levels found such a risk ratio for lung cancer 
to be statistically significant. (Stayner et al. 1988) A larger study found a 30% excess 
risk for lung cancer in a somewhat higher exposed population (Blair et al. 1986). 
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. Thought EpidemiologX 

SMR .. := OBS/EX,P = (7/100)/(6/100).= 11_7 

Observed 

! 
1 • ----W•-Mr------- , ·,·- ·-- ., 

0 2 4 6 B 

RISK RATE, CASES/100 

Fi~e i Thought epidemiology. 

Neither study has been used for .human risk assessment.6. This detectable elevated 
risk ratio is a 1/100 compared to 1/1000 level of concern for OSHA or 1/1,000,000 
for the U.S. Envir~nmentai Protection Agency. . . . . . 

Note that the risk ratio at a dose is the "real" biological phenomenon, while 
s_tatistical significan~e is an artifact of sample size, variability, and background rate. 
: ' 'For epidemiologists, another thought experiment chart illustrates a dose-re­
'sponse relationship ' over several orders of magnitude in' risk rate. 

The range of direct ()bservation through the . typical animal bioassay is limited 
from 10% tumors; at the lower limit of statistical significance (against a zero 
background), to 50% tumors because of mortality. This leaves little room for a slope. 
High background tumors can be observed only at higher absolut<:! risks, and there-

. j; ·, ·. :·: ·, fore higher doses. ;Low ~ackgroun_d tµmo~~ can be observe<;J at lowe~ dose levels, but . 
' · _· only in specialized or larger studies.:The sensitivity of bioassays for hazard identifi-

cation ari~~S from the 
1

abi)i~ ,tQ admipister and ffiec,S~~e h,igh doses: ' . : . . . 
·. ,By cqntrast, epiclerp.iol?gy ,can detect some,wha~ smaller relative risks. For lung 
cancer, we have illustrated a 2% · attributable risk as marginally detectable. Most 

' , : tumors have a lower. background 'than Jung ,cancer, SO a lower ,ljmit. of dett!Cti0/1 
against background can be found. However, det~ction of m.ore rare ·tumors requires 
large groups or specialized studies. The limit of quantitation for epidemiology is 
perhaps 1 in 1000. · · · 

L '.. , ·. But, ·rri9rtality ,sttloies have 'many additional limitatio~s; which both compromise 
• -: 

1 
• • • · . th'eir ·sensitivity;-and,,~h'allenge }heir 1.1se in hazard_ idc.ntification . .-The most frequent ·, ,· 

. ' limitation is low dose, 'c.ompared. to 'the effect levels in laboratory studies, and faili.ire ; . 
. ' . '. ·) . . . .. 

to take human dose into account for risk assessment. · 

6 ·. Notably, th~ iri~e~tigators in tl1e first study concluded it p'~ovided evid~1ice for ca;.cino~ . 
genicity, while the second study team concluded it provided "little evidence." 
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Mechanistic Information or Doing Houdini Risk Assessments? 
/ 

The previous charts illustrate that a no observed effect level (below an observed 
effect level] ·still represents a significant risk. A "No Observed Effect Level" in 
laboratory study (below an established effect level) corresponds to ,a risk of about 
5% (above a zero background). The benchmark dose is a · statistically derived 
equivalent to the NOEL, and corresponds to a 5% risk. 

As demonstrated above, the "No Observed Effect Level" in epidemiology de­
pends on the background risk of the cancer site, quality and size of the study. 

Thus, extrapolation from laboratory studies to population exposure levels, or 
high exposure epidemiology to lower exposed populations requires extrapolation 
beyond the dose range where direct observation is feasible (Figure' 3). 

In long-range extrapolation, the SLOPE of extrapolated dose response curve 
determines risk estimates at lower exposures. The observed range has little to do 
with the end result. The choice of the extrapolation curve to these lower doses, 
except for the four examples cited above, is based on ASSUMED mechanism, 
because direct observation is not feasible (Figure 4) . A shallowe·r slope projects 
higher low dose risk. A steeper slope projects lower low dose risk and may be the 
equivalent of a threshold; Laboratory studies yield an exposure response relation for 
in-bred and homogeneous animals living under controlled conditions. This suggests 
that the population exposure response would likely be steeper in laboratory studies 
- and predict lower low-dose risks - than that observed for free living people. 

Multistage mechanisms predict a break point in the exposure response relation­
ship, where a linear process takes over from higher order processes. The break point 
happens in a dose range that can not be directly observed. The break point 
dominates the slope of the first-order process, which determines the low dose risk 
(Figure 5) . 

Thus, risk. assessment models are based on choices of the modeler. Slopes greater 
than linear .in the low dose range predict lower risk. Outcomes of the choices are 
known in advance. · · · · · 

Dose Response Rel~tionship 

POPULATION 
RISK 
RATE 

Range of direct , 
observation --------
through animal ~/10 
bloassay is limited; / . 

, High background , · , .• • 1/10 , 
tumors can be •l/~Epldemlology. · 

. observed only at · can detect 
higher absolute risks s ewhat 
and therefore higher . sm~ler relative 
doses; risks, but studies . 

Low background tumors 
can be observed only In 
larger studies. 

DOSE 

have many 
additional 
limitations 

Figure 3. Dose response relationship direct observation. 
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Dose Response Relationship 
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Figure 4. Dose response relationship extrapolation. 
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The Houdini risk assessment approach is now ro'.utine in regulatory controversies. 
It has bee,n applied to important chemical.s like formaldellyde, methylene chloride, 
and butadiene. · 

Houdini risk assessment steps are 

• Ignore selected tumor sites and types, and all data from people (as with 
formaldehyde and diesel); 

o Chose most resistant species in laboratory test; 

o Select a biochemical parameter in ~hich m~st resistant species is more like p_eople; . 

• Assume a mechanism which gives 'ilireshold or ste.ep exposure respons~ for 
carcinogenic effect; · · 

• Reduce estimated people risk by the parameter ratio to most resistant species; 

• For gasoline, people are mice, not .rats (if you ignore clear evidence of liver . 
tumors in mice); 

• For methylene chloride, people are rats, :not mice ' (ifyou ign.ore fatal. ·br~ast 
tumors in rats). · 

Included in the Houdini approach are· a set of suspect tumors and sites to be 
discounted or ignored: 

0 thyroid follicular-cell tumors in rodents; 

f) renal tubule cell tumo~s in male 'rats;7 .. · ·. 

i, : 

o calculi- and microcrystalluria-associated urinary bladder neoplasms in .mice 
and rats;8 · 

' I ' 
, ;, . ' 

0 liver tumors in r~ice (sometimes rats); .. · ,, 

• lung tumors in mice exposed to solvents by' inhalation ( dara cell); 

• 1 lung tl~Inors · i~ -· ~ats e~po~ed lo parti~ulate mat~er:· j ., .·~. • j " :·:. t: . 

And also .incl~ded ~;~ a setofanti-hypothese~· of varying age and.sophistication: 

0 toxicity in the . ta~get o~gan; 

Renal cell tumors are discounted based on the alpha-2u-globulin hypotheses, especially 
to escape from new controls on gasoline, aliphatic petroleum hydrocarbon materials 
such as Stoddard Solvent, and a variety of other materials. 
Saccharine is the target of this mechanism. The NTP Board of Scientific Counselors 

·group to review the NTP Report on Carcinogens declined to support this hypothesis by 
a narrow vote, but was overruled by the agencies when saccharine was delisted. 
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• High dose changes metabolic pathway 

o not genotoxic9 

,, Rat-monkey hybrid DNA cross-link model for formaldehyde; 

• alpha-2µ-globulin; 
' ' ,I : ' ' : •• • 

• , peroxisome proliferation; 

• overwhelming lung clearance. 

The method attracts laboratory toxicologists and modelers because it appears to 
be more "scientific," "mechanistic," and ''.biologically based." Bu.tis it real? Some of 
this .attraction is.simply a cultural bias, an attractio~ ·for a professio11al role. A model · 
is not eviden·ce, it is a hypothesis to be tested against all the data, including human 
risk levels. To policy makers and the general public, it is a black box machine that 
only scientists can operate.and understand. · · 

You get what you model for. Models with thresholds and steep slopes inevita~ly 
project lower · risk. The parameters and precursor toxic effects, which direct .the 
'1nodels, are rarely validated against chronic exposure outcomes for the target chemical 
or positive and .negative .controls. 

After a positive bioassay is reported for any economically important chemical, our 
friends on the iridustry side get together and devise ''mechanistic" studies to system.: 
atically explore hypotheses for that specific chemical which projects lower human risk. 

By _contrast;publ,ic sector funding follows the typical ROI course, not especially 
informed by the importance. of an agent. 

Devising models helps understand systems. This simple comparunent model in 
Figure 6 was devised to help explain solvent.and lead toxicity in .training courses for 
union representatives. Even this simple diagram has I I arrows, which means I I rate 
constants for uptake and distribution before taking metabolism into account. 

Adding competing metabolic pathways generates "William Tell" diagrams with a 
blizzard of arrows, ·and \isually more than one apple. . 

But every .cine of ··tho~e arrows is another parai~eter, many of which cari.'t be 
measured directly, and 'the choice of th_e important apple is: often debatable. • 

10 

Chemical kineticists are taught (Figure 7): ' · · 

• , With 5 parameters you can draw an elephant. · 
• • ,• I ' r, 

, ~. ' . 

o With 7 you can make it wag its tail' · 

• With 3() you can draw the Mona Lisa. 10 
. . . . . ,, . . ' 

The mu.tage1iicity bio;ssay wa~-in~~nd~ct\~ quickly'iilentify ~ariir~ogens so that animai .. ·, 
tests we.re11 't neede~l. ' Instead; no agents are identified as possible .carcinogens on 
genotoxicity alone, while clear evidence of carcinogenicity in animals is discounted 
. based on negative gene-tox. · . 
Some of the models for methylene chloride debated in regard to the OSHA standard 
involved upwards of 30 parameters. 

, . 
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Realistic Toxicokinetic Model 
LUNG-+ 
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· action, 
metab) 

SKIN /fi 
GUT_/ I 
(drain to 
Uver) 

Absorption 

Excretion 

. ·~EJ 
8 Target 

Org~ns 

Metabolic 
Site:Act . 
& Detox 

Figure 6. Realistic toxicokinetic model. 

Figure 7. Outsider's view of modeling. 
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Models are only hypotheses: they must be tested against chronic endpoints, or 
the behavior of known carcinogens in either the animals or people. These models 
include many parameters but are fitted to the very few data points of an exposure­
response relationship. 

Modelers also advance a black box lingo to dominate policy debate. Consider the 
following quote from a paper on benzene, which predicts a low dose protective 
effect on leukemia in people: 

"A Monte-Ca~lo uncertainty analysis based on maximui:n'-entropy probabilities 
and Bayesian conditioning is .used to develop an entire probability distribution for 
the true but unknown dose-response function." (Cox 1996) .'.· 

Quantitative risk assessments should use all the data, including human data. All 
positive studies should be used to estimate the unit risk observed in the cohort as 
a whole or exposure groups. Where the exposure levels are not known, or deter­
mined concurrently with the effects, those levels should be estimated by expert 
knowledge or determined by follow up modeling or demonstration studies. Nega­
tive studies rriay define an upper limit to risk at the ·exposu~e level of the studied 
cohort. Absent studies, the possibility of detection of predicted risks from various 
animal models can be estimated. 

Uncertainty in risk assessment from laboratory study includes statistical uncer­
tainty in effect rates and model uncertainty in speciesto species and high to low dose 
.extrapolation (Figure 8) . However, exposure and administered dose are precisely 
known. Studies in people are also subject to statistical uncertainty in effect, and to 
the uncertainty of causality. Model uncertainty in species extrapolation is absent, 
and high dose to low dose extrapolation unusually involves a inuch smaller range. 
Additional uncertainty arises from statistical uncertainty in dose. 
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SCHEMATIC FOR RISK ASSESSMENT BASED ON 
POSITIVE EPIDEMIOLOGY DATA: 
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Figure 8. · Schematic for risk assessment. 
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An appropriate approach for quantitative risk assessment from a population 
study includes: 

• Convert relative risk in the epidemiologic study to absolute risk (lifetime risk 
estimate) based on background population rates; 

o Correct for Healthy Worker Effect (relative risk for cancer in study is typically 
10% lower than true risk; HWE is an important obstacle to hazard identifica-
tion, but has modest impact on absolute risk); . 

o Ca_lculate unit risk from estimated exposure level; 

o Upper limit of risk is calculated from upper confidence level for the risk rate· 
and the lower confidence interval for exposure; 

o Where the studies reveal no association, the upper confidence interval for the 
risk rate should still be used. 

Present practice avoids risk extrapolation from human data. Multiple epidemio­
logical studies showing exces·s rate ratios are frequently disregarded. The Health 
Effects Institute convened an expert panel to justify not using human data for diesel 
particulate matter (two of the twenty studies finding excess lung cancer in truck . 
drivers and railroad personnel with expected higher diesel particulate matter expo­
sure than the general population.) 

Devising and applying a common metric between laboratory toxicology, human 
epidemiology and clinical studies, and modeling will permit the three disciplines to 
converse and combine their currently disparate contributions. Our NORA risk 
assessment initiatives should _support th~t goal. , 
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ABSTRACT 

Concerns over risk assessment have been raised by Non-Governm·e1{t Organiza­
tions (NGO) and the environmental community for decades. In considering pro­
posals for research in this area, it is important for ,both' scientists and policymakers 
to consider the following points: (1) risk assessm.ent a_s a method of policymaking . 
is increasingly inaccessible to meaningful public ·participation, (2) · the ·lack · of · 
fundamental toxicological data constrai~s the applkation o.f.r_i~k ~ssessment meth­
ods more than any other factor, and (3) the·import:arice· of individual susceptibility 
in risk assessments must be tempered by the lack of control over individual expo­
sures, 

. . 
· Key Words: risk assessment, environmentalists/ susceptibility, , toxi~ology, 

, ' .. . ' ; 1,. ' . I • ' · ,' • ' ' , , ' : 

.. ~, ' 

INTRODUCTION .. ... ', , , 

Speaking as a representative of the co~munity of environ~entali~t/Non:GoVern.: . . ' 
ment Organizations :(NGOs) , I will draw attention :in this paper to the .range_.of :_ 
opinions that exist within that community-not necessarily by endorsing all of them, 
but in the spirit of this conference, by raising the issues that may define a relevant : 
and important domain for considering where research can help move us forward. ' 
We are, of course, not politici~ns, at least riot main,Iy., We're npt econo~ists. ,But,we ,/.".: . ' 
may -have the' opport1inity :to -add ·some _s bits ·of1information; methodology,' and i · ,_".: ·, : , 1 

perspective that can help resolv_e outsfa~ding _issu_es. . . · · . : : ' · · 
Speaking on behalf of Environmental Defens~ (ED) ; I make only two introduc- -' ii 

tory notes: this organization 11as a long history of involvement in the development · 
and use of risk assessment from its birth in this coimtry,' in a form alized sense, a~d 
in science-based regulatory policy more generally. ED was founded by scientists and 
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continues to value the importance of scientific research and analytic methods in 
developing policy recommendati_ons. We can date to 1979 when the Interagency 
Regulatory Liaison Group (ILRG) proposed methodologies for cancer risk assess­
ment (OTA 1987); ED scientists have been involved in many advisory committees, 
at the U.S. Environmental Protection Agency (USEPA), the National Research 
Council '(NRC), and elsewhere, in the continuing development of risk assessment 
as a policy tool. ·second;de~pite that long engagement and involvement, ED shares ·. 

. l 
the disquiet of many (e.g., O'Brien 2poo; Raffensperger and Tichner 1999) with the 
actual practice and hi~tory of risk assessment as a methodology of policymaking. 

From the NGO perspective, a major problem ,vith risk assessment has been the 
increasing complication and ina~cessibility of the process. Now the notion of com- · 
plexity in a context such as this conference is attractive. The bread and butter of 
research is increasing complexity so that we can then get money to solve it. In my 
experience, however, truly ,elegant research. simplifies, or at the least helps u.s find .. 
paths through extremely complicated concepts. So, a concern about complexity 
does not necessarily tr~nslate into a disquiet over research, although sometimes it 
does when research seems poorly focused to meet the challenge of complexity. 0 

From the policy perspective, unnecessary complexity c~n create. a climate of 
distrust, · and Frank Mirer's Houdini analogue (Mirer .2002) is a beautiful way of 

· expressing th~t. But in additi~n · to Houdinis~, the complexity of risk assessment-· 
as is commonly· practiced now-denies access to the public. It was Bill Ruckelshaus, 
in an extremely important essay called "Risk Assessment, Science ·and Democracy," 

. J, 

who raised fundamental af).d real concerns.about an increasingly complex system of 
decision-making within the con text of a participatory democratic society (Ruckelshaus 
1985). No one has really acknowledged or resolved the Jeffersonian issues he 
identified. ' · · 

There is in ·a_dditio1~ ~;i?ther ~osi: <if c_omplexity, ·~~, raised by manfs'peakers at this 
confe~ence, that the complexity of risk assessm'en'i neces.sarily devours tirriti and 
resources. It prolongs decision-making indefinitely and it consumes a great deal of 
scientific expertise, the resources of people, of money, of agency process, and 
animals.as well. ·Complexity is over encouraged by an extreme bias against Type I 
errors, which sprin.gs from a very strange philosophy within the U.S. regulatory 

, , . system', regarding the burden .of proof. That is, ·the burden.of information produc­
tion and definition of risk ·is placed, almost always, ·on those who have a concern for · 
the adv~rs~ effects of a technology .or other' kinds or'<1;ction, rather than the reverse. 
In practice, risk assessors seem to operate on the "hasn't killed anyone yet" prin­
ciple, demanding proof of harm rather than substan~iation of safety. At present, the 

· ·· · tension between Type I and Typ·e 2 errors is very unbalanced (Weiss 2001; Needleman , 
1995) ., We seem enormously more.concerned at overestimating a risk, rather than . 
underestimating it, despite the wisdom of Bradford Hill to temper statistics with 
judgment (Schwartz et al. 1999; W:eed 2000). · 

There have been many .attempts to deal :with ,this problern of balancing the 
°'.. demands arid burdens 'of knowledg'e. The 1'nost successful, ' in· terms of process, in '··.· 

this country was drafted in California by ED. Califo!·nia's Proposition 65 has been 
extraordinarily successful; it was simply an attempt ::o shift the burden in order to 
promote action but not to discourage the proffering ofrelevaht and more definitive 
information. So, precaution does have not to be a sh{1tting of the· door upon science 
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and research, btit rather an ·encouragerilent of research from.' all sides,'- not merely . . ' 
from ~~se,.· or l'ii~inly f;~m i:i~os~,'who seek i:o· do sO:mething ~bout a· p~rceive~ f.is~ ... :, : . '; ; ·. i; ·. 
The primary im·p~h1s ~or the Precautionary Principle is, at heart, ·an attempt to shift.< · 1 i ·, ·. · : · 

the burden of process a~d disc~(irse (Kriebel et al. 2001; O'Brien 2000) :·- seen in that , · i,, · ·, ! · i 
light, the Precautio~ary Princip_le,i:an . eiigage a more equ~l . tension b~tween the · ,. ' 
k}nds of uncertainties and information gaps that always bedevil us 'as scientists and . 
policymakers. . . , : . , . 

Finally, . the complexity of risk ·assessin,ent in pra_ctice freq1.1,ently supports_ a risk : . I ' 

assessment process that is irrelevant. Much of what we do in risk assessment really 
do'esii 't relate to the kinds of pcilicy'interviri.ti6ns that ~e can actually bring to b~ar .. 
upon reducing risks. I~ most _cases, for instance, technology based sta_ndards are not · 
as fine-tuned as the demands we.place on. risk ass.essment. So we have to ask whether 
it is a· us·eful expenditure of private an·d pt1blic resources of all types. Sometimes; in 

· fact, it can be antiprotective. In th'is coritext; I want to · raise the great research 
horizon opening up before us in using molecular and other techniques to under-. 
stand individual variations in individual susceptibility'. We have to ask ourselves right 
now (and I thjnk it's almost ~oo late): What are we going to do with . that informa-:. 
tion? We have a relatively clumsy hand of intervention when it comes to making 
decisions. How will we use the fine structure of information about individual 
susceptibility? I participated in thejoh.1~~01~ _C_ontrnls. Case a~out lead and~discrimi-
nation against women in occupations (S.ev~r 2000). We have not gone very far in this 
society to understanding how to use susceptibility information in a socially accept~ . 
able way. . , 

A second issue associated with new technologies in epidemiology, toxicology and 
risk assessment is the issue of data demands. We've heard a lot of reasons why the 
data demands are so extreme and continue to be.devil us. Part of that, I think, is our 

' i ~ ,' '1 

:.'::. , . 

.. ,· 

unequal attention to Type I and Type II errors. 1But more generally, ·! J;ielieve that : . ·. , I ( : , , 

. the risk asses'smen't' m'~thcidologies ·we' have developed over :the last_ ·~O years have · : , '. : . 
created a hungry god.This is a god that doesn'.t k~ow w):ien i(s t:ul.L Vye don't kn'ow . . , ,, I 
what constitutes a minimally acc;eptable r,isk:assessrrient ~at is. the minimal amount . 
of information we need to go forward? We .can all talk abbut the· .ever-receding ' . · 
horiion of informatioil that we ..;v6i.1Id like to have; ·'tiut that·c~n play .into the s~cial ! ·.· ·:: . , .· 

obstacles against read1.irig ·decisions. I believe th~t ,an ,urgeri~ ;resea~ch goal. is t<;> ·'. , . 1 

. define the nature· of information we require in order to .support the kinds of analytic 
methodology that _are feasible and e,fficie1~t.· How relevant is it to define tl1e cancer · 
risk' of dioxin wheri we -~rgi:ie about differences iri the femtogram ·range? RFDs of : , : : : 

l ~~t·o;de~ generaliy' niquire. preventiilg ~ii possible releases of dioxiils·:,we need to '/ · . .',: 
· ~o!~e this problem in order to use risk assessment and to general~ the kinds of ;, 
supporting ancillary research, both basic and applied- toxicology, epidemiology-

) n order to make risk assessment a more useful endeavor in . public policy. 
' The High Productio11 Volurne (HPV) Chemical Testing Initiative, which G~ld~teiri ' 

, ~209~) alluded to, is an attempt to do this (Environmental Defense, Toxic Ignoran~e, 
avail~ble on www.environmentaldefense.org/ documents/243_toxicignorance.htm) . 

. I'm ;v!'!ry proud of the partnership among government, industry, and ED, among 
'\ 0~e~s, that has continued to generate momentum for this process ·now on a world­
·.rt· ,~de ba,sis. The goal of the HPV initiative is not to provide definitive data for elaborate 
·.·. 'nsk assessments. It is rather the beginnings of light in a mostly darkened world. So to 
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suggest that these tests have flaws in terms of definitive hazard identification, when we 
have little to no information for most high production volume chemicals, is not , 
arguable. · 

The HPV program will generate a real research challenge: Within some 4 or 5 
years, we will have an enormous database of information on a very large number of 
cherriicals. How are we going to use that information? How do we, for example, use 
it to select those chemicals for which fur"ther research-:-on hazard or risk-might be 
undertaken? How win we incorporate that information in a rational program of 
exposure assessment, going out into the real world to define priorities for action? 
I believe that these questions offer some exciting oppurtunities for applied and basic 
research in risk assessment, using a dataset much larger than we have ever had 
before. I would warn that there are, in fact, two paths when it comes to innovations, 
if you will, in hazard identification. One is the HPV approach, a very rough-and­
ready but easily understood approach of opening doors into closed rooms. If you 
make a lot of it, you, need to know at least a little about it. The other approach is 
exemplified by the endocrine disrupter testing process. I think that is a potentially 
very dangerous har~inger of what I might call "boutique toxicology" in which we 
invest millions of .dollars on a v:ery limited set of endpoints with no real sense as to 
how the data are going to be incorporated into a ra.tional database f?r risk assess­
ment. 

Finally, I would like· to end with a comment that we _can take· forward into our 
groups. I hope some· day in my life to come to a risk assessment conference in which 
the word "risk assessment" is not merely a code for cancer. We have got to start 
developing both 

0

the basic kno~ledge and epidemiologic and biostatistical approaches 
for confronting non-cancer risks (Weiss 2001). We still have no science that under­
lies. our cur.rent approach. Ifs some "one ;ize fit all." vVhether we use a bench mark 
dose, a· No, Observed Effect Level (NOEL) ~pproach, a slope, :an "imp1icit threshold; 
it's all the same for developmental toxicology, reproductive toxicology, 

. immunotoxicology, neurotoxicology. Speaking as a scientist involved in some basic 
research in these physiologic systems, I consider this is absolute nonsense. There is 
no way that one model can capture all the sets of mechanisms tha_t define the 
differences among these systems and their responses to chemicals. We have got to 
go· beyond this.-' · · · · · ·. · · · · · ·. · · · · · · · ' · · · 

. The most egr~gio~s ex.amp!~ 9f. I~~w risk' a·~sess1nent . reilly m·eans· cancer has . 
come up in the most recent evaluations by the USEPA of the risks of dioxin (not yet 

· finalized). I carry the burden of being· part of what has been called "the December 
Group," but~ hope we don'_t 'emulate the Decembri_sts ofT~arist Russia, who were 
all executed;when we 'try to institute reform. But'non·etheless as a 'Decembrist, 'I was 
dismayed ·by our .work '·. product; despite ·an extraordinary amount ·of work, an . 
extraordinary body of contributions from the scientific community worldwide, 
extraordinary innovati~ns in ~isk assessment- mu~l~ done by Chris Portier's group 

. at the National Institute'6fEnviron~ental Health Sciences (NIEHS)-and certainly 
. 'a gro~ing and compeil'ii1g e'pid~miol~gic 'database: ~n th~ n~n-cancerJi.~alth effe'cts 
of dioxins; specifically, their developmental effects (Birnbaum and Tuomisto 2000). 
What did we put forward for regulators and the American public? . Yet another 
cancer risk assessment for dioxins. We need to learn from other recent evaluations, : 
particularly that done oi1' ·~ethylm~rcury, undertaken first by the USEPA, then 

1246 Hum. Ecol. Risk Assess. Vol. 8, No. 6, 2002 . 



An NGO Perspective on Risk Assessment 
/ 

reviewed by the National Institutes of Health and finally by the National Academy 
of Sciences (NRC 2001). These risk assessments may finally convince us, first, that 
non-cancer health effects are likely to be more significant for the public's health; 
and second, that there are ways of using basic and applied insights from toxicology 
and epidemiology to craft new pathways in risk assessment that will allow us expe­
ditiously, efficiently, and scientifically to move to confront these categories of risk. 
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ABSTRACT 

The Office of Research and Development . (ORD) of the U.S. Environmental 
Protection Agency was reorgaryiied in ;1995 'to follow ,the risk assessment pa.radigm 
developed by the National Research.Council.With the re·organizaticin ; a inimber of 
different research strategies and plans . were .developed on problem-driven .topics 
(e.g., arsenic, particulate matter, and.microbial patliog~ris/disinfectant byproducts) 
as well as on core research (e.g. , ecological research, human health risk assessment 
research, and pollution prevention research). The human health risk assessments 
research strategy, which is cmren tly und.er developineri t, ad.dresses a variety of iss~1es . · 
which affect all human heal.th risk assessments. These. include mechanism of action, 
variation in . response, aggregate risk, an.d . effe"ct or~ p_ublic healfu.. ".'7hile a!J of ~h¢ 
issues that have been identified are important, the challenge to ORD is to identify 
which will h~ve the greatest impact oi-i iniproving risk assessments~ that reso{1rces 
can . be most ·strategically applied. ·:· · . . 1 :, . , . · ' • 

Key Words: mechanism, ·aggregate risk; ;public healt11;· variation i11 susceptibility. 

The U.S. Environmen.tal Prot~ctio~ ~gency (U,SEPA) has maint~ined .a re~earch 
· program . iry ~µm,an ~ealth ~isk ass~s~1~.~~t sii:ice its in<;ep,tion, ji\ 1 ~70: ,J,n 1,995, ,the 

Office ofRe·s·eaich and Developmeni\ ii: the USEPAwas reorganized to focus ori 'the . 
· risk assessment paradigm outlined by the National Research Council (NRG 1983) . 
The reorganization created National Laboratories of Effects, Exposure, and Risk 
Management and Centicis of Risk Assess~ent and Exploratory .Research. With the 

, reorganization, research strategies and plans on different topics, including human 
': :'.' health risk assessment, were developed. Final research strategies or plans include 
> >. ~e Waste Research Strategy, Pollution Prevention Research Strategy, Research Plan 

'• l. 
The discussion in this paper does not necessarily reflect the view of the U.S. Environ men-

. ,i tal Protection Agency. This manuscript is considered to be a ,vork of the U.S. Govern­
ment and is therefore not copyrighted . 
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for Endocrine Disruptors, Ecological Research Strategy, Research Plan for Arsenic 
·in Drinking Water, Research Plan for Microbial Pathogens and Disinfectant By­
Products in Drinking Water, Action Plan for Beaches and Recreational Water, 

. Mercury Research Strategy, and the Strategy for Research on Environmental Risks 
to Children (http://www.epa.gov/ORD/WebPubs/final). Strategies or plans cur­
·rently in draft include the Particulate Matter Research Program Strategy and the 
Global Change Resea~ch_ Strategy. Other pla_ns or strategies currently under devel- ·. 
opmeni: include. the Human Health Risk Assessment Research Strategy, Air To"xics ... 

: Research Strat~g}', Environme_ntal Moi;iitoring· a~d ·Assessment Program Research ' 
Strategy, and the Drinking ' Water Contam!narits Cai1didate List Research Plan 
(http://www.epa.gov/ORD/resplans). 

Some of these plans or strategies are what tl1e Agency has called problem-driven 
issues, such as arsenic, particulate matter, or microbial patl10gens/disinfectant by­
products and focus on health risk assessment issues regarding ·t11ose issues. Other ·· 
·strategies are considered core research such as ecological research, human health risk 
assessment research, and ·pollution 'prevention research·. The core research·program ·. · 
develops information needed across multiple Agency programs (e.g., air, water, pes­
ticides) and address pollution problems tllat ar~ multimedia ( e.g., air, water, pestiddes · 

· on food, etc.). One of the plans longest under deveiopment has been the· Human 
Health Risk Assessment Research Strategy. Human health risk assessment research is 
of course tlle subject of tl1is meeting. The Agency has drawn on multiple references 
in its preparation of. the human healtll risk assessment strategy including the NRC's 
( 1996) Science and judgment in Risk Assessment report and _various reports of its Science 
Advisory Board such as Human Exposure Assessment: A Guide lo Risk Ranking, Risk 

' Reduction, and Research Planning (SAB 1995) . A number of areas have been identified 
as. important to the strategy: 

1. Mechanism 'of action. What'is the dose response at expostires below the range · 
where effects were seen in animals or humans? Is the mechanism of action in 
animals different from that .in humans.? How· does the mechanism of action 
affect route~to-route extrapolation? 

\: , , . , r: · 2. ' Variation . .in ._i-esp~nse_. Wh<\t .is the variation in res·ponse. to a chemical sub~ . 
I ' ' ' ' ' · . Stance aCf0SS the human poptiJatiOll as a result Of genetic polyniorhphiSffiS, . 

. preexisting disease;·variation in expostire, diet, life stage, and other factors? . 

1f. 

' • ,· ' •. , , ' ~ ' 1' \ • ' ' : ; ' • • • I I ' • ' 1 , 

3. Aggr~gate exposure. What· is ·the total exposure (and risk) to a single agent ' 
from diffe'rrnt routes .of exposure ,(e.g., inhalation, ingestion, dermal, etc.)? . 

' . . .. 

4. Cumulativ~ ~-xposure. What is' tl1e corribined ris.k from ~ggregate exposures' t~ · I' 
multiple agents or stressors? · 

5. , Effect ow Public ·H~altll: What cjs the effect that USEPA'.s risk management ,, 
acpons have on ·_th<=: _h~altl1 of tl~e cou~try? · 

While we have been good at identifying the issues of concern that face risk 
assessment, we have been less successful in determining the strategy for dealing with 
these issue·s < i.e., which of these issues will )1ave the greatest effect on a risk assess-
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ment and,l10w do tise 0tir res<:mrces accordingly?) :.Thus,~ good strategy, in addition 
to identifyi~g the iss1:1es, has tc/ pick the .priorities,'fqr .. ~esear:'ch: ~hat. me.a~s, i,f 'Ye.'. .. ; '.:..··.i/. 
identify new· ar:e'as for .res,earc~·.w.e also 'need to ~.on currently identify what areas c)f , 
research we will be deemphasiiirig, diftk,ult to accept since the. tendency is to want . ':: 
to do everything and hard for the individual Sci(!ntist who may have invested years 
of research on a partici.1lar topic: Of course, the inclination is to include areas of 
research in the strategy that one's.laboratory or center is. currently doing. That helps 
to justify the current research program ;of th~ ,la~oratory, .but may ,. do little for 
improving risk assessments. One 'ofthe most positive 'features of the USEPA Grants . 
Program, which was markedly increased with the 'Office 'of Research and Develop-. ; '. ·. 
ment reorganization in 1995, is that it .. allows ~e .Agency' to go outsi.d~ of the . 
expertise cu~rently ex~sting .in .. the laboratories.: Sti.11 there is the is~ue of .w~ich · .. 
research will have the. biggest impact on 01,1r asses'sinents,'and.identifyi~g those 'areas J · : . .• ·; 

is a challenge for the· Federal agencies ·· and ·oth'ers···erig'aged in .improving ,risk :.·,-
assessment. . . . . ' . . ' . . . . ':' ,-'. . . : . ·_ . i 

While we have heard and seen estimates of how m~1ch .this or th~t f~ctor· could 
affect a risk assessment, which of these factors has the greatest effect on a given· risk 
assessment? Which 'is the short term and which is the long-term research, and' what 
should be the balance? Have we tried to think out of the box as much as we can? 
For example, would it be better ~o. first identify wh~t people are actually exposed to 
and where those exposures coi'ne from . before we 'begii'1 to evaluate the effects of ,: ' ' ·- . 
particular chemicals? Would long-term cohort studies such' as the Fra1'ningham · · · · 
study be the best (and perhaps only) approach to assessing effects of environmental 
and occupational insults for different ages, different susceptibilities, different lengths 
of exposure, etc., many of the questions for which we have little or no answers now? 
It is my hope. that. this meeting will not simply identify the issues that face risk 
assessment;, but will 1identify •the one or i' twO is~u.es ·or ,approaches which .are ?fl .. 

. greatest priority for the limik:cl 'resources available.· ' . . . . · ... 
• '• ' , I ' ',, ,· . , ' ·, 

' \. ' 
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ABSTRACT 

Epidemiology provides estimates of the concentration-response relation for 
environmental and occupational toxicants in the species of interest, in or close to 
the dose range of interest. As such, when available; they provide the primary source 
for risk assessments. Further information can be acquired by using modern biostatis­
tical techniques to assess the shape of the dose r·esponse relation, examine effect 
modification, and assure control for confounding. These approaches are particu­
larly effective if they are done in the context of a meta-analysis or hierarchical 
model. This is illustrated with examples from the air pollut.ion literature. 

Key Words: epidemiology, risk assessment, hierar.chical models, air polltition. 

INTRODUCTION 

The field of Risk Assessment is strangely bifurcated. On the one side is .the · · 
subfield of Cancer Risk Assessment, on the other Noncarcinogenic Risk Assessment. 
Most of the cancer risk assessments are based on studies linking dose to cancer risk 
in animals. These involve carefully controlled studies with known. doses. This infor­
mation is then extrapolated to risk assessments for humans by modeling. These 

 modeling assuniptions 'involve in ode ls that relate exposure to dose and models' that .'' 
relate animal dose-response ~o humari dose-response. The dose-response extrapo-

 lation includes species differences, which require corrections for, e.g., differences in 
·metabolism and metabolic pathways that affect breakdown products and rates, as 
well as size corrections, which are' usually based on surface area adjustments whose 
appropriate form is still under debate. In general, the exposures are at high dose, 

. which raises questions about the linearity of the .relationships. Feeding concern 
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abput the assumed shape of the relationship are biological models such as the 
multiple hit model, as well as concerns over ceit killing. 

While progress is being made on biologically based models, substantial uncer­
tainty remains. Epidemiology is seldom used in this area, ostensibly because it is not 
available, or because the possibility of confounding introduces uncertainty into the 
estimates. Often, questions are raised as to whether it is even possible to use 
epidemiology for risk assessment. The use of dose rather than exposure is touted as 
an advantage, despite the necessity to then introduce modeling uncertainty about 
activity pattern, micro-environmental concentrations, etc. ,vhen extrapolating to a 
risk assessment where typically the only generally available information is exposure. 
Research is _ focussed on obtaining better micro-exposure data to improve these 
models, not on obtain exposure-response relations. 

Of course, the limited availability of epidemiologic concentration-response rela­
tions derives, in no small part, to a bias against using them. And while confounding 
and bias are ever-present threats to the validity of epidemiology studies, the four 
order of magnitude difference in the cancer potency of some carcinogens among 
different species of rodent indicates that there are uncertainties in that approach as 
well. One of th_e advantages claimed for the animal studies are that the exposures 
are controlled, and known. However, in ·the real world, people are exposed to 
multiple other substances that may act as promoters, initiators, and modifiers of the 
cancer potency of a single substance. Epidemiology by its nature incorporates that 
preexisting exposure into the subjects under study, and obtains dose-response 
relations in the presence of more or less typical exposures to these other substances. 
This is actually an advantage for the epidemiologic approach. 

Risk assessment for noncarcinogenic environmental pollutants represents almost 
the mirror image. All of the major risk assess men ts have been based on epidemiologic 
data. Th~ risk' assessments and cost benefit.analyses for lead in gasoline (Schwartz el 
al. 1985), lead in drinking water (Levin 1986), as well as unpublished analyses of lead 
abatement in housing and lead screening all relied entirely on epidemiologic data. 
Similarly, the risk assessments for the recent revisions of the ambient air quality 
standards for N02, 0 3, and PM25 were all based on epidemiology. Estimates of 
drinking water born gastrointestinal illness (Levin and Kleiman 1999) likewise rely on 
human data. Here risk assessments are generally -based ·on 'exposure; not dose. · 
Research has focused on better exposure measures, not on .obtaining dose informa­
tion, whicli is dismissed as too costly ,or impractical for an epidemiology study. Animal · 
data is often ignored. For example, a recent paper (Pocock el al. 1994) evaluated d1e 
evidence for the effects of lead on cognitive function ~olely by examining tile epide­
miological literature, ·ignoring experimental studies showing lead-induced cognitive 
effects in primates (Rice 1985) , lead-induced impairment in long-term potentiation 
in d1e hippocampal area of tl1e brain of rodents (Lasley el al. 1993), lead-induced 
impairment of dopaminergic neurotransmission(Corey-Slecta and Widzowski 1991; 
Cory-Slecta el al. 1993) ,. etc. When animal data is assessed, "splitters". rather than 
"Jumpers" predominate, and 'positive findings are '(iten dismissed as not diie~tly 

. relevant. We are, with reason, reminded tl1at the nasal passages of the rat are far more 
effective at removing particles tl1an the passages of humans, raising questions of 
equivalency· of exposure, tllat the shape of and number of branches of the bronchial 
tree means dlat ozo;1e deposition patterns in the lung are different, and d1at the rats 

/ 
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ability to make vitamin C may make the animals response to exposures that produce . 
oxidative stress in the lung of less relevance to humans. Little tolerance for animal : 1 ; 

based risk assessment exists. 
Clearly, better communication between these two ships passing in the night would · 

be useful. However, it has become increasingly clear that epidemiology is extremely 
useful for risk assessment, and can be made more useful by advancements in tech- · 
nique. It is possible to extract more information than is usual from the epidemiologi­
cal studies by applying better analytical methods. In this paper I address some ways to · 
improve epidemiologically based risk assessments by the use of nonparametric smooth­
ing and hierarchical models. In particular I will focus on three questions. They involve · 
better assessment of the shape of tl1e exposure-response curve (what is happening?), 
better assessment of heterogeneity and predictors of heterogeneity in that response 
(who is it happening to?), and better.assessment of which subspecies of exposure is '.· 
primarily responsible for the effect (what is doing it?). 

While better concentration-response relations can be obtained in single studies, , · 
I will address these issues primarily in the context of hierarchical models. A hierar­
chical model is a model that has more than one level of analysis. Meta-analysis is a 
simple example of such a model. A separate regression coefficient for exposure is 
estimated in each study, and in a second stage model those coefficients are com­
bined together. A more sophisticated approach would be to regress the slope in 
each study against study characteristics, to see if any of those characteristics explain 
differences in slopes. Meta..:analysis has formed th~ basis for most of the risk · 
assessments mentioned above. In addition to providing more stable estimates it . 
implicitly recognizes the need to have multiple confirmatory studies to generate 
enough scientific consensus to justify a risk assessment. Confidence is also gained ·. 
when the hierarchical modeling is planned in advance-that is, when all of the 
studies are analyzed in a similar manner in a prearranged study where concerns 1 ;> 
about file draw problems are eliminated. 

WHAT IS THE SHAPE OF THE EXPOSURE-RESPONSE CURVE? 

The shape oftl1e exposure-response curve is a critical issue in r:i$k assessment; arid i. · 1 • • .' 

most recent arguments about carcinogenic risk assessm~nt have fundamentally been · 
arguments about this issue. It is no less critical for noncarcinogens. To answer it we 
need a flexible approach (so we don't predetermine the answer), as well as enough ', ' 
power to get an answer. Traditional approaches to modeling continuous exposure · · 
data have eitller assumed linearity, or ~onverted th~ exp~sur~ into categories, such as , :'. : .. ·. 
quintiles. Linear models make full use of the available data, and hence have greater · 
power than quintiles. On tlle· otller hand, by assuming linearity, they fail to address tl1e · 
:issue at hand. Quintiles give· some indication of the shape of the exposure-response · · 

: curve, but such crude categorization,- in addition to losing power, produces shapes -· 
iliat are sensitive to the choice of cutoffs between the categories. Using quintiles 
removes subjectiveness from the choice of cut points for categori~s, but not the 
sensitivity. Moreover, categorizing a continuous variable is a form of measurement . 
~rror that can produce a distortion of tlle shape of the exposure-response curve . 

.',' Fortunately, the last 2 decades have seen an explosion in the statistical literature on 
·nonparametric smoothing. Nonparametric smooiliing represents a flexible alternative 
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>i, 1pese ~ppro~cli.es. It 1ises · the :d_ata to determine the shape_ of th~ curve with m'.nim~I 
asswnptio9-~. TW.s ap,pi_:oach has begun to be more common m environmental ep1dem1-
6lo~ . For·'exaihpl~~ -sµi.90th functions were used to estimate the functional dependence 
.ofiu11g ftip_cti~;r.9'i'i ~ge·(Schwartz et al. 1988; Wypij 1996) and air pollution (Schwartz 
.1989), of_childreri-'s IQ on tooth lead (Schwartz 1993) or blood lead (Schwartz 1994), 
a'.nd on l£ii\y deaths on airborne particle concentrations (Schwartz 1994; Daniels et al. 
2QOO). The basic idea of nonparametric smoothing is similar to that of categorization, 
with one key diffe_rence. Instead of estimating the average response in each of fixed 
categories of exposure, we can estimate the average response in moving windows of 
exposure. For example, instead of estimating blood pressure for each decade oflife (20 
to 29, 30 to 39, etc.), which assumes 39 year olds have more in common with 30 year olds 
than with 40 year olds, we can estimate blood pressure in moving 10 year windows about 
each year of age. This will trace a smooth curve without making any assumptions about 
its shape. More sophisticated smoothing algorithms are usually used, but they are . 
~ssentially generalizations of this approach. The most important generalization involves 
generalized additive models, which implement this approach for multiple variables and 
for non-gaussian data. Figure 1 illustrates this approach. It shows the covariate acljusted 
exposure-response curve between particulate air pollution and daily deaths in Boston 
(Schwartz 1998). In this· case, the association is quite linear. This is not always the case, 
however. Schwartz (1993) showed the relationship between blood lead and erythrocyte 
protoporphyrin levels in children in the Second National Health and Nutrition Exami­
nation Survey. It was clearly nonlinear, with a very shallow slope at blood lead concen­
trations below 17 µg/ di. This is shown in Figure 2. 

These are examples of single stud.ies, however, and I have argued that multiple 
studies are usually required to reduce uncertainty. Quintiles cannot readily be 
combined across studies because the boundaries of the quintiles will differ from 
study to study. A recent st11dy (Schwartz and Zanobetti 2000) shows how nonpara­
metric smoothed curves can be combined. It i11volves using pointwise rrieta.:..:analyses 
to combine the curves at many exposure levels across the studies. The details have 
been published elsewhere. A key point was that simulation studies have shown that 
this approach was unbiased, and was adequate to detect thresho_lds when they exist. 
Table 1 shows the results of 500 simulations for each of three scenarios-a true 
linear relationship, a th,reshold at 20 µg/m \ and a true logarithmic relationship. In 
each scenario, the true relationship was simulated for each of 10 studies. The table 
first shows the true ·relationship drnt generated the data. Then, a hierarchical model 
was used, where smoothed functions were fit to the data in each of the 10 studies· 
in the scenario. Those 10 smoothed curves were combined, using the piecewise 
metasmoothing technique in the reference. To test how well the combined smoothed ' 

. curve .did in capturing the linear, threshold, or logarithmic fit that was the true . . · 
relationship across the 500 simulations of each scenario, a regression model was fit 
in a third stage to the smoothed data points. For example, the smoothed points from 

· the threshold simulations were fit to a piecewise linear model, to see if on average, 
· . · : · · the smoothing captured the· fact that the relationship was zero below the' cutpoint;• · 

and had the correct slope above it. Th~se results are shown in the table for each of 
the three simulated relationships. For comparison , it also shows the results of fitting 
the true relationship to the simulated data, to indicate the degree of uncertainty in 
the estimates even when the true relationship is known. Further de tails have been 
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Figure 1. The covariate adjusted daily deaths in Boston versus the PM2.5 concen'1"ations in 
the city on the current and preceding days. No threshold is evident for .the 

· . relationship, which exists entirely below the current ambient air quality stan­
dards of 65 µg/m 3 for PM2:~- · 
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The covariate adjusted dose-response beiween concentrations of free erythro­
cyte protoporphyrin levels in children aged O to 5 years, from the Second 
National Health and Nutrition Examination Survey and lead. The adjustment 
was for sex, race, and a smoothed function of age. 

published. Hence, by using more flexible methods to assess · exposure-response · 
relations and combining them across studies in hierarchical models, it is possible to 
learn a great deal about what those relations look like; Figure 3 shows the results of 
applying this technique to the relation between daily hospital admissions for heart 

, disease and PM 10 in 10 US cities (Canton, OH; Birmingham, AL; Chicago, IL; 
Colorado Springs; CO; Detroit, MI; Minneapolis/St. Paul ," MN; New Haven, CT; 
Pittsbtirgh, PA; Seattle, WA; arid Spokane, WA.) This. analy~is allows for a. random 
effect that reflects heterogeneity i'n the true relationship across cities. In this case, 
the evidence for a linear association at low exposures is compelling. It also provides 
some indication of a higher slope.· at lower concentrations. 

For ·existing data, this approach may involve remnning regression models· to , 
obtain smoothed dose-response curves in each study. Modern computing makes this · 
a relatively small burden, and only the estimated covariate adjusted curves need to 
be sent to the coordinating _center for the second stage. 

. ', ~ ! : · •, 1 .i· . , ,. ·' •. 

.. WHO IS SUSCEPTIBLE TO AIR POLLlITION? · 

Zanobetti and co-workers (2000a) analyzed daily counts of hospital admissions 
for cardiovascular disease (International Classification of Disease 9-th revision, 390-
429), chronic obst~uctive pulmonary disease (ICD-9: 490-496, · except 493) and 

., 
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Dose-response curve of PM10 vs CVD 
, in Ten US Cities:random effect 
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Figure 3. The covariate adjusted relative risk of hospital admissions for heart disease 
versus PM10 concentration in 10 US cities. The results average the concentra­
tion-response curves across the IO cities allowing for heterogeneity. The risk is 

·defined as one for days with PM 10 concentrations below 4.5 µg/rri 3. , 

pneumonia (ICD-9: 480-487), in persons aged 65 years and older in the same ten · 
cities. They built city-specific models including season, weather variables (tempera­
ture, rela~ve humidity and barometric pressure) and day of the _week: They then fit_ 
a second stage regression to e,fri.mine effect mo'difi~ation by socioeconomic status: 

: ' •'. 

where fi; i~· the estimated PM;~· effect in city\ P;. is the ·soclo~~conomk 'iridex in that 

 ~ity, and inverse variance weighting is used to estimate the coefficients. 6 the·n tells 
., u·~thow much the effect of PMJO changes for a unit increase in the social index. They 
" :~msidered the percentage of the population living below the federal p~verty level, . 

the percentage with college degrees, and the percentage of the population that was 
~~n-white as potential modifiers of the effect of PMIO on hospital admissions of the 
eld~rly. As seen in Figure 4, none of them was even suggestive as an effect modifier. 
Th~s was not the case for medical conditions. For example, Figure 5, taken from 
J i:nobetti et al. (2000b), shows the increased risk of an admission for COPD associ­
,. e~. ~ith a 10 µg/m 3 increase in PMJO in all elderly subjects in Chicago, and in 
suh,~ets defined by pre-existing medical conditions. Clearly, the presence of heart 

•, 
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Figure'4. The increase in the effe_ct_ of PM10 on daily deaths for a 5 
percentage point increase in the population living below 
the "poverty"level in 'a city, a 5 percentage point 'increase 
in the population with college degrees, and a 5 percent­
age point increase in the unemployment rate. None of 
these factors· modifies the effect_of PM 10 . . , .. ,. ' ' . . . 
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Effect Modification by Current and Prior Conditions: Chicago Hospital 

Admissions 
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Figure 5. A covariate adjusted risk of hospital admissions for COPD for a 10 µg/m 3 

increase in PMto for subjects with and without specific co-morbidities. Heart 
· failure appears to modify the risk of COPD admissions. 

failure, and particularly an admission in the last year for heart failure, modifiers the 
risk of PM10 associated admissions for COPD. 

WHAT POLLUTANT IS DOING IT? 

A second use of multiple studies is to gain power, notjust to assess the mean effect 
of an exposure, but to assess ·~he mean effect of multiple correlated exposures. This 
has been an important issue for particulate air pollution. Many have argued that 
regulation is inappropriate not because there is no evidence of mortality risk from . 
exposure, but because we may end up regulating the wrong source. What if particles 
from some sources were more or less toxic than average? Since the issue is inappro­
priate regulation of a source, one approach would be to identify exposure due to 
individual sources, rather than total exposure to fine particles, or even exposure to 
subspecies defined by chemical composition or size. A recent paper (Laden et al. 
2000) took that approach using data from six US cities. They used elemental analysis 
of the chemical composition of the fine particle filters on each day in each city. A 
factor analysis in each city was used to identify factors that represent contributions 
from identifiable sources. These included motor vehicle exhaust, long range trans­
port particles from coal burning power plants, particles from residual oil combus-
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· .tion ( oniy pres~nt in two cities), and particles frorri fine dust and soil. The mass 
·. contribution of each.source on each day, in each city, was estimated by regressing 

· . . : daiiy 'total firie p'article mass in that city on each factor score, and computing the 
·· · mass. cont;ibution of each factor using those regression coefficients. These separate 

mass coricentrations were then simultaneously included in regression analyses relat­
.. _' ing th~ir ~ .ass concen.tration to daily deaths in each city. Estimating them in six 
,· ', locations,a'nd combiping the effects across the six cities produced greater stability 
?: ,:of th·e · resulting coefficients. Figure .6 shows the results, ~hic4 cl~arly demons_tr~t~ .. 

I ' < ' that bbth traffic :pa,rticles ·and particles from coal burriing pow~f pl~nts are associ-
/ ' · . ' a.ted in~~penc:i~~·tly of daily' deaths·: Each effect estimate is adjusted for the effects 

. I , . Of the. 0th.er. three types Of particles. 

' 

, . 

· What if the health effects are associated not with particles but with other air 
pollutants? Here again, multistage models provide additional power to answer this 

. questioi1: Using the same 10-city analysis desc~ibed befo~e, Zano_betti and coworker_s:. 
(2000b) analy-Led the potential for confounding by other pollutants. As Figure 7 . · 

· .' ·, indicates, .. there ·is ·no ev.idence . of any confounding. This is ari ·important res~lt; ; 
particularly because this can rarely be assessed in individual ·city analyses. The 

. . ; correlation among the pollutants is too high, and stochastic variability can drive 
'; • ' • ' ' } I 

. ' . 3 . . . . . ' ' 

Effect of 10 µg/m of Source Specific PM2.5 on Daily Deaths . 
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Figure 6; The effects of particles from traffic, coal, residual oil, and windblown dust on 
daily deaths in six US cities. The effect of each particle source is after control 
for the other sources. · 
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. The effect of PM 10 on hospital adriiissicins for cardiovascular disease before and \ . 
after .adjustment for potential confouncfuig by CO, So~·,. NO~, and ·0 3~ .No , : · · 
evidence of confounding is s~en. , · , .. , , , · · · · · 

·; results. in . individua_l cities. E;ve? negc:1.tiv_e as~~ciations arc~ possible: . It i_s only whe~ : . 
these results are combined across multiple cities that stable answers are obtained.- .. 

, This was demonstrated· much ea;lier· in th~ ari~lyses ~f sd-iwartz and. Marcus ( 1990( . . 

,, 

They analyzed the association between black smoke and S02 and daily deaths in , · · 
. London using 14 years of data. In two p~llutant models for each year, wildly variable 
. ,results were seen.: So111e years S02 would have a l~rge elfecfand bl~c.k smok(~?,ukf .!_ .. ;_ · ·, ·, 

~ppear protective. · Other years the ·opposite was seen. Only when the results were · 
6ombined over ~II yean in . a11 empirical Bayes· analysis was a clear result obtained. ::· ·· 
.In ·that case, there was no association with S02, only _with black smoke. 

e't{. 
:i 

CONCLUSIONS 

Epidemiology is conducted in the species ofinterest,at or close to the exposure 
range of interest, and with the co-exposures of interest. It directly relates exposure 

.,,: to . re'sponse without the need for modeling from dose-response relations. This . 
:· 'should make it the preferred source of concentration-response for risk assessments. 
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. While confounding is possible in epidemiology, the creative use of multiple 
studies provides a way to address this issue, as demonstrated above. Moreover, recent 
history suggests that this concern is overblown. When early studies of lead and 
children's IQ indicated an adverse effect, it was argued that this was due to poorly 
controlled socio-economic confounding. When Bellinger and co-workers (1987) 

· conducted a study where the higher lead levels were in the higher socio-economic 
. group, they found an even larger effect. Concerns that the association between . 
airborne particle.s and daily deaths were due to inadequate control for weather. and 
season were likewise put to rest in sensitivity analyses that either excluded extreme 
weather days (Schwartz 1998) or considered sensitivity to alternative control mea­
sures (Samet el al. 2000; Samet et al. 1998)). 

The larger sample sizes than are available for animal studies allow the use of non­
parametric smoo.thing to gain insight into the shape of the concentration-response 
relation at or riear · the exposure ranges of interest. These large sample sizes also 
allow the investigation of sensitive subgroups of individuals within the context of a 
single study, whereas animal toxicology would require ·multiple expensive studies to 
address as many potential effect modifiers. 

It is often argued that epidemiology is insensitive at the low exposure levels that 
are mostly evaluated in risk assessment. Recent epidemiology has not borne this out. 
Studies have identified low· relative risks of adverse pregnancy outcomes associated 
with disinfection byproducts (Swan and Waller 1998), of low relative risks of lung 1 

cancer associated with air pollution exposure (Cohen and Pope 1995), and of 
modest changes in cardiovascular risk factors associated witl1 acute air pollution 
exposure (Gold el al. 2000; Schwartz 2001). The principal limitation is currently · 
cultural. Old perceptions are impeding the funding of epidemiological studies for 
carcinogens, resulting in few risk assessments based on them. For non-carcinogens, 
this has n~t be.en tl1e ·case, . and the cancer community needs to revise its old 
perceptions to reflect new realities. 
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ABSTRACT 
Epidemiologic studies have been effective in identifying human environmental 

and occupational hazards. However, most epidemiologic data has been difficult to 
use in quantitative risk assessments because of the vague specification of exposure 
and dose. Toxicologic animal studies have used applied doses (quantities adminis­
tered, or exposures with fixed duration) and well characterized end points to 
determine effects. However, direct.use of animal data in human risk assessment has 
been limited by uncertainties in the extrapolation. The applied dose paradigm of 
toxicology is not suited for cross species extrapolation, nor for use in epidemiology 
as a dose metric because of the complexity of human expos.ures. Physiologically 
based pharmacokinetic (PBPK) modeling can estima.te . the time ·course of tissue 
concentrations in humans, given an exposure-time profile, and it has bee.n _used for 
extrapolating findings from animals to humans. It is proposed that human PBPK 
modeling can be used in appropriately designed epidemiologic studies to estimate 
tissue concentrations. Secondly, .tissue time courses can be used to form dose 
metrics based on the type and time_ course of adverse effects. These dose metrics will 
strengthen the determination of epidemiologic dose-response relationships by re­
ducing misclassification. Findings from this approach can be readily integrated into 
quantitative risk assessment. 

Key Words·: exposure assessment, PBPK modeling, dose me~ric, epidemio·l~gy. 

INTRODUCTION 

The process of risk assessment for a toxic chemical is a complex blending of 
information from several sources shown in Figure 1, which then fits ihto the risk 
management process to determine interventions. Human data are critical in this 
process for determining what allowable exposures should be, and how much inter­
vention is needed. Unfortunately, it has often been difficult to use epidemiologic 
data because of the vague specification of dose in epidemiologic dose-response 
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Exposure and Dose Assessment 

relationships, where the dose is a quantity of the chemical taken into the body over 
a period of time. Animal data also have been used to extrapolate quantitative dose­
response relationships for humans, but there are large uncertainties because of the 
difficulty extrapolating animal metabolism and responses to humans. ' 

The risk assessment-management approach and the process description of envi- · 
ronmental disease (summarized in the top left portion of Figure 1) are paradigms 
formalized by National Academy of Science (NAS) panels (NAS 1983; NAS 1994). 
In addition to the human disease paradigm and the toxicologic testing model, the 
diagram also shows the three basic types of studies used to understand the contrib­
uting factors to environmental hazards. In the figure there is a clear gap between 
exposure and epidemiologic studies which leaves out evaluation of human dose and 

. its role in the relationship between exposure and disease. It is proposed that better 
estimates of dose for epidemiologic studies, will strengthen. determinations of risk, 
and can provide a means to better integrate toxicologic and epidemiologic findings 
in risk assessment. 

Exposure assessment, epidemiology, and toxicology are applied to different parts 
of the disease paradigm (Figure 1), and have important differences in approach. 
Exposure assessment is focused on characterization of individual and group expo­
sures for broad classes of materials, such as particulate matter less than 2.5 µm in 
diameter, and selected chemicals in general and occupational environments. Epide­
miology uses human population studies to detect broad factors, such as job title or 
residence location, to identify those associated with increase risks of adverse re­
sponses and/or disease. Toxicology uses laboratory investigations of moderate to 
high doses of toxic chemicals in animals, and tissues and cells to determine mecha­
nisms of toxic effects. Risk assessment uses statistical and pharmacologic approaches 
to integrate information from all of these sources to formulate a quantitative dose­
response relationships for specific exposures and health risks. Formulation ofa risk 
management strategy will use this relationship plus political, economic, and policy · 
considerations to develop a pJan that will ultimately guide interventions to prevent . 
and control exposures. While there is clear overlap and relevant information gen- . 
erated by each type ofinvestigation for risk assessment, there are often uncertainties 
about how to integrate the information from a ·specific study. One· ·of the most , · 
common problems is how to extrapolate from high-dose •animal studies to. low , · 
exposure human risk (Klaassen et al. 1986). Another common problem is how to 
improve the quantification of dose-response relationships in epidemiologic studies. 
The relationship . between human exposure and dose is cen.tral to both of these 
problems. · · ·' ' · , · · · · 

The scientific process leading from the identification of a new chemical hazard . 
to the development of a risk assessment can be considered in four parts. First is the 
risk identification phase, when simple epidemiologic studies and toxicologic bioas­
says are conducted to detect potential risks. If a study suggests a new hazard, then 
more focused hazard verification studies may be conducted. The second part is' the 

. exposure assessment phase when possible agents and exposed populations are 
identified. Third is the agent and mechanism elaboration phase, when mechanistic 

· .... s.tudies are conducted and pharmacokinetic models are developed. The second and 
~ird parts can be conducted concurrently, if there are reasonable hypotheses about 
the agent{s). Given sufficient information and resources the fourth part is the 
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human dosimetry phase, when epidemiologic studies with full dosimetry are con­
ducted to determine the human dose-risk relationship. The types of studies con­
ducted in each part become progressively more complex and require more re­
sources. There tends to be a large number of hazard identification studies, but only 
a limited number of human dose-respon_se studies. 

This paper addresses the design and concepts for epidemiologic dose-response 
studies, although many of the concepts can be used to guide hazard verification 
studies too. A strategy for better quantifying dose in epidemiologic studies and 
better linkage within risk assessment are strongly needed. The goal of this paper is 
to discuss how a better linkage of epidemiologic and toxicologic findings might be 
accomplished using a more precise definition of dose, and to provide some ex­
amples. 

EPIDEMIOLOGIC DETERMINATION OF DISEASE RISK 

Risk is an epidemiologic concept based on the behavior of diseases in popula- · 
tions, and it can only be determined in a population. An individual's personal 
likelihood of disease is conceptual, such as his risk of leukemia is one in a million, 

· but he either gets leukemia, or not, no matter what the likelihood is. Checkoway and 
his associates defined risk as "the average probability of developing disease during 
some time interval." (Checkoway et al. 1989) It is well known that several important 
characteristics of a population can affect the disease risk: age, sex, race, genetic 
background, and life style variables such as cigarette smoking and alcohol intake 
(Checkoway et al. 1989). If members of a populaticn also have an environmental 
exposure to a toxic chemical, then that personal characteristic may also modify risk. 
It is the limited approaches used to characterize population exposures that have 
caused problems for using those findings in risk as~essment. · · · 

Epidemiologists have developed standardized methods to adjust for population 
differences in common pers_onal _attributes, such as age and sex, where the effects 
of these factors are known (see Checkoway et al. 1989 for a more detailed discus­
sion). One common approach for epidemiologic detection ofan environmental risk 
of a disease is to identify an exposed population (a cohort) and then compare the 
disease risk. of that population with an unexposed population with similar charac- · 
teristics of age, race, sex, etc. Figure 2 diagrams the basic steps in processing data for ·. 
this type of analysis. Exposure is assigned to each subject based on his or her 
personal l:iackgrourid using an algorithm that often ir. very simple, such as a person's 
job title or residence location define his or her exposure status. If the distribution 
of disease between tl1e exposed and control populations is sufficiently different and 
unlikely to be due to chance, then there is evidence that a relationship may .exist, 
but it cannot prove that the relationship is causal. In this analytical context, "expo­
sure" is treated as an event or a stable personal characteristic (a defined distribution 
with a fixed mean and dispersion) associated with a time period, which varies across 
subjects. 1In some cases, the population exposures, such as air concentrations, ·and l · 
changes in the average across time are available or can be estim,:tted. For chronic 
diseases, very often these data are summarized in a cumulative exposure metric, 
which is calculated as the average concentration times the duration of exposure. 
The cumulative exposure is analogous to the administered dose used by toxicolo-
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· gists in laboratory exposures to airborne gases and particles. For the remainder of 
this paper, "dose metric" will be used to describe a summary measure calculated 
from a concentration-time course, such as cumulative exposure, this metric can be 
tested to determine if there is a quantitative association with the intensity of a 
response or the risk of an effect (Kriebel 1994). 

As will be discussed in detail below, exposure is not equivalent to dose, even 
though some investigators have not made clear distinctions. Our goal is to approxi­
mate as closely as possible the relevant dose to the target tissues because that will give 
the strongest relationship with the magnitude or risk of the effect. 

The epidemiologic approach is a very powerful way to detect previously unrecog­
nized health risks in populations. It is perhaps the most frequent method by which 
new environmental health risks have been detected (Checkoway et al. 1989). It has 
several advantages. First, epidemiology can be applied without knowing the agent of 
the effects or its mechanism of action. For example, a large number of studies with 
different designs and study populations have shown an impressively consistent, 
overall increased risk of lung cancer among occupations with low level diesel 
exhaust exposure (Bhatia et al. 1998; Lipsett and Campleman 1999) . Second, some 
types of epidemiological studies can be relatively inexpensive to conduct, espe_cially 
where data on the population are available from disease registries or other large 
population tracking devices. Third, epidemiologic investigators can use a variety of 
inexpensive semi-quantitative dose markers to selected "exposed" groups, or to 
partition the study population into subgroups that are believed to have different 
exposures. Different job or work area titles or residence locations are often used as 
markers for exposure intensity or for probability of exposure, and presumably 
different doses. Temporal variables that are indicators of exposure duration are 
common, such as duration of work in a job with exposure, or duration of residence 
in an environment with contamination, which can be easily determined. The inves­
tigators in diesel occupation studies have used job titles, such as "ever worked as a 
truck driver", as markers for potential exposure with the expectation that differ­
ences in potential exposure also represent differences in dose. Simple dose markers 
must be used with care because they can contain considerable mis-classification 
unless the exposed population has very high exposures, such as coke oven workers 
or asbestos insulators, ·and the duration of exposure is sufficient to accumulate a 
large dose, which are rarely checked (Smith 1992). It has not been unusual for 
epidemiologic investigators to conclude that there .was no evidence .of a ."dose­
response relationship" between exposure and risk because there was no increase in 
risk associated with an increase in a simple dose marker, such as years of exposure. 
Unfortunately this ignores the frequently large dose misclassification in potential 
exposure and simple temporal dose markers. 

While the traditional epidemiological approach is excellent for detecting in­
creased risks in highly exposed populations, it is less useful for identifying the causes 
of the risk and quantifying dose-response relationships. Even· where there is detailed 
exposure information; it is often riot clear how' to' summarize the data into dose 
metrics (Kriebel 1994). One of the limitations of environmental epidemiology has 
been the difficulty of reducing the multidimensional complexity of exposure to 
meaningful empirical summary dose metrics, although some empirical metrics have 
been developed (Seixas et al. 1993). Because of this, traditionally constructed 
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epidemiologic studies are often not useful for quantifying' how much ·exposure 
causes a unit increase in risk.' For example, the epidemiologic studies of diesel 
exposed occupations_ have shown evidence of increased risk, but the agents and 
characterization of the dose-response relationships have bee_n so c'rude that they are 
not directly useful for risk assessment (HEI 1999). With assumptions about the 
nature of exposure, sometimes useful inferences about the dose-response relation­
ship can be made. This is a critical limitation on the input needed to define a risk 
relationship needed for the risk management strategy shown in .Figure LThis lack · 
of detail has also limited the linkage of epidemiological studies with the much more 

. detailed laboratory sh1dies where dose is carefully specified. 
One of the objectives of this paper is to propose a method for better quantifying 

epidemiologic dose-response relationships. To do this we must better characterize 
exposure and develop suitable methods to formulate meaningful dose metrics. 

RISK ASSESSMENT 

The risk assessment pa_radigm is _that a period of exposure produces a risk, which 
is analogous to the toxicologist's applied dose concept (Klaassen et al. 1986). As will 
be discussed in detail later, this is a weak link because there is often not a strong 
relationship between the external applied dose and the concentration in the target 
'tissue that causes the effects . .Although bot~ intensity and duratiO!) contrjbu~e to . 
risk, risk assessment an'd management focus on exposure intensity because that is 
where intervention is practical. Outside of some occupational exposures, it is not 
practical to limit the duration of an individual's exposure. 

In the next three sections, the characteristics of exposure, internal levels of 
contaminants or their active metabolites resulting from exposure, and dose con­
cepts will be developed. Then :in_ .the .final section these will ibe integrated with · . ·, · 

. epidemiologic approaches. The goal is to demo!1strate that too,ts now exist to st1idy 
. human dose-response relationships, and . that .with . better . definition . of .dose in 

human studies, better dose-response epidemiology can be done, and the findings 
will integrate better with risk assessment. 

I • ,' ,' ' ~ ' 

CHARACTERISTICS OF EXPOSURE 

Exposure is a process, a period of external contact with · an environmental 
contaminant. The defining contact occurs at .the point of .entry for the toxic 

.: sµbstance: air contami~ants in ·the breathing zone -.n~ar the no~e and ;nouth;.food ' · .. 
)ind drinking water contaminants for irig~stion; and skin co~tamination for. sub-

.. stances that can be al>sorbed. Airborne exposures a~e the most common source of 
:heath risks because the respiratory system efficiently moves airborne materials 
directly into the arterial blood without many ini:erv·ening protective processes.The 

~ Pi;esence of a contaminant in tl1e environment is not equivalent to ,exposure. 
':Exposure only occurs when the contaminants reach an ind~vidual in a suitable form 
1 and.conditions that tl1ey may enter the body." High concentrations of sulfur dioxide 

i&}eaving a high power plant smoke stack are an ·environmental problem, but do not 
! £ons?tute exposure until thrq reach an area where humans can inhale them. •As 
 shown in Figure 1, the exposure process is a consequence of contaminants entering 
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the environment and eventually reaching a point of entry of an individual. Once 
released, emissions in air and water can be transported, diluted, and chemically 
modified before they reach the exposure setting. Skin · exposure may be a conse­
quence of direct contact with a contaminated surface without transport through the 
en.viron.ment, or the result of deposition of air or water contaminants on the skin, 
'e.g., tar globules from an oil spill. 

Exposure· has four dimensions: composition, physical form (particulate, liquid, 
. . ., · or gaseous), environmental concentration .(intensity), and their.variations acroi,s 

time. Because emissions are often sporadic, highly coi1centrated at the point of 
emission, and .incompletely mixed with environmental media, exposures are often 
characterized by considerable heterogeneity and variability over time. Measuring 
and extrapolating exposures is a major task for epidemi~logic studies and frequently 
takes considerable study resources. In an ideal epidemiologic study, one would wish 
to measure the exposures of every subject for all potentially r_elevant agents for the 
whole time period relevant to the disease. However this is not feasible for most 
diseases and adverse responses. Even if possible, it is usually not necessary to 
measure every subject's entire exposure because there are statistical regularities that 
can be used to reduce the number 9( measurements needed and make the design 
more efficient, and simplify the problem of estimating tl1e time profile of exposure 
for each subject. · 

When exposu~es are the result of emissions from a single type of source in 
physical settings with similar transport and dispersion characteristics, and the activi­
ties of the exposed individuals are well defined, then the measured.distributions of 
exposure across time tend to be similar, if not the same. Thus, exposures in this 
situation are "stationary", which means that the probability distribution across time 
. is a stable, usually lognormal distribution with . an approximately fixed geometric 
mean ·and geometric standard deviation (Rappaport ·1991). However, exposure 
distributions may also vary among individuals i1~ · a c~m-mori. setting, because the 
individual's activities can influence the exposure process by variations in their . 
actions and tl1e way they conduct activities. For example, two individuals sweeping 
up household dust in equally contaminated houses may systematically differ in their 
exposures because one is a vigorous sweeper and the other is more gentle. Even with 
stable exposure· situations, there ·can also be· important variation on _different time 
scales, such .as hourly, daily, and seasonally because of variations in the sources and/ 
or transport pro~esses. . . . . . . . . . . 

Although basic epidemiologic designs, such as th_e one sho_wn·in Figure 2, do not 
requir.e identification or measurement of toxic agents, a study that includes expo-· 

. sure measi.irem'ents will require the selection of the materials to be measured, . the : 
meastirerrient method;· and a sampling strategy. The choice of -measurement -ap­
proach for complex, mixtures, . such as diesel exhaust ca11 be a major problem, 
especially where the agent .is unknown. Commonly, a marker cmripound js chosen 

.. · .. ,' '_.: tl1aHs ·uniquely associated w·ith ,the mixture and ·can be easily measured. It is 
. '. ' . ,Ji . assmri~d that variatio;.; 'in tli·e' in'a';keri i~ pro'portio11·a1 'ti:>"the agent of effects: u nfor-'· 

·tunately, ·it is rare that a unique marker can be found. When emissions from ·th.e 
source of interest predominate, then the marker may be highly useful, but when 
other emissions are dominant, then the_ levels of the marker may be only poorly 
correlated witl1 the agent. · · ·' · · · · · · ' ' . 
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Exposure assessment for epidemiology has the goal of estimating either indi­
".idual exposures, or more ·often identifying ·grnups 1with significantly different ' 
exposure distributions, and within which individu.als have.exposures with the same 
composition and similar geometric mean and geometric standard deviation values. 
Note that two individuals in the same exposure situation, will not have identical 
exposures in each time period, but will have exposures drawn from the same 
distribution across time, so that their long-term exposures will have approximately 
the same geometric mean. This becomes important when designing an epidemio~ ,\'0 
logic study to detect effects of an exposure situation. The nature of exposure and 
its variation will be illustrated with some examples: diesel exhaus't whe're 'the com­
position is variable, and butadiene where the concentration is highly variable. 

Exposures to Diesel ~xhaust· in the Trucking Industry 

Diesel exhaust is a common air con.taminantin occupational and general envi- . 
ronments. It is a good example of the complexity of a typical exposure assessment 
problem. Concern about exposure to diesel exhaust is derived from the observed 
pattern of elevated 'epidemicilogic risk and the evidence of mutagens and known 
human carcinogens in diesel ·particulate (HEI 1995). V\'hile diesel exhaust has been 
treated as if it was a mixture with a fixed composition by the regulatory process of 
the U.S.Environmental Protection Agency (USEPA) and the state of California, in 
reality the composition is not fixed. 

Diesel exhaust has a complex and variable composition of particle, inorganic 
gases, and organic vapors (HEI 1995). The composition of the emissions from a 
given diesel engine depend on the engine type, fuel composition, and how the 
engine is operated (HEI 1995; Shi et al. 2000; Wang et al. 2000). Older diesel engines 
release more emissions and have different composition from those of newer engines ... 
because of engine wear and change·s in design. Older. high sulfur fuels produced ' .' ., 
more particulate emissions than newer fuels. Idling engines emit moderate levels of . 
particles but high levels of organic vapors, primarily unburned fuel, whereas engines .... 
under moderate load operated at steady highway speeds, have both low particulate 1' ·: 

and vapor emissions. Further, the emitted materials undergo changes with· -time .: ; · .. , 
~fter rele~se int~ .the atmosphe~e: pa~ticies agglomerate ~ith eacli. ' other 'aiid ~th I,'':, ·; . 
ambient particles, and ·v~pcirs c~ndense 'on', or evaporate' f~oin ' the pa~ti~le~ 'ci'ep'erid~ .. ! /; :·. :. , . . ' 

ing on th<; volatility of the hydrocarbons. As a result, exposures to emissions from . ' 
trucks in stop-and-go traffic are qualitatively ~1;d quantitatively ,differentfrom those .. 

. during highway .operations. ,WJ1ile' all pf these factors. affect exp~sure signif_icantly, , \ ... ·,:., , , . 
. ' if we have an exposure situation where the engin'e type, age, fuel, and 'operating 
: conditions are defiried, then the comp~sition will be r~asonably consistent. ·Wheri 

.. ;.determining the health effects of diesel emissions, these different exposure condi­
• I, tions need to be distinguished to avoid confusing the effects of different chemical 

components with differences in concentration. . 
Chemical and physical characterization of exposures to diesel exhaust are a . · 

· Qifficult analytical problem that required collection of materials in the field and 
··· _; , , l;~boratory analysis (HEI 1995; Verma et al. 1999). Collection of reactive air contami­

nants on filters and cryogenic traps can alter the composition (Wongphatarakul et 
· al. 1998). Sophisticated separation methods and gas chromatographic-mass spectro-
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metric analytic techniques must be used to separate and identify the major compo­
nents of the hundreds of compounds present (Schaue_r et al. 1996; Fraser et al. 2000; 
Klee.man et al. 2000; Schauer and Cass 2000). Non-diesel engines and other combus­
tion sources will also emit many of the same products as diesels, but in different 
proportions. As a result, an analytical technique called source apportionment may 
b'e needed to determine the relative proportions of materials from the different 
sources (Schauer et al . .1996; Schauer and Cass 2000). Since the toxicity of the 

' .... ' com.pounds varies ,v'idely, the" analytical _chemistry ,alone cannot determine where 
. . 'the hazard lies for a complex' exposure. . ' ' . ' . 

: Gi~en this complexity of composition, exposure a;.id epidemiologic investigators 
have sought.an exposure marker for diesel expostire. An exposure marker is quite 
different from a dose metric, because eX:posure is ' e·xternal and dose is internal. 
Epidemiological researchers have not always made a dear distinction between these 
two types ofmarkers. ·Diesel engines.are major producers ofbl;ack soot, elemental_ 

. carbon (EC), which has been chosen as the exposure marker. However, the relative 
a~ouht e~itted is·v~riable with"erigine type and foe.I, and other combustion sources 
also produce EC. Where one type of diesel vehicles predominate, EC is a good 

. marker, but where there are few diesels of mixed .types, the EC levels are difficult to 
interpret· witho~t ~dditiorial cla.~: . · · · '· · · , · 

· Exposures to Butadiene in the Petrochemical Industry 

In some occupational setti~gs,' the exposure con:.position may be relatively simple, 
a single contamina.nt, but yariation over -time is a concern. This is the case for 
workers in a petrochemical plant that onlj, produces and processes a single chemi­
cal, 1,3-butadiene. Butadiene (BD) is _a major petrochemical feed stock, and a 
·common gaseous. air corita111inant, which . is also a suspected human carcinogen 
(Fajen .et al. · '1990). A .typical .data-to-day pattern of exposure variation . fc;>r one . 
individual in a production pla.nt is shown in Figure 3. This distribution shows the 
characteristic lognormal patte"rn of exposures that is common: half are below the 
geometric mean, 1.0 ppm, and there are regular very high exposures associated with 
infrequent job activities and workplace conditions (Turnbull et al. 1990; Ward et al. 
1995; Sorsa et al. 1~96) .. . . . 
' ,'.typically an epidemiologic exposi.1re assessment focuses on makfr1if precise esti­

mates of the mean'_exposure (not the geometric mean)' and iden'tifying factors that 
, . modify the mean under ,yarious ·conditions . (Armstrong et al. , 1992). The arithmetic . 

mean of daily exposures (even logriormal values) times the number of exposure 
. days and the du.r~tion of eac_h da\Jy .~xp~sur<:!, tim_es subject's pulmonary ventilation 
. rate' and the fraction retained will give all 'estimate of the' amount of inhaled material . 
retained ( the cumulativ~ 'do.se) ·. (Smith' 1992) : Th'e arithmetic mean of values from · 
a s.kewed distribution, sue~ . as . the Iogno.rmal distribution, is sensitive to the 
distribution's . skewness towar1 large yalues, whic_h appear as outliers relative to 

,' ·.,"'.: ,< ,'
1 

".~I~9s.):xp~cH'.1 fo~ .a_"·no_rn:i.a.!. '.?i~trib~~i,?~.: _In ,thi~ Att1atic_>!\ a: l:~rge_ ;11~1m,ber -~f 
. · · samples must be collected . to ·observe and define the probab1hty . of 'upper tail ' 

. exposures, i.e.; the infrequent high exposure conditions, which can have a strong 
. effect on the estimates of the arithmetic mean (Rappaport and Selvin 1987), and the 
. ' asymmetri~ shape ~f the .distribution makes the arithmetic standard 

0

de_viation a 
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poor estimator of the probability of the high values. It is critical to recognize that 
the full distribution needs to be .characterized, to obtain precise estimates of the 
arithmetic mean for calculating the cumulative dose. The frequency and intensity 
of the highest exposures may be more important for disease risk than the long-term 
average because they produce high concentrations at the target tissue and may 
'produce disproportionate responses. 

The goal is to describe the distribution of exposares across time for groups of 
individuals with a given set of exposure determinants, e.g., job title, work area, 
residence location, etc. The determinants can affect both tl1e dose related arithmetic 
mean and dispersion of the exposures. Because we are interested in the time course 
of tissue concentrations as the proximal cause of effects, exposures need to be 
defined for pharmacokinetically relevant time periods, e.g., seconds for direct ef­
fects on eyes, minutes for anestl1etic neurological effects, or months for fibrogenic 
pulmonary effects of silica dust: Given the time scale of interest, then a representa­
tive exposure time profile can be constructed for each subject, which is relevant to 
his tissue concentration~ time course. ' 

In the next section, pharmacokinetic methodology will be presented that can 
estimate internal conce11trations based on an individual's exposure profile: Where 
the between person variability.is_small, then each member ofa group with the same 
set of exposure determinants, will have a similar distribution of exposures. However, 
even though tlleir exposure distributions are very similar, each person will not have 
the ·same internal levels because . those are affected by differences in personal 
characteristic~, such as age, sex, a~d race. Given reasonable estimates of the internal 
levels, th~n personal dose metrics can be calculated that are quantitatively relevant 
to disease risk. 

INTERNAL CONCENTRATIONS RESULTING FROM EXPOSURE 

The internal concentrations resulting from an exposure depend strongly on tile 
route of entry and the physiologic and metabolic characteristics of tile individual. 
The processes that translate external exposures at tile point of entry into internal 
tissue concentrations are diagramed in Figure 4. Some of these are physico-chemical 
processes associated with solubilization, diffusion, and absorption, and. otllers are 

' physiologicai p~ocesses: respiration ; excretion, metabolism, and blood transport to 
arid from the, tissues. The tim·e profile of the active agent (paren·t c~mpound or 
metabolite) in _tile internal target _tissues is defined by tile pharmacokinetics of the 
substance (also called toxicokinetics for toxic materials), and these processes can be 

. mod_eled mathematically. '. ·, , . , ·. : . . · · 

. . . 
Estimation of Internal Concentrations with Pharmacokinetic Models· 

Considerable progre~s has been made in developing matllem~tica'l models tllat 
: can predict the time course of tissue concentrations of whole animals and humans 

,. . ( Gibaldi -;ii~c:i P~-iriJr 1982; -'Ge;I6wski' a.lid J~fn-_i 983;'Bailer and Dankbvic i 997) .'The · 
kinetics of materials can .be reasonably described by making a ,few simplifying 
assumptions. First, the concentration within most organs and discrete tissues be­
haves like a W<;!ll mixed compartment, :where the _.incoming :materials are ~apidly 
mixed through out the tissue volume and the distribution of materials throughout 
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.the body is limited by blood flow. Second, each substance has a solubility in the 
tissues (partition coefficient; PC,1b), which is defined by the ratio of concentrations 
in 'tissues and blood at steady state, i.e., in venous blood leaving the tissue. Third, the 
relative blood flow per unit of tissue, its perfusion, is an important kinetic charac­
teristic of the tissue, which determines the rates of uptake and release of the 

· substance by the tissue. Where the PC,;b for a substance is substantially different 
from 1.0, the perfusion is defined by the ratio of the blood flow divided by the tissue 

. , . volume times PC,.11,, where the latter product is the effectiy_e vol~~e ~f tissue for a 
substance. Fourth, tissues ·with similar ·perfusions will have similar uptake and ' 
release rates for non-binding, soluble materials. This feat1ire is used to collect tissues , 
into groups with similar kinetic behavior. · 

For most toxic substances, three or fewer broad tissue groups·: well perfused, 
poorly perfused and body fat, can be usefully identified based. on their perfusion 
time constants. In some cases, it is useful to have the target tissue as a separate 
compartment, such as the brain for the central nervous system effects. Each of these 

·tissue groups is considered as a "compartment". Each compartm'ent has a blood . 
flow, tissue volume, and a PC,;b for the agent. For most small, non-polar molecules, 
the uptake and release by the tissues .is by passive diffusion, and binding and active 
transport are not important. ' If the to~ic agent is a metabolite, then .additional . 
rriodel components are needed to describe the formation, distribution and removal . 

· of the metabolite.· Only those physiologic processes relevant to a particular sub­
stance and route of entry need to be included in a model. Mathematical models 
have been developed for clinical applications and for a growing number of environ­
mental exposures (Gibaldi and Perrier 1982; Bailer and Dankovic 1997). 

Epidemiologic studi.es of individuals with genetic polymorphisms in important 
metabolic enzymes have shown increased risk associated with enzyme variants that 
alter the amounts of toxic metabolites. For example, individuals who have had long­
term exposure to 4--a~inobiphenyl and have genet;caliy determined slow acetyla­
tion rates, have an increased risk of bladder cancer, because they do not. quickly 
acetylate an intermediate carcinogenic metabolitt:, N-hydroxy-4-aminobiphenyl 
(Cartwright et al. 1982). Bois and coworkers showed that the norm<;1l population 
variability in three factors: urine pH, N-acetylation rate., and N-hydroxylation rate, 
could account for ·a .160-fold :difference ·in bladder ,cancer r,isk ,in .a simulated . 
population .with 'a fixed, constant administered dose (Bois et al. 1995) : Although , 
there is growing awareness 'of tl1e iinp,ortance of variation in metabolism arriong . 
subjects, it is not clear how this can be .used ,to improve traditional .dose metrjcs in 
epidemiologic studies. However, metabolic information can easily be integrated in 
PBPK models to estimate individual drrie courses of tissu'e levels: :·; .. · · . . · . · .. · 

PB.PK Model for l,?-Butadiene 

The metabolism, inhalatiori phannacokinetics, and tissue dosimetry ofbutadiene 
. (~D) have been extensively reviewed (Himmelstein et ~l. ,J 997) : A'three com part-; 
. ' nient PBPK mod~l for estim'~ti~g internal BD ·,~vels from' an expJ~~re time profile ·. 

is showri in Figure 5," and the derivation of its parameters is given in Table L BD's i . 

route of entry is inhalation, and it leaves tl1e body by exhalation and metabolism. In . 
general, metabolism must be considered whenever it affects the formation or . 

/ 
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Figure 5. · Three compartment physiologically based phannacokinetic' (PBPK) model of an , . , '. :· ·. , · . 
·aii-bome agent absorbed by inhalation. concentrar:ions/ c::, in e~ch compartment ·, 
are estiniai:ed by 'the ·model based ci11 tirrie ·course of C;0 ,;,,'cc1 and Cc,1i~,cri ."· 

•' • ' ,I '•' • ' • ., ,' \' t •,'.· ' ,, I ' • .'' :'· 

· r~moyal . o,f ,the toxic agen~,,.A simple .input/ output, · P,1ass ,balan~e .. expr~ss.ion ~as : 
used .for the pulmonary exchange ofBD, instea1 qf a lung cpmparf:!n~nt, to s.imp.Iify . . 
the· model fitting. BD is oxidized to toxic epoxides (the pres1.1mecl. agents) by P450 ' 
enzymes in the liver,· kidneys, and lungs (Himmelstein et aZ..1996), so metabolism · 
was a~signed to the well pe.rfused compartm~nt as a whole, · i.nstead of only .a liver . . 

· · · coiri~artment/ The', targe't tisst'.1es fcir ,l~µ~emia' ~re::tince~t~in,· bt;t they .are Jik,ely .to . 
. be pi rt of the' well perfused ·compartrn~nt, which ' incl{1,des the borie marrow an'd 

other' bloo'ci· ro'rming organs: BD is highly lipophili~:· i.t has a large partition' coeffi~ 
dent, for fat' (PCr.,11.;,~od -20) and a moderate bloo<:J.-air coefficient .(PCbrood/a;r ..:..1.3) : 
(Fils.er et al. 1993) : As a resi.ilt,•it is important to include a· body fatcompartrrient in 
the model. · 

While there are a large number of parameters to be estimated for a PBPK inodel 
(Table 1) ' the

0

rarige 6fva1U<;!~they can have is lirriited, and the sums of compartment 
volumes and 'blood !flows, must equal the body volume (based 'on weight) and 
cardiac output (based on alveolar ventilation) respectively. As a result, ~. PBPK 
model is highly constrained by pre-existing information about the body and its 
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Table 1. Parameters for a three compartment PBPK model for 1,3-butadiene. 

Parameter Symbol Estimation Parameter Standard 

ofValue Values" Manb 

R1rsplratory Activity 

Tidal ventilation Flowpui (measured for subject) 7.06±1.33 L/min --- I f 

( algorithm and fitted) 
1'.· ,' 

Fraction deaclspace fos . 0.48±0.04 · 

Alveolar ventilation Flowaiv Flowpw * (l - fos) 3.68±76 L/min 

Blood Flows (f1 i, fraction of flow to tissues) 

Total (cardiac output) Flow1nbl Flowaiv/l.l4 3.23±0.67 L/min 

Well Perfused Tissues Flow,.,p Flowio,:i1 * (l.O - t;,P - t;-,,) 2.36±0.50 L/min 2.19 I 

Poorly P~-rfuscd Tissues FlowPP Flow,0 1a1 * f PP ; fitted , 0.53±0.18 Umin 0.59 . 

Fat Tissues Flowta, Flow10w * t;-., ; fitted 0.34±0.07 L/min 0.32 

Compartment Volumes (total equals body weight, BDW: pi is fraction of volume in tissues) · 

Well Perfused Tissues v.,,"P BDW "'Pwp; fitted 17.4±5.4 L 3.6 

Poorly Perfused Tissues 
VPP BDW * (0.9 - p.,,P - PPP) 27.6±7.7L 23_.4 

Fat Tissues Vta, BDW * PPP ; fitted 18.4±9.7 L 13.5 

Partition Coefficients 

Blood to air PC"'• (measured for subject) 1.49±0.20 

Well Perfused Tissues PCwplb (taken from literature) 0.8 

Poorly Perfused Tissu~-s PCpp11, fitted 0.86±0.16 

Fut Tissues PCratlb (taken from literature) 20 

a. The mean _ SD model parameters were estimated by prior measurements for subjects or 
by fitting as noted above (Mezzetti,-et al. 2001) . 

b. The Standard Man values were taken from values published by the ICRP .(197?) ·. 

physiology. Generally two approaches have been used to obtain parameters:·consen­
sus estimates, and fitted values. ,consensus model parameters have heen developed . 
for the Reference Man and .Woman based on a .large -number . of .rad_iological 
measurements (ICRP 1975; Ellis 1990). The · USEPA and researchers have · also 
developed sets of PBPK parameters for risk assessment modeling (Reitz et al. 1990). 
Alternatively, in an approach that is becoming more common, human time course 
data for breath or blood levels during and after ,a controll~d labi)ra"tory expos'ure .• 
can be fitted with one of several biostatistical techniques to estjmate the para~eters 
(Bois, Smith et al. 1999). · 

The primary parameters, including metabolic rate, for th_is model were fitted for · 
a population of 133 test subjects exposed to 2.0 ppm BD for 20 min in a laboratory 
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experiment using an approved human subjects protocol (Smith et al. 2001). Exhaled 
breath levels of BD during and for 40 min after exposure were measured, as well as 
the subjects height, weight, blood-air partition coefficient, and other personal 
characteristics. The goal of this study was to estimate the rate of the first oxidation 
step in the metabolism of BO: butadiene ·. oxidized to epoxy butene. Even this 
relatively simple model has six parameters (shown in Table 1), which were estimated 
by fitting the model using a Bayesian hierarchical approach (individual and popu­
lation parameters were both fitted simultaneously) with a Monte Carlo-Markov 
chain modeling method developed by Bois and colleagues (Bois et al. 1999). It was 
not possible to expose humans to sufficient BD to observe the clearance ofBD from 
the fat compartment and directly estimate the effective fat volume. Alternatively, the 
physiological fat volume was estimateµ with a regression-based algorithm (Deurenberg 
et al. 1991) . The individual fitted PBPK models had a good fit to the.observed data. 
There was considerable person to person variation in the amount of BD retained 
during this resting exposure (total uptake 1.90±0.82 µg/kg) and the rate of oxida­
tion (0.321±0.076. min-1) for this fixed exposure (Smith et al. 2001). Table 1 also 
compares the fitted parameters to the standard reference parameters used in risk 
assessment modeling and shows some significant differences in the mean values and 
larger differences for some individuals within the population tested. Since the 
population in the BD study was. drawn from a cross section of males and females, 
ages 19 to 60, and four ethnic grou

0

ps, it is. perhaps not surprising. 
Thus mathematical tools exist to enable estimation of absorbed dose and even 

internal concentrations of the parent compound and active metabolites given an 
exposure time profile, an appropriate PBPK model, and the characteristics of the 
individual being exposed. The next issue is to determine how to best summarize the 
tissue-time concentration profile in a way that is quantitatively related to the prob­
ability or strength of the response. 

RELATING TISSUE CONCENTRATION TO EFFECTS 
. . 

The type ofresponse and its temporal relationship to the time course of the tissue 
concentration depends on the mechanism of the effects (Pratt and Taylor 1990) . 
Tissue responses at the cellular level may be immediate and proportional to concen­
tration, such as when some types of cell receptors ~ediates the r~sponse, or there 
is enzyme inhibition, although the relationship may not be linear and they com-

. monly have a threshold to produce a response. While the.se ·responses. may be 
' generally immediate in the affected cells;. they may ·not be apparent in the whole 
:· organism. In this situation, as long as secon_dary proces_ses do .not intervene, the 

effect may be reversible and _last only as long as the tissue concentration is main­
. ~ined. Receptor and other initial effects m'ay also cause secondary cellular damage 
or' cell death, and those effects can accumulate during and after the toxic tissi.1e 
concentration and produce .secondary effects. The secondary responses may be 
proportional to the stimulus or the amount of damage, such as simple fibrogenesis 
from quartz dust, while some are not, such as immunological responses. Repair 

:,_Pr:ocesses are also important in determining the magnitude of effects and the time 
,· course of the overall effects. Some types of effects are stochastic, such as cancer, 

wh.ich may have probability distributions that are linear or nonlinear with the tissue 
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concentration depending on the agent. Diseases are often the result of a complex 
cascade of early, intermediate, and late effects. Each of these effects will have a time 
course that reflects the underlying pathogenic processes. While it is beyond the 
scope of this brief discussion, the methods used to measure the effect are also 
important, as are their selectivity and sensitivity. The same effect evaluated by 
different methods may appear to have different characteristics, such as how rapidly 
it appears after exposure is begun. 

Despite the wide range of possibilities for mechanistic complexity; the observed 
time courses of many effects can be described with simple processes operating at a_ 
cellular level, or a combination of cellular and organ-level processes (Pratt and 
Taylor 1990). These process descriptions can be used to model the time course of 
the effect. This approach of fitting the time course of an effect is analogous to PBPK 
modeling where relatively simple process models can describe the key features of 
the physiologic and metabolic processes without including all of the subtleties of an 
exact model of the physiologic and pharmacologic processes. Many effects can be 
placed in one of the following broad descriptive categories, sometimes also includ- · 
ing a lag or a threshold for the effect: (I) damage and repair processes; (2) 
stochastic processes; and (3) progressive responses independent of tissue concentra­
tion. Some disease effects are combinations of processes, which can be represented · 
by a combination _of these process models, such as chemical carcinogenesis, which 
has been described as a combination of DNA damage and repair processes plus one 
or more stochastic mutation steps. Some general examples and the relevant dose 
metrics are discussed below. · 

Even though the concentration of a toxic agent may be approximately uniform 
through out a tissue, the cells do not respond exactly the same; there is a distribu­
tion of responses. For example, even though tl1e tissue concentration is high 
enough to kill the cells, they die off in an exponential decay curve. Celhilar damage 
and repair have been successfully represented by a simple process model: changes 
in a population of cells in an organ or tissue is defined by the balance between the 
rate of damage and the rate of repair, as shown below. 

Change in cell population = (rate cells are repaired) - (rate cells are damaged) 

The rate of dam.age is negative because it reduces.the population number. The ·. 
damage rate depends on the concentration of the toxic material in the target tissue, ,, 
if the con.centration is high enough. The rate of repair is positive and proportional 
to the number of cells damaged. If cells are killed and there is insufficient time for 

: replacement, then the rate of change 1n the number of cells during exposure to the 
agent; equals the initial cell number multiplied by the tissue concentration times a , 
rate constant, K, which is the fraction of cells killed per unit time per unit. concen­
tration. This process relationship 

0

leads to an exponential decline in cell count with 
a rate that is proportional to the concentration increment above the threshold, Th. · · 

' • ! / •. 1 • • • •.' ' • •• ' •• • , ', • '• ' ,· ,' •• ' , . • • • , • .' ' • •• • •• ,· • , ' \ ': .-

Ncclls aftcri = Jb No K (C-Th) dt = No e·K(C-Th)t for C > Th 

When longer time intervals are· considered, then repair or replacement processes 
can be conside~ed as well. · · · · · · · : · 
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This of model was used Reitz and later Smith to model 
Smith et al. . The model was 

able to resolve that 
had different exposure conditions. found that dose measures that modeled 
tissue processes, which were sensitive to dose better than 
those based on total administered of chloroform scaled to size. It 
may be noted that in real life can be more that this. For 

from an acute exposure to chlorine gas, is 
cells in lung tissues but also cells to v<1r"11m,cr 

rn,111,-,,~ a mixed set of effects 
as edema and inflamation. The best dose metric will 

exposures may not pro-
duce the same effects because the cells may not be as sensitive to the 

This is well known for r"'""''t"'rl ~,,.,.,.'"~" of in cancer 

that when a fixed tissue concentration is 
state balance between ctamatge 

constant, variations in the time course 
tissue will affect the 

average exposure and response. If there was a in the 
then the dose metric would need to be estimated from tissue concentrations offset 
by the time. Also if the process is affected 

then the dose metric will need to be ,:innnnnri,:i 

or overwhelmed 

For tissue effects where there is no 
dose is related to the cumulative exposure index. A is 
fibrosis from dust Dust is in the alveolar area, where it causes 

response. This may, be modeled by dust 
~"'N~""·~~in a small amountoffibrotic or each mg 

K mg of fibrosis after a of time. The 
the dose of is the of average 

the inhalation rate times the frac­
that everyone~~,,.,~,,~~ 

the same inhalation rate and fraction then the average 
exposure concentration duration of exposure is the cumu-

exposure dose metric 
="'""''~ of the stochastic of process model based on cell turnover 
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of carcinogenic processes from radioactive materials to chemical carcinogens (Leroux 
et al. 1996; Luebeck and Moolgavkar 1996; Moolgavkar 2000). Even though the model 
is very simplistic relative to the complex multistep cancer processes, the model gives 
a good description of the time course and many of the important factors affecting risk. 

Each effect that has a different type of time course will have a different form of 
d6se metric. By observing the temporal behavi'or of a response, it is possible to 
identify the appropriate category. Given information on variation in the intensity of 
an effect after beginning and stopping exposure, the repair rate and lag time can 
be estimated respectively. In some cases, it may be necessary to add a threshold, or 
combine models to fully describe the observed behavior. Based on these, then an 
appropriate dose metric can be formulated and its fit to time course data can be 
tested. A poor fit by a metric implies that the model is not appropriate for the effect. 

Even these simple descriptive categorizations can tiave important implications. In 
some cases, an hypothesized mechanism cannot fit the observed time course, which 
can eliminate some otherwise reasonable possibilities, and help guide the search for 
the underlying mechanism of effects: As mechanistic infonnation develops about 
the target site, the nature of the cellular response and repair processes, then the 
dose metric can be modified to better represent the processes. Thus, the appropri­
ate summary dose metric for the target site is a functi•)n of the type of response, and 
there is no single representation that is appropriate for all types of effects. 

PROBLEMS WITH CIASSICAL DOSE DEFINIDONS IN EPIDEl\fiOLOGY 

There are several limitations for the application of classical toxicologic dose 
concepts to human environmental exposures studied by epidemiologic methods, 
which can be solved by the dose metrics developed from time co~rse data on effects. 

• First, human exposures often do not have a clear starting and stopping time 
point, whereas laboratory exposure sn1dies and clinical dosing do. 

There .is nearly always some background exposure to general environmental 
contaminants, and many occupational ones, so "exposure" is more a matter of 
intensity .than presence or absence. For exam pie, particulate matter less than 2.5 µm 
in diameter (PM2_5 ) is of ·concern for cardiac and respiratory mortality effects 

. (Schwarlz and Neas 2000): However, exposure to P~.5 is nearly universal: outdoors, 
within homes, and in occupational settings. The airborne concentration of PM2.5 

. varies widely across those settings. The question is: since all periods of the exposure 
may not contribute to the observed effect, what is the relevant time period for the . 
. outcome?. If there is a threshold tissue .level for the initial effects, or repair processes . 
can handle effects up to some level, then periods of exposure producing tissue levels 
below those levels are irrelevant to the effect and including them in an epidemio­
Iogic dose metric will obscure the dose-response relationship by contributing 

. · misclassification to the dose. · · · · 

• Second, many common human exposures do not have a fixed composition, 
and the specific agent of effects is uncertain. 
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Aggregation and averaging daily exposures may obscure differences in effects 
associated with differences in composition. For example, testing human alveolar 
macrophages with daily samples of ambient PM2_5 showed variable cytokine responses 
(stimulation of _inflammatory responses) per µg across daily samples (lmrich et al. 

· · 1999). Variations in composition ·may have a greater effect than variation in exposur~ 
intensity. Crude markers of total exposure intensity, such as total PM2.5, can hide wide 
variation in some trace constituents, such as polycyclic aromatic hydrocarbons, with 
little effect on the total mass. The question is: what are the agents and how might they · 
vary within the total composition and possibly interact? It is better to relate specific . · 
agents to effects, than use broad markers of exposure, because they represent stronger 
tests of hypotheses. Hazard identification studies can reasonably be done with broad 

. indicators o( exposure like occupation, but once the hazard seems apparent then the 
search for agents should be increasingly focused. 

• Third, human exposures are uneven across time, which leads to the possibility 
of dose rate effects. 

As shown in tl1e exposure section, it is not unusual that minute-to-minute air­
borne exposures can vary by as much as an order of magnitude or more. This is not 
consistent with the laboratory dose paradigm, where the exposure is held as uniform 
as possible. It raise the concern that human effects may differ across individuals 
because they experienced different dose rates, but may have the same average 
exposure. Epidemiologic studies usually report average exposures for groups of 
subjects. The question is: are there dose rate effects occurring witl1in averaging 
intervals for dose metrics? The possibility of different dose rates is rarely considered. 

• Fourth, the distribution of exposure intensities across an "exposed" popula­
tion is usually poorly described, usually only by the group mean and SD of a .. 
small data set. 

In a typical epidemiologic study, groups of subjects are chosen based on some . 
broad characteristic, e.g., their job titles or residence locations, which have assumed 
or demonstrated differences in average exposures based on limited sampling. It is · 
uncommon that the full distribution of exposure variability across and within 
exposure classifiers (e.g., job titles) has been described: differences in mean expo­
sure across time for individua.ls in the same group. Rappaport and Kromhout have 
noted that for groups chosen by job title alone the large differences am.ong individu~ 

. als within a group may make apparent differences between job groups are meaning­
less, even though the overall mean exposures may be statistically different (Kromhout 
et al. 1993; Rappaport et al. 1993). With this type ofmis-dassification, it is unlikely · 
that risk will differ across exposure groups. If differences in risk are observed, it may 
be that the response is nonlinear and the differences are caused by the few individu­
als with the highest exposures. Thus the affected individuals are not a random 
sample from a homogeneously exposed population, rather they are likely to be t.he 
subjects whose exposures wer,:: much higher than the average. This is not a problem 
for epidemiologic studies designed for risk detection, unless the uneven nature of 
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risk across exposure groups is taken as evidence ofa lack of dose- response. Thus it 
is very important to fully characterize the distribution of subjects in exposure groups 
when the goal is evaluation of dose-response for risk quantification. 

These four limitations make it difficult to directly transfer the dose concepts of 
classical toxicology to epidemiologic studies of toxic material exposures. Human 
exposures are much more complex than lab studies, and the data analysis strategy 
needs to deal with the complexity. The alternative approach using dose metrics 
based on PBPK models and the time course of effects are suitable under all of the 
limiting conditions named above, when detailed exposure data are available. It is 
proposed that a PBPK model can be used to estimate individual tissue doses. In 
some cases this can be done even where repeated measurements on individuals are 
not available, ifit has been previously determined that between individual variation 
is small relative to the group mean, or the differences among the group mean 
exposure are very large (Rappaport et al. 1993). In addition to accounting for the 
time course effects of varying exposure, dose metrics based on PBPK models can 
account for inter-individual differences in physiology and metabolism. 

EPIDEMIOLOGIC STUDIES OF HUMAN DOSE-RESPONSE 

Epidemiologic determination of quantitative dose-response relationships has not 
been attempted in many situations. It is the premise of this paper that a special type 
of epidemiologic study is needed to develop quantitative dose-response data for risk 
assessment. It is unlikely that this PBPK model based approach can be done as an 
add-on to a traditional hazard identification design, although some of these studies 
could be improved by consideration of dose issues. The dose-based studies are 
difficult, time consuming, labor intensive, and expensive. However, there is a critical 
need to have human data for common exposures with substantial effects, such as 
lung cancer from diesel exhaust exposure, which makes this extra effort worthwhile. 

Figure 6 shows the structure of a study using PBPK modeling to determine the 
human dose-response relationship in an epidemiologic context. Comparing this 
design to the study design for a hazard identification study (Figure 2), the main 
difference is that there is detailed consideration of physiologic and pharmacoki­
netic processes by which exposure leads to a tissue dose, and there is a formal 
estimation process for the dose metric. This study approach can be enhanced by 
inclusion of biomarkers for exposure and effects that might be used to validate the 
dose estimates and account for between subject variability in pharmacokinetic arid 
susceptibility factors. One of the strengths of this approach is that it uses data on 
each subject to personalize the dose metric, such as height, weight, age, sex, and . 
race, which also have implications for dose, when the agent is metabolically activated 
and/ or deactivated. Many of these characteristics are also considered in the classical 
epidemiologic analysis, but there is an analytical limit to how many can be consid­
ered and the structure of those relationships. 

The application of ,this conceptual approach •.does not require highly detailed . 
information on the mechanism, nor a fully detailed PBPK model. If the tissue target 
and time course of effect can be hypothesized, then meaningful dose metrics can be 
formulated. It is not necessary that the mechanism he fully elucidated down to the 
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molecular level. Descriptive data can be very infol1)1ative too. It is expected that as 
mechanistic data are developed then the model of temporal processes can be refined. 

It is a premise of this paper that the PBPK dose modeling approach increases the 
relevant information content of dose metrics over empirical metrics that are based 
on exposure alone, so unless the statistical noise is very large, some improvement 
may be expected. How much improvement remains to be determined. This dose 
modeling approach is best suited for prospective, repeated measures studies, wher_e 
each subject's personal exposure profile is well defined and there are repeated .\ 
measures of early indicators of adverse effects. Ultimately this will permit better 
estimation of risk reductions needed to meet policy goals. · 

FUTURE RESEARCH NEEDS - IMPROVING THE LINKAGE OF 
EPIDEMIOLOGY, TOXICOLOGY, AND RISK ASSESSMENT . . . . ' . 

Better coordinatio~ of epidemiologic and toxicologic research is needed, so that 
risk assessment and risk projection can be :validated (Andersen · et al. 1992). A 
parallel research strategy needs to be developed where laboratory bioassays of early 
effects are calibrated against epidemiologic findings ~th goo~ dosimetry. Mecha­
nistic research is advancing quickly to describe the processes by which to~ic mate­
rials cause human effects. Time course studies of the development and recovery 
from adverse effects is another critical need to better structure the models of 
processes leading to effects and disease. As these are elucidated, then field studies 
of exposed populations can be conducted to verify their predictive value. 

The lack of human validation of estimates of tissue concentration from PBPK 
models has limited their use. Human volunteer studies are needed to better under­
stand the relationship between exposure and internal levels. Th.ere ~re currently a . 
number of biomarkers, such as hemoglobin and DNA adducts, that can be used to 
provide estimates of the concentrations of activated metabolites ' in the blood and 
tissues, respectively, but the validation of these techniques has been very limited. In 
some cases, parent and activated materials can be measured directly in blood 
samples. There is a strong need for more human studies of exposur~-dose relation­
ships for key materials, which may be done in the laboratory or some field exposu'.re 
situatic;ms, su~h as o~cupational settings. . , , ~ ·:. · 

. The wide range of metabolic differences across individuals is likely to be one of the : · 
important sources of variation in risks ainong exposed populations given app~en tly ' 
equivalent exposures. Methods to easily determine an individual's activation/detoxi­
fication rates for metabolically acti~ted and/ o_r:- detoxified agents is strongly needed. 

Finally, easy methods to identify'active agents for humans effects, such'as testing·, · . 
. _in tissue ~ultures or test animals with human genes, are strongly needed.·Related to , .. 

this, better data and ·methods to det~r~ine the tim~ ·course of human diseases are 
needed that can guide the development ~nd choi~~ of <;[ose me~cs. This research 
needs to be a part of studies of disease mechanism~. :. . . . . : 'i • 

,' J 
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ABSTRACT 

The use of molecular biomarkers in epidemiologic studies has been advanced 
as a way to improve risk assessments for occupational and environmental exposures · 
to toxic agents . . "Y'fe ·have ·us~d .. the,. detectio!1 of ~o.)cancer-related, .molecular/ · 

· biomarkers of vinyl chloride exposure (mutant ras-p2I and mutant p53) to examine .. · t •• 

workers· with equivalent cumulatlve·.exposures' that would be ~hove or b~low the . 
current permissible workp~ac~ exposure limit _for vinyl chloride' for differences.in .:.' 
the presence of these biomarkers. Workers with cumulative exposures above the 1 l 
current permissible exposure limit (equivalent <?f>.40 ppm-years) 1:tave a statistically I~: .· , , , 
significantly increased occurr~nce of both biomar~ers in co~parison_to unexpose~ . .. 
controls (p < 10-3). Alth~ugh workers with cu~ulative exposures ·of< 10 ppm-years, , . 
i.e., well below the current limit, do not have a statistically significantly increased i · 
occurrence of these biomarkers (p > 0.0~), wor~ers with·cumulative expo,sures qflO ., . 1 

•• 

to 40 ppm~-years, .. Le.~ still belo,~/ the'.current.li~it,, are.found to'·have a statistically i, ~, '. •. ',·~ 
. significant increase (p.<. ().0~). This suggests that the cur~e~t exposure. ~imit 'may i:t~t t .. 

· be adequately protective and illustrates the potential utility of molecular biomarkers · . · · 
in the refine~ent of risk assessr.nents f<?r toxic exposures: . . ·· l 

;~ Key Words: vinyl chloride, ca~cer, mutations, e~~~sure li~it. 
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INTRODUCTION 

In recent years there has been an explosion of knowledge concerning the 
molecular pathways by which occupational and environmental toxins produce ad­
verse health effects. This has led to the development of molecular biomarkers that 
c.an be used to identify various steps in these pathways in vivo in exposed human 
populations. The use of such biomarkers has been suggested as a way to refine and 
enhance group and individual risk assessments for toxic occupational and environ­
mental exposures (Hattis and Silver 1993). Rather than relying on traditional 
estimates of ambient exposures, categorization by clinical disease diagnoses, and 
stratification by crude external population risk characteristics, the use ofrriolecular 
biomarkers of dose, effect, and susceptibility, respectively, should be able to provide 
more precise and mechanistically realistic metrics for the risk assessment process. 
For example, the use of molecular biomarkers of biologically effective dose (DNA 
and hemoglobin adducts) have been applied to the risk assessment of genotoxic 
alkylating agents, such as ethylene oxide (Tornqvis, and Landin 1995). More re­
cently, we have attempted to use molecular biomarkers of response (mutant · 
oncoproteins) to examine the risk assessment for workplace exposure to vinyl 
chloride (VG) (Brandt-Rauf et al. 2000). VC provid~s a particularly good example 
because considerable detail is available concerning its potential mechanism of 
action. 

VC is a known carcinogen that is rapidly absorbed following respiratory exposure, 
and it is subsequently metabolized in tl1e liver by th,~ cytochrome P450 2El system 
(ATSDR 1997). The resultant electrophilic metabolites, chloroethylene oxide and 
chloroacetaldehyde, can form a variety of DNA addacts tl1at are known to be pro­
mu tagenic, including 7-(2'-oxoethyl)guanine, l,N>- ethenoadenine, 3,N4-
ethenocytosine and N,3-ethenoguanine (Barbin and Bartsch 1986). Although the 
oxoethyl adduct accounts for the vast majority of adducts formed, it is rapidly 
repaired and probably does not contribute to the carcinogenic effects ofVC. On the 
other hand, the less common etheno adducts are poorly repaired and have long 
half-lives accounting for the production of the specific point mutations identified in 
VG-related malignancies (Swenberg et al. 1992). For instance, 83% ofangiosarcomas 
of the liver (ASL) from VG-exposed workers have been found to contain G--?A 
transitions in the Ki-ras oncogene that could be attributed to the generation of' 
ethenoguanine adducts by VC (Marion et al. 1991): Similarly, 60% of ASu from VG­
exposed workers have been found to contain A--*T transversions in the p53 tumor 
suppressor gene that could be attributed to the generation of ethenoadenine 
adducts by VC (Hollstein et al. 1994). The occurrence of each of these cancer­
related mu~tions leads to ilie 'production of mutaiit oncoprotein bio~arkers (mu-· . 
tant ras-p21 protein and mutant p53 proteins and/or auto-antibodies to mutant p53 · 
proteins) that can be detected in the blood of individuals who have tumors tl1at 
contain the respective mutations (De Vivo et al. 1994; Brandt-Rauf et al. 1996) . 

. Fu~thermore, .these same oncopf~tein biomarkers have been identifii:!d in several. 
cohorts of wo~k~rs around the world exposed to vc but without known malignant 
disease, and they have been found to occur with a significant dose-response relation­
ship with regard to the workers' estimated, cumulative VC exposure at levels above 
the equivalent current permissible exposure limit used in most western countries of 
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1 ppm ( i.e., cumulative exposures of 40 ppm-years; or 1 ppm for 40 working years) 
(Smith et al. 1998; Li et al. 1998; Luo et al. 1.1998, 1999). However, in each of these 1 

cohorts the presence of these oncoprotei~'. biomarkers. has als·o been detected in 
workers with equivalent cumulative exposii'res that . would be below the current 
permissible exposure limit (i.e., below 40 pphi_~years). This has re'cently prompted us 
to combine this biomarker data from the different cohorts to examine the preva­
lence of the biomarkers in various sub-groups of wor~ers with equivalent cumulative . 
exposures below the current permissible exposure .limit (Brandt-Rauf et al. 2000) .· · 
This allows us to reevaluate the validity of the risk assessment that forms the basis 
for the current exposure -Umit,-assuming that the presence of these biomarkers· 
represents a significant cancer risk. The specific issi.ie to be addressed was whether 
there exist subgroups of workers with equi~lent cumulative exposures below the 
current limit that have statistically significa~t increases in the· prevalence of these · · 
VC-induced, cancer-related biomarkers. · = 

METHODS 

Two previously described cohorts of VG.workers and matchei·unexposed con~ 
· trols, one from France and one from Taiwan, were included in the analysis (Smith 
et al. 1998; Luo et al. 1998). The combin.ed cohort was comprised of 468 exposed 

.. ·. workers, · 306 'with cumulative exposure > 40 ppm--"years and :109 with cumulative. 
exposure ,s;: 40 ppm-years; and 155 matched, unexposed controls. Blood samples had· 
been collected ~rom _thes~ indi~1u~ls by .. routine v~nipuqcµire techniques and 
stored frozen until the time of analysis for the mutant ras-p21 and mutant p53 
oncoprotein biomarkers. The biomarkers were .analyzed as describ~d in detail 
previously, relying on monoclonal antibodies that are specific for the detection of 
the mutant oncoproteins (DeViyq _et al. ·19~1; Smith .et al. ·1998) .~ · : , .: , · 

Logistic regression analysis .~as :performed using ·. the ·unexposed ··,controls as 
_refer~n~e with' an, ass~gned_ od?s 'itti<? 9~ o~e, a~·<(odds _ratio~ :wer~ talcuiat~d· for 

, various subgroups of exposed workers .for· the presence of one or both c;>ncoprotein 
biomarkers with adjustment for previously identified potential ~onfounclers includ~' 
ing age, smokiqg .and alcohol .consumption> Initially, the analysis ~a~ ··_.performed ~ 

. with the workers stratified ii:ito tho~e. above an~ t!'tose ~elow th.e ~quivale_nt current .· . . ;.· 
~ permissible exposure limit of -40 ppm-years. · Subsequently, ·the analysis was per.: 

formed with the workers with equivalent cumulative exposures below the current 
permissible exposure lim!t being further stratifi~9: iqto those with 0-10 ppm-years, _. 
10 to-20-ppm-years,20 to·· .30 ppm-years;aiu{ ~O.to .40 ppm-y~a~.1Finally;basecl ·on ·\ ... ·· · 
th~ results of the sub:5~tificatiC?n of the wclkers wi~' equivalent_ cumµ_lative expo-.: · · 
sures below the current permissible exposure limit, the workers'~ere grouped into 

· those with< 10 ppm-years of cumulative exposure and those with IO to 40 ppm-years 
. ' of cumulative exposures, and these were com'parecf t~ the workers with 'cumulative 

exposures> 40 ppm-year~ and to the Uflexposed controls. 

RESULTS 

Only 16 of the 155 unexposed controls (10%) were seropositive for one or the 
. other of the oncoprotein biomarkers, and no unexposed control (0%} was positive 

\ 
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for both oncoprotein biomarkers. Of the 306 VC workers with cumulative exposures 
> 40 ppm-years, 122 (40%) were seropositive for one or the other oncoprotein 
biomarker (adjusted odds ratio= 5.0, p < IQ-3) and 33 (11 %) were seropositive for 
both oncoprotein biomarkers (adjusted odds ratio = 7.3, p < 10-3), both highly 
statistically significant differences compared to the unexposed controls. Of the 162 
workers with cumulative exposures s. 40 ppm-years, 33 (20%) were seropositive for 
one or the other oncoprotein biomarker (adjusted odds ratio = 1.4, p = 0.37) and 
3 (2%) were seropositive for both oncoprotein biomarkers (adjusted odds ratio ==, 
4.4, p = 0.06). 

Although neither of the latter results were statistically significant compared to the 
unexposed controls, both odds ratios were elevated, and, in the latter case, the odds 
ratio approached statistical significance, suggesting perhaps that subgroups among 
the workers with cumulative exposures s. 40 ppm-years could have significantly 
elevated risks for the occurrence of the biomarkers, particularly when both biomarkers · 
were considered together. Further analysis with stratificatimi. of this group into four 
subgroups with cumulative exposures of< 10 ppm-years, 10 to 20 ppm-years, 20 to 
30 ppm-years, and 30 to 40 ppm-years supported this assumption. For example, for 
the subgroup with cumulative exposures< 10 ppm-years the adjusted odds ratios for 
the presence of one or both biomarkers were not elevated (both < 2), and 
neither was close to statistical significance. On the other hand, for the other three 
subgroups, although the adjusted odds ratios for the presence of one biomarker 
were similarly not greatly elevated, the adjusted odds ratios for the presence of both 
biomarkers were considerably higher, indicating that the increased risk for those 
with cumulative exposures s. 40 ppm-years was primarily among those workers with 
cumulative exposures of 10 to 40 ppm-years. Therefore, further analysis was con­
fined to the cohort stratified by cumulative exposures of< 10 ppm-years, 10 to 40 
ppm-years and> 40 ppm-years compared to the unexposed controls, as shown in 
Table 1. In this case, for the sub-group with cumulative exposures of 10 to 40 ppm­
years, the adjusted odds ratio for the presence of one biomarker was only 1.2 and 
remained statistically insignificant (p = 0.67). However, in this subgroup the ad­
justed odds ratio for the presence of both biomarkers was 5.7 and was statistically 
significant (p = 0.045). In fact, this elevated risk was not significantly different from 

· Table 1. Relationship between molecular biomarkers of cancer-related 
mutations and estimated cumulative VC exposure. 

Exposure Both One Both OR1 

in PPM-Years (N) Negative Positive Positive 

0 (N= 155) 139 16 0 

< lO (N = 77) 59 17 1.9 

10-40 (N = 85) 67 16 2 1.2 

> 40 (N = 306) 151 122 33 5.0* 

1 Odds ratio for one positive vs both negative adjusted for age, smoking and drinking 
2 Odds ratio for both positive vs both negative adjusted for age, smoking and drinking 
• p < 0.05 

OR2 

1.7 

5.7* 

7.3* 
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that found for the presence of biomarkers in the group with cumulative exposures 
> 40 ppm-years. · 

DISCUSSION . . 

These biomarker results suggest that some workers with VC exposures below the · 
current permissible exposure limit have a risk for the occurrence of two VC­
induced, cancer-related mutations that is similar to that for workers exposed above. : 
this limit and that is significantly greater than_ unexposed controls. Although we do 
not know at this time whether these individuals positive for the biom·arkers will , · · <: 
actually develop cancer, results from studies of other exposed cohorts of workers 
using banked serum samples suggest that similar biomarkers can have considerable 
positive predictive value (Husgafvel-Pursiainen ~t al. 1997). If the' same proves to be 
true in these vc workers, this would mean that workers with cumulative exposures 
of 10 to 40 ppm-years (just like workers with cumulati~e exposures > 40 ppm-years) 
could be at an incr:eased risk for cancer and that the current permissible exposure 
limit is not adequately protectjve. In addition, since workers with cumulative expo-
sures < 10 ppm-years do not have a higher probability of occ~rrence of these 
biomarkers, exposures less than 0.25 ppm over a 40 year working lifetime may not 
represe~t a significant risk. : · 

Howe,ver, additional confounding factors may need to be considered. For ex­
ample, VC workers who experience both mutations may do so because they are 
somehow extraordinarily susceptible to the mutagenic effects of 1h:e exposure. 
Other studies have demonstrated that VC workers with genetic polymorphisms in 
the enzymes responsible for the metabolism ofVC (CYP 2El and ALDH-2), which 
could lead to an increased formation of DNA adducts at any given exposure level, . 
are more likely to demor:i,strate the effects ·of genetic damage in terms of a signifi-. · 
cantly increased frequency of sister chromatid exchanges compar~d to VC workers 1 1, 

with normal variants of these enzy~es (Wong el al. 1998)~ In fact;in t}ie present.·. . . 
cohort thus far, one of the workers with the presence of both oncoprotein bi.omarkers. ·. . 
has been found to have the susceptible variant of the CYP,.2El gene: 'In addition, it · . ' : (. 
is possible that genetic polymorphisms in the enzymes resp'cinsible for repair of DNA \: ii· 1: ·~.; 

adducts could have a similar effect. Studies are underway to exami_ne these possibili-
ties. Eventually, it may be possible to perform the risk ass«:ssment for VC exposure 
on the basis of the presence of oncoprotein biomarkers stratified by"genetic suscep- . 

~ tibility due to VC metab~lism and/or DNA repair, which\vould represent a consid-
'·erable r~finemenf over ·cu~rent :approa~hes.• ·.. . . ' .. ~ '~'" . . . .. - . . . .. '·. · ? ' 

At the level of the individual worker, however, identification of an elevated risk · i · 

~or cancer based on the occurrence of mutant biomarkers an~ a s·us.ceptible gen~ . · · 
:type is of little significance unless secondary prevention can be employed ~o help . : · · . 
mi'nimize the risk. One such approach that might be useful with' these workers 
w,o_µld be to try to correct the specific functional -deficits produced by th~ VO-

Jnd.uced mutations. For example, the mutations in p53 from VC cause common·, 
· ·Conformational changes in the protein that account for its loss of function for tumor 
:\~uppression and programmed cell death (ap·optosis) .(Brandt-Rauf et al. 1996). We 
· have shown that .mutant p53 in cancer cells can be induced to revert to normal 
:t!unction through interaction with small peptides that represent sequences from the 

.)1. ·.~ 
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· ··:bf P.1¢.~rot~i:h; r~sulting in apoptosis of the cancer cells, but that 
~ dl dvets~ effect on nonmalignant human cell lines containing 
.. ·: ef a(. 1999). Such peptides could fonn the basis for chemo­

d ifdivia~als· with tumors that contain p53 mutations and as chemopro­
c'iijtidividuals who are at risk for the development of such tumors due to 

,;&,26.itr~'iic~ i:>f p53 mutations from their exposures, such as those VC workers 
" Wb<>\ i:£ejgi:>siti.ve for the biomarker. High-risk workers could thus be identified and 
.. tr.~~q :early, preventing the development of future cancers. Therefore, ultimately, . 
,:moh:cular biomarkers could be useful in contributing to group risk assessment to 
:,refine permissible exposure limits' imp~oving future primary prevention and in 

individual risk assessment to identify workers for potential chemoprophylaxis for 
secondary prevention of the effects of such carcinogenic exposures. 
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ABSTRACT 

A number of programs within the U.S. Environmentai Protection Agency 
· · (USEPA) currently set less-than-lifetime ·exposure lirpits in addition to the chronic 

reference dose (RID) arid 'reference ·concentration· (RfC) : ·A' review of proce­
dures within Jhe USEPA for setting .ref~rence values suggests that less-th_an­
lifetime refer'ence values should be' more routinely' developed and captured in' 
the USEPA's online IRIS database where chronic Rills and RfCs, as well as 
cancer slope factors, ~re currently available . . A review of standard testing study 
protocols was conducted to determine wha_t dat:a were available for setting acute, 
shoit~term; ;nd 'longe~-term ,reference val ti.es·; ~s" M'~ll a~ . chrci~ic ,values. This 

. review wa~ done from th'e point of view ·of endpoints' assessed.for specific organ 
\ . syst~ms (boli{ struct~ral 'and fun~tional)' fife stages covered by' exposure and 

outcome, durations' or' exposure covered. a'nd the outcomes evaluated for_ each, 
_and eval,uati.on ofl~tency to respqnse and/qr reversjbility_of ~ffects.:i:~~s r~v~ew _.· 

,., , : .r~ve~led a number ~f data ·gaps_ and resear.<:h nee.d~,_includi~g th,e. nee_d fo~ .a~ 
acute and/or short-term testing protocol that can be'used to set acute and short­
term reference values; a strategy for when to conduct more extensive testing 
based on initial screening dat~ or other information (e.g.; chemical class, phar-

.: niacokinetic:'s'/moae of,actiori) , additonal stand~rd testing g~i~:lli11es protocol~ to ,,: 
allow more complete assessment of, certain organ systems 'and life s'tages, devel­
opment of pharmacokinetic data for different life stages, toxicity related '.to 

j • 

., l 
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'i!:\ili>~J#se~ partic.u1ar1y 1o~g-ter~ 1atencr as a resu1t. of 
·"ls, The .implications of this review. are discussed relative 
"id: ci.af:a: ·for setting reference values, and the . potential 

l y''tac i:ors and low-dose extrapolation. 

t~i\ii;biogy; hazard characterization, referen~e do~e, reference 
: .-~ririt~titration, risk assessment; . ;: .: .· ...... 

. ' ' ~ . I ~·,. ' I J 

\ ,-;. 

. ··' .· , 1·· 
• # '~ :,. 

, ~' ' , . . ·. . ' ' ' i ' { 
··: :-:,: eurrent ·approaches to risk assessment for health effects other than cancer 
involve ' the application _of various .uncertainty factors (UFs) to ' a no-observed-ad- . 

· verse-effect level (NOAEL) or a benchmark dose (BMD) to derive a reference value 
used for setting exposure limits. The reference dose (RID) and reference concen- . , 
tratio~ (RfC) are val ties· used in various settings by the Environment~i.l Protectio~ ·' : 
Agency (USEPA) for limiting chronic oral or inhalation exposures, · respectively. · 
Methodology for derivi~g· chronic Rills a~d RfCs has bee~ in · place within the .. ·· 
USEPAfor a number of years (USEPA 1994, 2002), and the refere11ce values along , 
with supporting information are stored in a USEPA database, the Integrated Risk 
Informatio~·system (IRIS)° (USEPA.2002). Since 1996, there has been.ari'e~ort to 
develop more comprehensive risk_assessmerits as the basis for setting RfDs and RfCs, . 
as well as cancer slope factors, so that the IRIS summary is supported by docurrien-: · 
tation from the fuller assessment.' Both the· IRIS summaries· and the ·background 
documents for the newer assessments are available online from the IRIS database · · . 
(http:/ /www.epa.gov/iris/index;html). 

Also, i_n recent years, a number of activities have been underway ~t the USEPA 
and in other forums to mo,re closely examine the methods that have been. used for: 
hazard characterization a!l,d do~e~~esponse assessment, to make 'recommendations 
for irripro'ving the process, and to identify data gaps for needed research and 
information to improve the process. These improvements include, e.g., develop­
ment of more quantitative alternatives to the NOAEL approach, particularly the 
BMD methodology (USEPA 2000), revision of the cancer risk assessment guidelines 
(USEPA 1999a), harmonization of cancer and noncancer risk a~sessment (Gaylor el . 

al. 1999; .~utterworth and IBogdapffy 1999; USEPA 1997, 1998a; ·Bogclariffy et 'a~:· c. 
2001) ,. e~ploration of .the . ~elationship betw~en _exposure duratioh ':_and.:to'xicity ' . , 

• • ) • J J • • • 

(USEPA_ l 998b), evaluation of tht: methodologies for testing and risk assessment to , · · 
_improve the protection ofchild_re_n's health from pesticide.exposures (USEPA 1999, 
2002b) in response to the Food Quality Protection Act of 1996,'and a reevaluation· 
of the RfD/RfC methodology, with'a focus on'p~otehiori ofse~sitive 'stibpopulat:io~s ': 
(Kimmel 2001) . ····' ·. : ·{":· ·, ,,.:, · · 

In this paper, several issu~s will be_ discusse~ that. hc1:ve, J;,een '.raised by a technical 
panel _(hereafter Rip Technical Panel) established under the_a!!spice_s ofUSEPA's 1 

Risk'Asses.sment Forum t~ ,.review the RID. _an~ RfC proc_t:ss_es._ ~e pu~.o~· of th~s \- ,, ; 
.. review' ·is ·to' evaluate the '. current ·:state-Of- the-art ~for. hazard ' ~ind dose-response _'.·: ... 

assessment with a focus on 'protection of potentially susceptible sub-populations;t~ · , · · 
summarize how additional scientific issues not currently being considered can , 
enhance the RfD and RfC process, and . to raise , issues that should be further . , 

. , . . 

/ 
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r1PuP1nn,Pr1 for consideration in the process. The RID Technical Panel 
'"''""""''""' that the process should not be considered but 

c:nnv,u" with new information and scientific advances as new refer-
ence values are set or as current Rills and RfCs are reevaluated. The focus 
of this paper will be on {I) the reference values for different· 
durations of exposure, the data available for use in hazard 
characterization and data gaps and research 
needs for the process. 

Reference Values for Less Than Lifetime A:,A . ..,u.:,w,"'" 

As indicated and RfC are chronic exposure values 
the USEPA to be used for chronic exposure scenarios in humans. Yet many 
exposures in the environment as well as in are acute or short-
term or intermittent exposures. Because of several offices within the 
USEPA as well as other and set acute, short-

as well as chronic reference values. For 
sets acute RfDs and some-

times short-term and dermal and inhalation reference espe-
for residential exposures (USEPA . The USEPA's National Center for 

Environmental Assessment is for the Office of Air and 
Radiation to be used for 

for exposures less than or 
The USEPA's Office of Water sets 
Health Advisories that are 
contamination situations 
line Levels 
for once-in-a-lifetime short-term exposures to airborne concentrations. AEGLs are · 
used for a of 'rare events such as and are. 
used as threshold exposure limits from 10 min to 8 hours. In terms of, 
vuc.u1J,u.1v,,, .. exposure the American Conference of Governmental Industrial 

sets short-term exposure limits 15 
and threshold limit values 8 hour tiine-
tion exposure limits that may be 
National Institute for 
mended '-'AIJV.;,LU 

exposure limits. The . .-.~'"''"' 
sets acute 4 , intermediate 

Minimal Risk Levels , which are defined as. 
human exposure to a hazardous substance that is to be 

without risk of adverse noncancer health over a route 
and duration of exposure. MRLs are estimates intended to be 

levels in the identification of contaminants and health effects 
that may be do not define clean-up or action levels 

a number of program offices within the USEPA as well as other 
set exposure limits for less-than-lifetime exposure. The 
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possibility of standardizing these values across programs within the USEPA, where 
possible, is being explored with the intent of deriving acute, short-term, longer­
terrri, and chronic values in risk assessments conducted by the USEPA, and captur­
ing these values in the IRIS database. A set of definitions for these durations of 
exposure in humans was developed by the RID Technical Panel. These definitions 
are compatible with those used by various programs within the USEPA, and they are 
meant to be flexible because the duration in each case represents a range of time 
and can be adjusted depending on the exposure scenario of concern. 

acute - exposure by the oral, dermal, or inhalation route for 24 hours 
or less; 

short-term - repeated exposure by the oral, dermal, or inhalation route for 
up to 30 days; 

longer-tenn - repeated exposure by the oral, dermal, or inhalation route for 
up to approximately 7 years (10% of the lifespan) in humans 
(up to approximately 90 days in standard laboratory animal 
species, inclu_ding rats, mice, and rabbits); 

chronic · - · repeated exposure by the oral, G.ermal, or inhalation route for , 
up to the average life span in humans (up to approximately 2 
years in standard laboratory rodents). 

Review of Current Testing ProtocoJs and Data Requirements 

In order to set different duration reference value_s, a variety of types of data are 
needed, as different duration Rills and RfCs may need to be based ori different types 
of data and endpoints. The RID Technical Panel recognized early on in its review 
of the process that data available from current testing protocols for setting various · 
duration reference values are limited or likely to be lacking altogether, especially for 
acute and short-term reference values. A review of the current pesticide and toxic 
substances testing protocols and data requirements (USEPA 1998d) was undertaken 
as a way of determining the extent of data availab!e for setting various duration 1.­
reference·.values and where there are data gaps. This review of standard testing· ,. 
protocols was done with four major areas of focus: 

• The endpoints generally evaluated in each testing protocol, as well as those 
. specifically evaluated for several organ systems, including both str1,1ctural and • 
functional evaluations. Systems reviewed in depth included the reproductive, . 
nervous, immune, and cardiovascular systems. 

• The life stages covered by exposure and outcome, from conceptio~ to death. 

• The duration of exposure used in various protocols, and the outcomes evalu-
ated for each duration. · 

• The evaluation of latency to response, and/or reversibility of effects. 

1306 Hum. Ecol. Risk Assess. Vol. 8, No. 6, 2002 



Use of Toxicological Data in Estimating Reference Values ., 

While some systems are more thoroughly covered by testing protocols and data 
requirements, e.g., the reproductive and nervous systems, others are not well evalu- . 

. ated, e.g., the cardiovascular and immune systems, unless· these are known or 
suspected target organs. · . . 1 ' , , • • • • • : 

· · Figure· 1 shows a time line for various life stages with the timing of exposure for · 
various standard testing protocols superimposed upon it (hatched bars). Major 
endpoints evaluated are shown in the boxes and the timing of evaluation is indi­
cated by arrows or brackets. On an organ system basis,· the reproductive system is 
evaluated for both structural and functional development and alterations, not only 
in the reprodudiori and fertility study, but also in the prenatal developmental 
toxicity study, the developmental neurotoxicity study, the dominant lethal study, 

. and the subchronic and chronic toxicity studies. On the other ha~d, the cardiovas­
cular system is evaluated only on a structural basis in the prenatal developmental · 
toxicity study, and at necropsy in the acute, subchronic, and chronic toxicity studies 
in rodents, as well as in the chronic toxicity study in dogs'(not shown in the figure). · 

All life stages, except old age, are covered by exposure in one or another standard 
testing study protocol. A more careful examination of the evaluations done relative 
to the various life stage exposures indicates, however, that there are no protocols 
that begin exposure during development (prenatal and early postnatal develop­
ment) and folio\\'. .~est subjects intt:,. ~Iii: age. In .addition, there ar~ no studies th~t 
examine the effects of ·exposure and ·outcome duririg .old age, as the current . 
chronic/ carcinogenicity study in rodents is a 2-year exposure study that stops short 
of later old age. This is even more the case in rodents on restricted diets, as they do · 
not age as rapidly and have significantly extended life-spans over animals that are 
fed ad libitum. · 

All exposure durations are covered in the various study types, but the current 
. guideline acute toxicity study is designed primarily to establish a median lethal dose 

, . (LD50), and does not include the types of outcomes that are needed to establish a . 
NOAEL or BMD for an acute reference value. ·Data from other studies can be used · 
to supplement the database for a.n acute reference value, e.g., the response to the 
initial dose in s.ubchi-onic studies, the acu.te neurotoxidty testing study, the prenatal 
developmental toxicity study, the developmental neurotoxicity study, 'and the repro- ... 
duction and fertility study. The prenatal developmental toxicity.study;.the develop­
mental .neurotoxicity study, ~nd the. reproduction and fertility study ~II involve 
m~ch longer than acute exposures, but developmental effects have been clearly . 

. ~ho~n ii:t .!he l~t~~t~re to .bJ: i:nd~c\ble by a si.ngle ex~8~u~~;. thus, da_ta. ~r<?~. th~~-e ., ... ~ 
studies are also considered m setting the acute reference vah1e. •No specific testmg ' · 
protocols are available for short-term exposure studies, i.e:; more than 24 hours up · 
to 30 days. However, data from other studies, as indicated above for acute toxicity, 
can be used i~ sei: a short-term reference value. A good .deal of data are available for 

'setting the longer-term reference value, in particular, the adult subchroni~ study, 
the subchronic neurotoxicity study, the immunotoxicity study, and the reproduc-
tion and fertility study. Data from the prenatal developmental toxicity study and the 
developmental neurotoxicity study should also be considered in setting the longer-· 
term reference value. The chronic study protocol, particularly the combination 
chronic/carcinogenicity study protocol, provides a great deal of data for setting a 
chronic reference value. The prenatal developmental toxicity, developmental neu-
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rotoxicity, and _repi-oductio~ 'and ·fertility stt;dy d3:t:a ~)so/have been ,;nd .sho~i~ 
continue to ~e considered in _setting chronic reference values. The so-:ealled c_hr<;>~ic · 
study in dogs . in,volve~ a one-year exposure study 'which is. ~ctually a short-term 
exp~sure by the· defini~ons i~disated above, as ~t ~o~e~s o~.Ir, abo~t I/15th o.f the 
life-span of beagle dogs, the species typically used. . , · . , . 

The evaluation of latency to response and/ or reversibility of effects is minimal in 
standard testing protocols, ~d there are only two studies, the developmental 
neurotoxicity study and ·the adult delayed neurotoxic!ity study, that evaluate riervous'· 
system function after exposure has .been stopped for a short period of time. The ,' 
chronic rodent assays include an' optional recovery pe~iod in a subset or'ani~als that 
entails ending exposure after at least 12 months in a separate group of animals with 
evaluation 28 days or . more after expos.:ire ceases however, this assessment 'of 
recovery is not required. In particular, there is no evalu~tion.' of.latency ~o response . 
and/ or reversibility of effects in animals at older ages following exposures during 
their early development. With the accumulation of evidence for an impact of early 
exposures on neurological development.and function, immunologic function, dia­
betes, and heart disease in advanced age, these types of evaluations could provide 
information of significance for effects with long-term· latency ·to response (Selevan 
et al. 2000). 

Data Gaps for Testing and Risk Assess~ent . 

The review of current testing .approaches from the perspective of life stages, 
durations of exposure and evaluation, ·endpoints and systems evaluated,'and latency 
to response and/ or reversibility revealed a number of data gaps for testing and risk 
assessment. These include: 

. . . 
• The need for an acute and/or short-term testing protocol that can be used to 

derive the type of data needed to set acute and short-term.reference values (for ' 
excellent examples .see Gad and Che~gelis 1998); . 

• , A strategy is needed for determining when to conduct ~ore exte~sive life stage 
. and endpoint evaluations than are currently conducted,' or than are reason~ 
able in the initial screening of an agent. For example, a num~~r of additio!)al ' 
developmental toxicity testing study guidelines have been suggested for testing · 
pesticides a!1d other 'agents (USEPA. 1999b} in order; 'to more adequately 

.evaluate children's health risks !ri accordance with the-food Quality Prote·c-. 
' tion Ai::~:•These include ·mofe·specialiied'developineritaf neurotoxicity t~sts:·a: :· 
· developmen ta! imm unotoxicity protocol, a developmen ta! .carcinogenesis test­
ing'protocol, ·a protocol for direct dosing of neonates ~~en there is a 'question 
about whether:adequate exposure to neonates ~·as occurred, an.d a'ba~tery of ; . 
tests for 'screening _agents for thefr potential ' to interfere 'with e11docrine 
activity. 

• The need f~r ne"'. s~ndard testing guideline protocols to_ allow more complete 
assessment of certain organ systems, including an evaluation of both structure 
and function. For example, the structure of the cardiovascular system is 
evaluated grossly in the prenatal developmental toxicity study, and histologi-
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cally in :the subchronic an~ chronic studies. However, no functional assess­
. . ment of.this sy.s~em is done in any current testing protocols, yet cardiovascular 
' disea.se is o~e of the most prevalent public health problems. In ca.ses where an 
) effect on cardiovascular function has been suspected, e.g .• lead, chlorinated 
fluorocarbon replacements, more detailed evaluations of both structure and 
function have been conducted, but there are no guidelines for the conduct of 
such studies. The immune system is evaluated only in young adults, and testing 
includes assays only for .hypersensitivity, humoral immunity, and nonspecific 
cell-mediated immunity. . : - ' 

• There is a great need for pharmacokinetic dat~ ~s ~n aid to study design and 
interpretation of toxicity data. In addition, there is a need for review and 
development ofpharmacokinetic and pharmacodyna1!1ic factors for different 
life stages, particularly during prenatal development including placental trans­
fer, during postnatal development including lactational transfer, during ado­
lescence and puberty, ·and related to the aging process. 

• In terms of toxic responses during aging, research is needed to more fully 
characterize those effects occurring at some inte~~ after early exposure 
(including during prenatal and early postnatal development), as well as those 
occurring in old age with concomitant exposure during that life stage. 

• Research is also needed on how to evaluate latency to response, particularly 
those effects that occur at some point after exposure ends. As indicated earlier, 
a number of examples are available in the literature on neurodegenerative 
disea.ses, immun<?logical deficits, diabe_tes, car~!ovascul,ar disease, and cancers 
related to earlier developmental exposures. · · " 

• I • ~ • . I 

Future Considerations 

The setting of various duration reference values must be ba.sed on some defini­
tion of the needed database characteristics. The RID Technical Panel is considering 
ways of characterizing the. extent of the database available for setting reference 

' values, taking into consideration the types of data available from humari studies an~ 
literature data, a.s well as' froni standard · toxicity 'testing protocols, ' the types an'd 
variety of endpoints evaluated both in ter:ms of structure and function, the life stages ,. 
evaluated, the durations of exp~sure i_ncluded, and other ,information, such as 
pharmacokinetics, biological and chemical characteristics including· mode of ac­
tion, and known limits on reserve' capacities anct' repair of agent-induced damage. 
The use of scientific judgment in characterizing the extent of the d~tabase on a · 
continuum from minimal to robust will . be .extremely important. Studies showing 
only mortality or severe toxicity .are not sufficient to set.a reference value. , 

, . . .T~e impJ~cations .of.sr,tting y~p~s du~Ron ref~r.e.nc~ va~:ues ,are currently being . : . .. 
explored by· the RID Technical .Panel,' particularly as they' affect the uncertainty 
factors applied to the NOAEL or BMD (USEPA, 2002c). For example; the consid­
eration of .d~~ on a nu~ber o_f differe.n~ life stages an_d organ systems. at e~ch of. 
those life stages may affect the. size. of, tl,i~ uncertainty fa~tor ~sed to account for 
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variability within humans. The development and use ~f mode· of action information 
is extremely important, particularly in how· it can be· used for· extrapolation . to :, 
humans, as well as to support a linear or nonlinear approach for low dose extrapo­
lation. Further· development of pharmacokinetic and pharmacodynamic data to 
develop so-called "data-derived" factors is also encouraged (e.g.; Renwick 1993; 
Dourson et al. 1998; Zhao et al. 1999). Finally, there are several investigators working 
to develop alternative approaches to the uncertainty factor approach for deriving 
reference values (e.g., Maull et al 1997; Slob and Pieters 1998; Swartout et al. 1998; 
Brand et al. 1999; Gaylor and Kodell 2000). Such efforts will undoubtedly provide 
new insights into improvements.for setting r~ference values 'or suggest alternatives · 
to the reference value process. 
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ABSTRACT 

Incorporating information ori metabolism, pharmacokinetics, and DNA an<;( : . 
protein biomarkers provides a mt;~ri.s to i~teg~te. these ,impof'.tant factory; into the" 

'· · · risk assessment process. Such data are useful for species to species extrapolation, 
. , high- to low-dos~ extrapolation and PBPK modeling.· In addition, these data are 

critical for understanding the mode of action for chemical carcinogens. Through 
the use of mass spectrometry, stable isotopes can be used to unequivocally.demon­
strate. pathways of formation of bi~markers and relationships between exogenous : 

. ., and endogenous processes. ,This ipaper :reviews what ·has been learned for' two> · . . 
. , ·:· :. carcinogens, vinyl chloride and butadiene:It is clear· that such' data play majo'r ~ol~s . ' 

. ~ / i in . improvi~g ~h~· understanding .of. ~;;w· ~~emicals cause cancer,· extending the 
' . range of data on exposure-response relationships, and examining interspecies dif-

. ·.; ferences and inter~individual differences that may affe~t.susceptibility. Al!. such,_ it is 
. : , .{ . also clear that these data play a critical :role in improving' the accuri cy of risk' 

,.. assessments. . . . · · ' ' ; : ''.: · · . •\ 
: . Key Words: pharmacokinetics, biomarkers, vinyl chloride, 1,3-butadiene, 
· adducts, hemoglobin adducts. . . . · 

,.· ' • . .. 

DNA 

,>f I I 

:·,· INTRODUCTION 
' ,> .. , ~ .. ~ ., . 'J;;'., •• \ ' !,: .: ·, ' . 

.' · Risk assessment is the· process of evaluating data ·sets pertinent to hazard identi­
. fication, dose-response, and human exposure i,n order to cha'racterize the risks 
~· associated with·exposure to a chemica~, process or.·m~xture. Th~s requires iritegra-· 

tion of knowledge on metabolism, toxicology, carcinogenesis, mutagenesis, and 
understanding of mechanism from studies in mammalian and lower species. Similar 
information on humans and data on exposure are necessary in order to make the 
best estimate of human health risks associated with human exposure. Th~ gq1:1_l .?f 

* Correspondingauthor.Tel(voice):919-966-6142, Tel (fux)::919-9666123;_Jarn~weTifJerir@IIDc.edu 

1080-7039/02/$.50 
© 2002 by ASP 



Swenberg et al. 

risk assessment is to accurately predict these risks so that the health of exposed 
individuals is truly protected, while not· over regulating useful chemicals. In the 
absence of good data, the default position is one of being protective of public health. 
When the default position is used, many uncertainties are embedded within the risk 
assessment. Some of the most important uncertainties that plague accurate risk 
assessment are (1) high- to low-dose extrapolation; (2) species to species extrapola­
tion; (3) mechanism(s) responsible for the effect; (4) interindividual differences in 
susceptibility; and (5) poor-quality human exposure data. The goal of this paper is 1 

to link data on pharmacokinetics and biomarkers to our understanding of the 
mechanism of action of two chemicals, vinyl chloride and butadiene, to examine its 
potential to improve risk assessment. . . 

Toxicology studies for cancer induction usually employ exposures that range 
from the maximum dose that can be administered to an animal without shortening 
its life span for any endpoint other than cancer, to doses that are .two to ten times. 
lower. These doses are usually well above the range of exposure studied in epidemio­
logic studies. Risk assessors and modelers are frequently focused on environmental 
exposures that are often several orders of magnitude lower than either toxicology 
or occupational studies. The two chemicals discussed in this paper are unusual, in 
that pharmacokinetic and biomarker· data are. now available over a broad range of 
exposures covering the high ini_tial bioassay exposures to within one order of 
magnitude of current occupational exposures. 

Some'ofthe key principles Jnvolved ii:t the us<: ofpharmacokinetics and biomarkers 
. . are outlined in Figure I. First, exposure to a chemical occurs by one or more routes. 

Following absorption, the chemical -is distribi:tted to various compartments within 
the body, where it is metabolized. There are two forms of metabolism, metabolic 
activation and detoxication. Th~se two pathways compete ~i-~ each othe~ and a_r~ 
usually enzymatic in nature. Because'9,(this, they can be ind~ced or saturate';f. Thus, 
important differences may exist between high and low exposures, single and con­
tinuous exposure, different species, and between individuals. This is a critical point 
for accurate risk assessment, as it is the balance between activation and detoxication 
that determines many of the endpoints used in biom~1rker research, e.g., the binding 
of genotoxic agents to macromolecules. Such biomarkers are typically protein or 

. ·. DNA adducts. Protein adducts are not causally involved in the carcinogenic process. ·. 
· · · They have the adva:ritage of .~ot bei.11g repai~ed; so a proteiµ accumulate~ adducts 

over the life span of the protein. DNA adducts are thought to be involved in the 
initiation and progression of cancer. However, these lesions in DNA can be repaired 
and vary at least a 1000-fold in their ability to cause mutations. Finally, even when 

· · an adduct is present in DNA; ceil proiiie·ration· is required to generate a mutation. 
DNA and protein adducts represent biomarkers of exposure, and DNA adducts may 
also be an early biomarker of effect. 

It is important to recognize d1at exogenous chemical exposure is not the only 
~ause of mutations. In fact,-the sponta'neous rate of mu_tations is quite high. Muta-

.·' ·. tions· ari~~ from· ·several endogeno·us .. so~rces; in.duding depurination;· DNA' poly.'.. :':-.. 
merase errors, 1and endogenous DNA .damage resulting from alkylation, reactive 
oxygen species, and lipid peroxidation. Additional exogenous sources of mutations 

· are associated with lifestyle and radiation. All of these types of DNA damage are . . . . . . ' . : 
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subj p,~A repair. 1t is the. DNA dama~e that escapes the filter of DNA repair 
that is ~va.ifable to cause mutations and ultimately cancer. 

All of these. p~-ocesises, including metabolic activation, detoxication, DNA repair 
arid ceU proHferation are dynamic. They change with the time and extent of 
e~posu:re, and are confounded by exposures to other natural and synthetic materi­
als. There will not be one rate constant that accurately predicts for a population. 
Rather, by understanding the dominant pathways, polymorphisms that affect these 
pathways, and conditio.~s t:hat induce or satur~te ~ese pathways, risk assessors will 
be able to better integrate data from toxicology, pharmacokinetic, biomarker, and · 
molecular epidemiology studies so that more accurate assessments of risk can be · 
m~. . 

VINYL CHLORIDE 

Vinyl chlorid~ (VC) is a known hum·an and ariimal carcin~gen · th~t" primarily" 
induces.hepatic angiosarcomas in humans and experimental animals (IARC 1987) . . 
The carcinogenic response in humans has been associated with relatively high occu­
pational exposures (more than 50 parts per million). These exposures occurred prior 
to the identification ofVC as a carcinogen. Current occupational exposure limits are 
1 ppm and actual exposure is running about a tenth of a part per million in most 
plants. In contrast, concerns for environmental exposure are often related to Superfi.md 
sites. VC is present in -133.Superfund sites (http://www.epa.gov/superfund). ftis not 
there because someone dumped vinyl chloride at a site. Rather, it is there because soil 
microbes metabolize trichloroethylene and perchloroethylene to VC (Owen and · 
Glaister 1990). In contrast to past occupational exposures >50 ppm and current 
exposures ;5;1 ppm, the environmental exposures are present in part per billion 
amounts (Owen et aL 1987). This requires the risk assessments ofVC to cover a very · 
large range, roughly six to eight ·orders of magnitude away from the animal and ' 
human exposures that were associated with adverse health effects. 

Metabolism and Pharmacokinetics 

The metabolism of VC has been studied for over 25 years. Earlier research by 
Watan~be and Gehring (1976) demonstrated th~t VC was metabolized by cyto­
chrome .P450 in a saturable manner. That is, the metabolic activation had its 
steepest slope at low e·xposures and had little or i10 .'additional 'activation at 'expo­
sures > 250 ppiit. Later studies by Guengerich and colleagues demonstrated that 
CYP-2El was responsible for the formation of chloroethylene oxide (CEO), the 
ultimate carcinogen that induces· the DNA adducts ofVC (Figure 2) (Guengerich'. ,, 
et al. _1991; Guengerich 1992). CEO can also rearrange to chloroacetaldehyde, but : 
this process is much slower and does not represent the primary pathway for adduct · 
induction. Detoxication pathways for VC include conjugation ' to glutathione, hy­
droxylation by epoxide l?,ydrolase and reduction byalcohol dehydrogenase. 

. ' . ~ 

... ' .,1, .. , ' 
. ' ,11 -:. • , .. . ···. ,;-.'' •' . ~· ,··;· '· 'r ' ~ •: I\ "j f 

DNA Adducts 
. '!" 

The DNA adducts ofVC have been previously studied, but only at exposures of 
. 500 to 600 ppm. These stud.ies demonstrated tha~ 7-(2-oxoethyl)guanine (OEG) was 

.•. . . 
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;the major DNA_ adduct,' while .N2,3-ethenoguanine (EG), 3,.N'-ethenodexycytidine 
(EdC), and l ,~-ethenodeoxyadenosine (EdA) were present in much _smaller amounts " 

- (Fedtke et al)l989;.Fedtke el al: 1990b; Guichard el al. 1996). The etheno adducts· 
differed from, OEG, ·however, i~ that they actively caused miscoding during DNA 
synthesis (Barbin et al. 1985; Cheng el al. 1991; Mroczkowska and Kusmierek 1991; 
Cheng et al. · 1991; Singer' et al. 1991). Highly sensitive and specific methods were 
developed .to ~ .easure the etheno adducts. EdA and ~dC have most commonly been: . ·: 

.. measured _by im~une>affinity /32~-postlabeling (Nair el al. 1995; F~mando el al. 1996r, · 
. Guichard et til.·1996),while EGw'as meastired byGC/MS (Fedtke etal. 1990a; Fedtke ', 

• · ' r ' ~ : · · , • 1 
el al. 1990b; Swenberg ·et al. 1995). The etl1eno adducts· induced by VC are also ', 
formed endogenously in unexposed animals and humans (EI-Ghissassi el al. 1995;·· 
Nair et"al. 1999; Ham el al. 2000; ·Morinello et'al. 2000). Th~ primary ~echanism for ; 
this appears to be via 4-hydroxynonenal arising from lipid pe__roxidation. 

I.Jsing a.newly developed immunoaffinity/GC high-resolution mass spectrometry',, 
method for EG (Ham el al. 1999), the first. molecular dosimetry studies have been 
conducted on.~ts exposed to 0/10, ·100, o~ llOO ppm VC for 1 or 4weeks (6 h/day, · 
5 days/wk) (Swen berg et .al. .2000a). T3:ble 1 shows the presence of EG in all control 
animals and the increases associated with the level and length of exposure. While, 
exposure to 10 ppm for 4 weeks results in-only a 6-fold increase over the endogenous'' 

. amount of EG present in control rats, e~posure to 100.or .iioo ppm resulted in 25.:. 
and 42-fold increases over controls. I~ is also possible to ·interpolate between the : ·, 
control EG arid that of the 10 ppm rats exposed for 4 weeks to estimate the 
_mol~cular dose associated with current occupational e~posu·res of 0.1 to 1.0 ppm 
VC. These exposures would result in 6% and 60% increases over the endogenous 
levels of EG. The 4-week data at zero, 10, 100, and LlOO parts per million mirrors 
the supralinear dose response relationship that was dem~nstrated ~or metabol.ism 

·· (Watanabe and Gehrin-g 1976; Gehring et al. 1978) and the large animal carcinoge­
nicity 'study.ofMaltoni el al. (i981) (Figure 3). The data a~e rem~rkably similar to ' 
the PBPK model developed by Clewell et al. ( 1995) that was used in the recent U.S. 
Environmental Protection Agency (USEPA) risk assessment published in the new 
IRIS document (USEPA 2000). The old USEPA risk assessment had a factor of 84 
x 1 o-6 cases of c_ancer per µg VC/M3 (USEPA 1994). Incorporation of the biomarker 

· ... and pharmacokinetic da':3 on vinyl chloride has lowered that to 4.4 x 10--6 (USEPA \ · 
. ' 20~0). Similar estimate~ o~ ~isk have be~r:i. predicted by several different P~P~ 1 • : 

models (Table~) (Chen and Blancato 1989; Reitz et al.1996; Clewell et al.1995). The . , . 

1 . • T~l~ I. Exposure response data fro1n: ~a~ 4::xpo~c:d to vinyl _chlo~i~e .~or . I o~ .4. i. · 
t • , • , • • ~ , weeks.' · · · · ·· , · . 

J I ~ • •, 

.. \''·,t) . 

• .~ 4 : # • 

. ·' . . '• , ! 

Vinyl Chloride Exposure 
! 

· EG (pmol/µmol deoxyguanosine) 
. -

_ft, • 
' . . 

( t\, 

1320 

' .. 
·· (ppm). ,. _ , , . -~ We~Exposure 4 Wee~ EXJJ~~~re 

0 \ ... ,'' , · ;. · · · . ·1"0.075 ± 0.036 · .· .. ·,: ... 0.11 ± o.o. 53 . 
, t•, \'~. ·1• 1 ,,,"!'~' .. ' ~~} i ~/11 1·· ·• • • 1,! .... . '••) 

· IO ~ 0.196±0.048 · . \ .. ..-:•. 
100 · 

· 1100 ' 

0.68±0.09 

1.2s±·o.1.9 

0.532 ± 0.106 

2.28 ±0.18 

3.8±0.4 

\ •' 
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Table 2. Comparison of estimates of risk predicted by several different PBPK 
models. 

Cancer Risk 
Auth~r(s) Year Model Data (per µg/m3 x 10") 
USEPA 1994 LMS Rat 84 

Epi 1.4 

Chen and Blancato 1989 PBPK/LMS Rat 0.7-1.4 

Reitz eta!. 1996 PBPK/LMS Rat 0.6 

Epi 0.3-2.8 

Clewell et al. 1995 PBPK/LMS 
Mouse 1.0-2.3 

Rat 1.6-3.7 

USEPA 2000 PBPK/LMS Rat (f) 4.4 

incorporation of more science into the risk assessment process has improved the 
accuracy in several ways. First, it readily converts animal exposure and biomarker 
data to human equivalents. It also provides a scientifically based method for route­
to-route extrapolation. Finally, it can incorporate biomarker data such as DNA 
adducts to support the additional safety factor for childhood exposure. In summary, 
the greater use of science in the risk assessment process clearly increases the degree 
of confidence in the extrapolations. Several uncertainties still remain, however. No 
good data exist on the relationship between low exposure ( <l ppm VC) and cancer. 
Likewise, high quality human exposure data are not available for individuals who 
have developed angiosarcoma. Finally, there have not been any studies that have 
incorporated knowledge of endogenous adducts and their impact on risk. 

The use of mass spectrometry makes possible direct comparisons between endog­
enous and exogenous EG adducts in the same animal by exposing the· rats to [13C2]­

VC. Those EG adducts that were induced by endogenous processes will have a mass 
of 354, while the adducts arising from the [1 3C2]-VC will have a mass of 356. Figure 
4 shows chromatograms from liver and brain DNA from a rat exposed to 1100 ppm 
[ 13C2]-VC. The endogenous EG can be seen in the top panels of both liver and brain. 
The m/z 356 panels show that there is a very large peak in the liver, but no peak in 
the brain.DNA. One o(the real controversies in epidemiology for vinyl chloride h_as 
been: Does VC induce brain tumors? An increase in brain tumors has been shown 
in about 5()% of the epidemiology studies. As the studies have gotten' la~ger, the 
evidence has weakened. The most recent IARC update on the epidemiology ofVC 
did not find a causal relationship between VC and brain tumors (IARC 2000). Figure 4 
shows that.while endogenous EG is present in brain; there is no exogenous EG. This · .. 
provides a reasonable degree of certainty that VC is not being metabolized or being 
transported in an active form to the brain. It demonstrates another important utility 
for biomarker studies to assist in the risk assessment process, i.e., testing the biologi­
cal plausibility of a target site.· · · 
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Lipid peroxidation appears to be the major factor resulting in the formation 
. of endogenous etheno adducts (Nair et al. I 999). Recent studies have used 

[ 13G18]-ethyl linoleate under peroxidizing conditions to examine the source of 
EG adducts that are formed from oxidative stress (Ham et al. 2000). When this 
was done, it was possible to determine how many of the EG adducts formed from 
lipfd peroxidation ( [13G2]-EG) versus 3-phosphoglycoaldehyde, which arises from 
free radical attack of deoxyribose. Table 3 shows that the vast majority of the EG 
comes from lipid peroxidation. !fa IO-fold increase in [13G18]-ethyl linoleate was 
present, there was an additional fivefold increase in [13G2]-EG. However, there 
was also an increase in nonlabeled EG, demonstrating that increased redox 
cycling can also increase the amount of EG coming from the deoxyribose. No 
similar increase in EG occurred when a IO-fold increase in deoxyribose was 
present. 

Since endogenous EG is clearly present in humans, it raises the question: Why are 
hepatic angiosarcomas so rare in individuals that have not been exposed to VG? The 
incidence appears to be less than one per million (Baxter et al. 1980; Falk et al. · 

. 1981). Possible explanations include 1) that the endogenous adducts are located in 
non-transcribed genes and therefore do not affect the gene product; and 2) there 
is a sublinear relationship between number of adducts and the induction of angiosa­
rcoma. There are no data that have demonstrated the induction of angiosarcoma 
where human exposure has been below 50 ppm VG. This data gap has very impor­
tant implications for environmental exposures to VG, as the removal of this known 
human carcinogen from Superfund sites is.a very expensive procedure. Ifa means 
for redirecting such clean-up funds to public health initiatives such as providing 
health care for children and the ind~gent, these funds are likely to have much 

. greater impact on public ,health. . . 

· Table 3. N,3-Ethenoguanine formed from the reaction of [13C18]-ethyl linoleate 
(EtIA) with deoxyguanosine under peroxidizing conditions. 

Unlabeled EG 
(EG/106dGuo) 

IO-fold molar excess lipid 75.8 ± 33.9' (7%t . 

Equimolar lipid and dGuo 24.4 ± 2.7 (11%) 

IO-fold molar excess nucleoside (thymidine) 21.5 ± 5.7 (89%) 

t-BuOOH only-no lipid 11. 7 ± 2. l 

['
3C2]-labeled EG 

(EG/I06dGuo) 

1086±518(93%) 

191 ± 57 (89%) 

I62±50(1l%) 

NDC 

. ' · \ : control :.:. uicubation only 0.2±0.l 
.. . · .· .. ND . 

• Values are expressed as mean± standard deviation, n=J for all samples 
b Percent of total Gua formed · 
0 Not detected 
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Bio~arker; in lllik ~essmeo't. '. ' 
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' . \ BUTADIBNE .. ' . . .. : , . ~ . . . . . 
Butadiene is a very· imp~~~nt industrial che,~ic~l 1that is· used. to m~~~facture. :: ;··(,'. : . .(.. 

rubber and 'many />ther produc·ts .. I~ h.as been classJfied by IARC as a probable· :··.". ... , ... 
, , , -~ I t \ ' lo \ ' 

human carcinogen and by the NTP as a known human Carcinogen. The primary 1 •. • 

epidemiologic data driving these c!assifications i0s th0e study by Delzell et al. (1996)., 
on styrene-butadiene rubber workers, the SBR process. An increase in leukemia was· 
identified in SBR workers;but no similar increases in leukemia have been found in , 
butadiene monomer worker studies. There'have been 'some reports of increases in ·:, I ,\ •• • 

lymphoma in monomer workers, however, this. has. ;not been consistent .across '· · 
studies. · · · · · · · · · · · · · · · · · · ·. ·, · · · ' · · · · ' ' · 

Butadiene is also a known animal carcinogen, but the.re are major species differ- , . , 
ences between mice and rats .(reviewed by Himmelstein et al. (1997)). Mice are .. ,, \· .. 
highly susceptible to the induction 'of neoplasia;compared to rats, developing lung , . .. · ' 
adenomas at exposures as low as 6 ppm BD. The sites of tumors also differ between : 1 • 

mice and rats. At 'high exposures (625 and ·1250 ppm BD), all mice developed \ . · ,"· .· 
lymphomas in one year or less (NTP, 1984). At exposures below 200 ppm BD, the 
site/type of tumor induction changed to hemangiomas/hemangiosarcomas, lung . ·. 
adenomas, mammary and harderian gland tumors (NTP 1993). Rats developed a '; 
low incidence of mammary tumors at I 000 and 8000 ppm BD ( Owen et al. 1987), 
the only exposures studied. . .. 

Metabolism and Pharmacokinetics 

The metabolism of butadiene has been studied in rats and mice by· several · · · · · 
different investigators and was reviewed by Himmelstein et al. (1997). The general 
metabolic scheme is shown in Figure 5. It is generally accepted that BD is first 
metabolized to 3,kpoxy-1-butene (EB), a pr~cess th~t i~. primarily ~ociated with . . 
GYP 2EI;'but can.~lso be.accomplished _by ad_ditional isoforms·including ~ 2A6 .. '.'. 
and 4Bl (M Elfarra, personal communication). This electrophilic metabolite can l'• '.,, ·: 

be detoxified by conjugation with' glutathione arid subsequent' excretion in the . . ... ' 
urine as M2. It can also undergo hydrolysis by epoxide hydrolase (EH) to form · ' · · 
butene-diol (BD-diol). BD-diol can also be conjugated with glu~thio11e a.nd subse-·. _ . .' ·. . 

• • • , • ' • , • ' • • , • ~ •' ' ' ' ' • • • I , \ ' • , - \ , ' , , • • _I,• ,· ( ' •t • • 

quently excreted in. the urine.as Ml. It can be further'. oxidized by cytochrome P450 .: :: .· . · · 
• • ·' • • • .' ••. '• ;,., ,' •• • • • • •• . , •. · .'. ' • • 1~ · - - \ .-~,. 

to the epoxybutane·diol (EBD). An alternative pathway for the metabolism of EB is 1 :' ..' 

oxidation to the diepoxybutane (DEB), which can be further hydrolyzed to EBD or . 
conjugated by glutathione and excreted as M3. This series of .epoxidation and , . , , r'. i; 

detoxication steps'generates ~r~e ele·ctrophili~ :fi1etaJ:>~iites: EB, PE.B, and. EBD. ~I.t/ ),',r('.. · .. ;· 
is important to und~rstand that.quantitative rrie~s':'remen~ ~ave' only been !lla~e <?n · · ·· · · ~ ·. 
the first two of these epoxides arid that no meas·urements ofEBD have been made 
in animals or humans exposed to BD by inhalation. ·EBD has been measured in. in , 
vitrostudies.with,.human, rat and mouse microsomes (Cheng and Ruth 1993). Aswill :·. , .. 

.. be discussed in detail below, this is important because these metabolites differ in . 
:, mutagenic potency by a factor of -200, with DEB being the most mutagenic and . 
i ~BD being the least. As will be shown' below, EBO app'ears to be the major electro- '' 
·' philic metabolite binding to DNA and hemoglobin, and this effect appears to be 
most pronounced in humans due to the high activity of EH. Accurate assessment of 

{ Bum. Ecol. Risk Assess. Vol. 8, No. 6, 2002 1325 



.. ·~ 

-r f ... 

... ~2K ·- ·_=: 

,. . 
.. _;::: 

,_ -. . .... :;;· 

SG 

:· H .. 

.:OH ~-~-·:~ . . . :.. -

-~ ·· 

1,2-Epoxy-3-butene 

H 

H 

1 ,2-Dihydroxy-3,4-epoxybutane 

'•· . 

OH A 
H Erythrltol 

.. -- ' ·: . :· .: 

EH 
GSH 

SG .· 

GSH · .. 
HO 

H y: ...... 

M3 

: Figure 5. . General scheme of the metabolism and detoxication ~f 1,3-butadiene. 
...... . - .. ~ ~. --- . . . . .,. ·~ 

i g. 
Ja 
~ 

OH ~ 

_,, 



Biomarkers in Risk Assessment 
/ 

risk clearly requires that quantitative· meas1ir~ments of the formation of these ·. 
'• .. 

mutagenic epoxides be understood in rats, mke, and humans . . '· . .,. . . 

DNA Adducts 
. . 

The identification and quantitation of DNA adducts formed by BD and its 
metabolites have been actively studied by several research teams. DNA adducts have 
been characterized a~ the .NJ-position of guanine (Citti et al. 1984; Tretyakova et ql .... 
1997c; Koivisto et al. 1998), N!,- position ofthymidine (Selzer and Elfarra 1997) and 
the NI~, N!,- and ~-positions of adenine (Leuratti et al. 1994; Neagu et al. 1994; · · 
Tretyakova et al. 1996; Tretyakova et al. 19_97a,b; Tretyakova et al. 1998; Koivisto et al. 
1996). Multiple DNA adducts are formed at each of the above positions by the three 
epoxides, EB, EBO ·and DEB (Figure 6). This is further complicated by the presence 
of diastereomers if nucleosiaes or nucleotides are being measured. I:he ·m_olecular 
dosimetry study of Koc et al. ( I 999) compared BD DNA adducts iiJ rats and mice . 
across exposures ranging from 20 to 625 ppm for 4 weeks. It demo~strated that the. 
trihydroxybutyl adducts at N7 of guanine (THB-G) were formed in much greater 
amounts than the hydroxybutenyl adducts ·atN7ofguanine (EB-G) in both rats and 
mice using LC-MS-MS (Figure 7) . In addition, it demonstrated that the exposure 
response curve for THB-G was supralinear, a result of saturation of metabolic 
activation. In contrast, the exposure response curve for EB-G was linear. Thus, the·.' : 
ratio of THB-G:EB-G was greatest at low exposi.1re and least at high exposure. The .. 
study also s~owecf: . ~at similar num~ers of add~1cts \\'.er~ present in all tissue~ .. 
examined, s1iggesting that the electrophilic metabolites circulate in the blood. 

Originally, the THB-G adducts were thought to arise primarily from DEB. The 
finding that THB-G was more prevalent than EB-G was unexpected, especially in 
rats, since metabolism studie~ had sho'Y". that D:i;:B _was poorly fanned in rats, being , , 
roughly 1/ l 00th the amount of EB measured. In· mice, _similar amounts of DEB and .' .: 
EB were measured;yet the ·amount ofTHB-G was 25 to 45 times higher than EB-G." ·,. 
It was known · that EB · an( DEB bind 'equaily to DNA 0(Tretyakova et' al. 1997c). 
Assuming that EBD ha~_sim_ilar reactivity with DNA, it was possible· to calculat~ the 
contribution ofEBD, sine~ d~t.t were av11ilable. (rom p~1blished metabolism data on .. 
EB and DEB in rats and mice." These calculations demonstrated that 95 to 98% of 

; the THB-G caine from EBD (Koc et al.' 1999). Whil~ there are still no ~easurements 
of EBD in vivo, the study strongly suggested that EBD was the main electrophile 
forming DNA adducts. Shortly thereafter, Koivisto et al. (1999) confirmed these 
findings using .32P-p~stlabelinf. They 1were abl~ to differentiate. -1:HB-G _'add~cts·i' { 

· arising from EBD and DEB based ~n stereoisomers of the nucleoti~.es and _qemon-. ; ·. 
strated that 98% of the THB-G ·adducts came from EBD. They also demonstrated 
that the DEB-G adduct, with one intact oxirane ring, depurinated at a rate faster 

. than the oxirane ring hydrolyzed to EBD. : · . : · . 1 : • 

Much less information is available on the other DNA adducts of BD. Preliminary 
data are available on the N-3 adenine THB adducts and the Ni-adenine THB adducts . 

.. The N-3 THB adenine adducts are formed at about 10% of the THB-G adducts, but' 
they are rapidly lost due to depurination and repair. The .N6-adenin~ THB adducts, 

· which arise as N-1 adenine adducts, but rearrange to the Ni-adenine position, are 
'formed at even lower amounts. No information is available on the repair of me · 
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N~-adenine adducts (Cannical et al. 2000b). This adduct has been reported in buta­
diene worke~s _at 4 per 109 nucleotides by Zhao et al. ( 1998), a level 1000 to 10,000 
times lower ttian endogenous DNA adducts. There are limited studies on crosslinks 
induced by BD (Jelitt? et al. 1989; Ristau et al. 1990; Vangala et al. 1993; Carmical et al. 
2000a). Unfortunately, there are no in vivo quantitative data on the formation ofDNA­
DNA cross-links, a lesion expected to be highly mutagenic when present as an 
.intrastrand cross-link and highly toxic when present as an interstrand cross-link. These 

. ' lesions have been ·de1116nstrated in a variety of studies using DNA oligomer_s. . . 
• •• '.\ J • • \. 

Hemoglobin Adducts . 

While he,nogl~bin adducts are not causally related to mutagenic events, they do 
offer ·an effective measure of exposure to reactive intermediates of chemicals. They 
have several advantages for molecular epidemiology studies including that they 

' acc·umulate 'over the life of the red cell, which is -43, 63 and 120 days in mice, rats 
and humans, respectively (Van Putten 1958). In addition, hemoglobin is more 

. readily available than ·oNA in human studies. By compa'ring data· in' rodents with 
that· from humans, it should be possible to better understand species differences 
and high to \ow dose e·xtrapolation. Thus, these data should reduce uncertainties 
plaguing current risk· assessm·ents. 

The BD metabolite, EB, has been shown to react with hemoglobin; forming N(2~ 
hydroxy-3-bute'nyl)valine (MHBVal) adducts (Osterman-Golkar et al. ' 1991). Two 

· major and two minor peaks were identified using a modified Edrrian degradation 
. and GC-MS. The two major peaks were shown to be the diastereo_mers resulting 

from attack of the Nterminal valine-NH2 at C-1 of EB. Adduct concentrations of 1 · 
to 3 pmol/g globin were recorded in humans (nonsmokers) working in a produc­
tion area with -1 ppm BD exposure levels (Osterman-Golkar et al. 1993). Adducts_ 
also were measured in cfgarette smokers not occupatiorialiy exp?,sed to BD. The 
reported adduct levels were lower in humans than in mice and rats . exposed to 2 
ppm BD, and were also much lower than hydroxyethylvaline adducts associated with 
occupational exposures to ethylene oxide and ethylene. Albrecht et al. (1993) 
reported MHBVal adducts to be five times higher in mice than in rats (17 and 3.5 
nmol/g globin, respectively, at 500 ppm, 6 h/day, 5 days), although the diastere­
ome"rs were not resolved. It is clea·r that BD exposure resul_ts _in a si.Ipralinear dose-· 
response that is char'acteristic .of saturation of metabolic 'activation, .arid that mice, 
have higher amounts of monoepoxide adducts than rats. ·In pilot studies, ~e co~- · 
pared male and female rats and mice exposed to 1000 ppm BD for 13 weeks and 
found that females had higher levels ofMHBVal adducts than males (Tre,tyakova et 

. al. ' I°996) :· This was confirmed in a larg~r study . (Swenbe.rg et al. ' 2000b) and in 
sub\equent comparisons of rats and mice. ·AIi ·of the hemoglobin ·adduct studies ; 
have ·utilized the modified Edman degradation method of Tornqvist et al. (1986) 
based on GC-MS me~surements using an ,internal standard of [d4]-N-(2-
hydroxyethyl) valine, -[ ~4C:]-Af:(2-hydroxypropyl) vali_Ii.,e or N(~-hydro~-3-butenyl) "."al­
Gly-Gly or'an external standard of N(2-hydroxy-3-butenyl)-[13C5]-'valine. . . . 

A second hemoglobin adduct of butadiene that has been identified is N-(2,3,4-
trihydroxybutyl)valine (THBVal). This adduct was initially thought to arise from 
DEB, with subseqiient hydrolysis to the trihydroxy adduct. -In view of the greater . ' ' . 
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formation of DEB by the mouse, compared to the rat, and its much greater mutage­
nicity, · it was important that methods be developed so ·that both quantitative and 
relative comparisons of hemoglobin adducts could be made between species. Perez 
et al. (1997) reported the formation ofTHBVal adducts in hemoglobin ofrats and 
two humans and provided evidence that it was primarily formed by EBD, rather than 
by DEB. Furthermore, the THBVal adducts were formed in greater amounts than 
previous measurements of MHBVal adducts. The authors concluded that EBD 
appeared to be an important metabolite of BD. This issue was further explored in 
rodents and humans in studies by Swenberg el al. (2000b). Using GC/high~resolu­
tion MS, they also demonstrated that THBVal was the major hemoglobin adduct in 
rodents and humans. At high exposures ofBD (1000 to 1250 ppm for 90 or 10 days, 
respectively), the ratio ofTHBVal:MHBVal adducts was 2 to 6 in rats and mice. In . 
humans, only THBVal adducts could be measured using GC/high-resolution MS. · 
This research also showed that THBVal was present fo humans and several other ' 
species including rats, mice, monkeys and dogs with no known exposure to BO. The 
source of .these endogenous THBVal adducts remains unknown. 

When rats and mice were exposed to 3, 62.5, or 1250 ppm BD for 10 days, the 
exposure respons,e ratio of THBVal:MHBVal (Figure 8) was very similar to that 
shown for DNA (Figure 7) . At the lower exposures, the ratio was 39: 1, while at 1250 
ppm BD it was 5. 7: 1, demonstiating the effect of saturation of metabolic activation 
of the second oxidation step. 

Molecular Epidemiology Studies · 

A molecular epidemiology study of Chinese butadiene workers that evaluated 
urinary metabolites, THBVal and a series of genotoxicity endpoints was conducted 
by Haye_s el al. (2000). There was an excel.lent relationship between TH.BVal and :. : 
exposure monitoring, and :a po_sitive relationship. between exposure and urinary . 

. metabolites. In contrast, hprt mutations, sister chromatid exchange (SCE), aneup- .· · 
Joidy and glycophorin A mutations showed no relationship with expostire. Kelsey el 

. al. (1995) had previously shown that lymphocytes from GSTTI null individuals.had 
significantly higher SCEs when expC>sed to DEB , in vitro. than lymphocytes from , 
individuals expressing GSTTl . and suggested that GSTTl null individuals . might i 

constitute a suscep~ible ~o~ker popu'iation (Keisey el ai .. 1995): When similar in vitro 
studies were conducted using lymphocytes of the Chinese butadiene workers, the 
lymphocytes from GSTTl null individuals exhibited increased SCEs. In contrast, the : . 

· SCEs. _and all other measures of .genotoxicity, THBVal :and urinary ~etabolites , · 
showed no difference between GSTTl null and GSTTl expressing workers. These 
results suggest that GSTTI is involved in detoxication of BO, but that it requires high 

· · exposure for it to .be a rate limiting detoxication step: High exposures, such as · 
present in the in vitro studies, do not exist under the occupational environment of · 
the Chinese BD workers. 

A second large molecular epidemiology study by Albertini et al. (2001) was the first to 
examine both THBVal and MHBVal. This study had extensive industrial hygiene measure- . 
ments of the workers= environment, including individual personal monitors for 60 d~ys .. 
Both hemoglobin biomarkers exhibited excellent exposure responses. Th~ THBVal 
response is shown in Figure 9. The THBVal:MHBVal ratio was approximately 400.

1
i,n:·rl'.tese 
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workers exposed to -1 ppm BD. Again, biomarkers for genotoxicity were examined and 
,no increases were associated with BD,~xposure, while urinary metabolites again exhibited 
'a good exposure response relatioriship. When either hemoglobin adducts or any of the 
urinary metabolites were used· as the surrogate of exposure, all genotoxicity endpoints 
remained negative. Likewise, GSTil and GSTM1 had no effect on any of the biomarkers. 
The data 'in Figure 9 can also be used to place bounds on interindividual differences in 
metabolism. When 95% confidence limits are placed on these data, they demonstrate that · 
the interindividual differences approximately cover a 10-fold range. 

Application of Butadiene Biomarker Data to Risk Assessment 

The studies comparing the DNA and hemoglobin adducts of BD with exposure, 
metabolism and genotoxicity have provided a great deal of insight that is applicable 
to biologically-based risk assessment. First, the DNA and hemoglobin adduct data 
strongly support the conclusion that EBD is the major electrophile available for 
binding to these macromolecules. Obviously, EB is an electrophilic precursor ofEBD, 
but most of the EB must not be accessible for binding. Metabolism, mutagenesis and · 
carcinogenesis data support DEB as the major genotoxic and carcinogenic metabo­
lite. Critical species differences exist in the amount of DEB that can be measured in 
mice and rats that parallel differences in carcinogenic response. Likewise, DEB is 100 
times more mutagenic than EB and 200 times more mutagenic than EBD (Cochrane 
and Skopek 1994). The biomarker data from humans are consistent with these · 
observations and suggest that EBD is even more readily formed in humans than in 
rats. Evidence supporting this conclusion includes the established fact that EH is the 
predominant detoxication pathway in humans, that THBVal:MHBVal ratios are IO­
fold greater in humans than in rodents, and that no genotoxic endpoints were 
associated with BD exposure or biomarkers of exposure in workers even though 
THBVal adducts were in a similar (Rydberg el al. 1996) to IO-fold higher range 
(.Albertini el al. 2001) to those of mice exposed to 3 ppm BD, a concentration that had 
measurable increases in hprt mutations (VE Walker, personal communication). 

Biomarker studies have also provided insight into the possibility of a sensitive 
population associated with the GSTTI null genotype. While it is clear that lympho­
cytes from GSTTl null individuals are more sensitive for the induction of SCEs 
following in vitro exposure to DEB, there was no such increase in SCEs or other 
biomarkers of genotoxicity or exposure in workers exposed to I . to 3 ppm BD. This 
most likely reflects high to low dose differences in detoxication, where lacking . 
GSTTI is a significant factor in the high dose in vitro experiments, but other 
pathways efficiently detoxify DEB and subsequent metabolites in vivo. The globin 
adduct data also demonstrate that there is roughly a I 0-fold.range for interindividual .. 

· differences in the metabolism of BD. This study represents an excellent means for .· 
providing scientific data for this critical determinant. Another useful application of 
adducts in risk assessment was demonstrated by regressing data for various end­
points for genotoxicity against that individual=s biologically effective dose, thereby , 

. ' providing an independent mechanism for evaluation that excludes . any . possible ' .. 
confounding by inappropriate controls. This is a powerful means for evaluating the . 
exposure response relationships for genetic toxicity endpoints that incorporates 
interindividual differences in exposure, metabolism and susceptibility. 
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Finally, any review of data for risk assessment should identify critical data gaps 
. and needs. It will never be poss.ible to determine past exposures of individual , : 
epidemiology'studies. On the other hand, the role of DEB appears to be critical in 
the risk assessment of BD. It is very important that new biomarkers for DEB be 
developed so that quantitative comparisons can be made between rats, mice and 
humans. This will allow important refinements of biologically based risk assessment 
that will improve the accuracy of the risk assessment and make it predictive of real 
risk rather thari protective of theoretical risks. 
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ABSTRACT 

Complete sequencing of human and other genomes, availability of large-scale 
: gene expression arrays with ever-increasing numbers of genes 'displayed, and steady < • 

· improvements in· p'iotein expression technology can have a great impact on the field · 
of toxicology .. However, we are a long way fro.m devising effective standards for 
human risk assessments f?ased upon· these technologies. Current impediments to 
effective application of these technologies include appropriate normalization pro­
cedures (as "there is no fixed point 'in transcript space"), confirmation 'of data 
quality apd delll?n~tr'.1tion of, .the function,al _ signjficaric~ .oL responses ~bserved. ·, 
Providing risk assessors with statistically and functi.onally unconfirmed, large-scale . 
gene expression data sets th~t gener_al,ly d~fy interpretation .is_1:10t. an appropriate · 
approach. We propose that a logical process of data generation' be developed, with , 
risk assessment in mi.:id from the outset. The: basic principles of toxicology should : 

' be applied to selection . of exp~ri~e~tal systems, dose and duratioµ of exposure, 
, aJongwith appropriat(i statistical amtlyses and biological.interpretation. Ifmechanis-· · · ; . •,,: .. ... .... , ' .. . 
· tica]ly based interspecies extrapolation of risk is to be undertaken, suitable bio-
. · chemical or other follow-up studies should be completed to confirm functional , 

significance of trariscriptiomtl c,hanges:· 
. . • ' ' ' ' (,, ·1 ," • ' : ' ' • ' : '· I • ' I ' ',. ~ j ' ' ' a .o ' ' I ' ' ' ) \ I { ' ,· I ' ' 
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INTRODUCTION : · 

The statement that "new pieces of technology commonly give. rise to information · 
overload ... " (Nicholls 1999) ~s clearly ~rue for.the revolution that is taking place in : 
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\ :t~ci~~6 Jogical de-velopments in molecular biology. A relatively small gene expres-
 ;', sfo'it dat;a set, su~h as that published on the response of pancreatic P-cells to high 

.ghi:c9s~ Ievds(W~bb et al. 2000), sends one searching through texts on intermediary 

.me.~~oiism in order to put these data in proper perspective. Considerable 'on line' 
assistance may be obtained with interpretation, if one can negotiate links to the 
gri:miing number of databases, such KEGG or EPD, available on the Internet. An 
understanding of these pathways and regulatory circuits is essential for mechanistic 
interpretation of such data, and will be critical for assessment of human risks 
(Klaassen 1996) based upon them. 

The scientific and popular press has been replete with promises concerning the 
'genomic revolution.' Such promises have resulted in a backlash of skepticism, as 
exemplified by the following quote from an extensive review of this subject in 1999 
(Cole et al. 1999): "The scientific literature contains more reviews about arrays 
than primary research papers applying them." The field has since moved from 
promises to increasingly solid data sets, many of which are available on the 
Internet (Iyer et al. 1999; Lee et al. 2000; Wang et al. 1999; Webb et al. 2000; Wen ·. 
et al. 1998) . There are also an increasing number of tools with which to explore 
gene expression responses to disease states, including chemical toxicity. Such 
tools include a range of transcript (mRNA) (Collins 1999) and protein expression 
platforms, data analysis software, and 'laboratories on a chip.' We shall make no 
attempt to review these tools, most of which are readily found on the Internet 
along with extensive descriptions on their respective web sites. When selecting a 
system, however, it is critical to consider data quality, bioinformatics support, and 
cost. These new, and much touted (Farr and Dunn 1999; Nuwaysir et al. 1999), 
technologies have become an integral component of the evolving discipline of 
toxicogenomics. 

TOXICOGENOMICS 

Toxicogenomics is probably developing more rapidly than any other area in 
safety assessment during the last 40 years. The following discussion is intended to 
provide some insight into the potential utility of gene expression analysis in toxicol­
ogy, and more speci~cally, with respect. to pharmaceuticals. These technologies are 
applicable equally to chemical risk assessments.associated with environmental expo- . 
sure. The field oftoxicogenomics, which focuses largely on transcript data, includes 
or touches· upon many areas of research, especially pharmacogenetics, proteomics, 
and biochemical toxicology. This discussion oftoxicogenomics is biased towards the 
authors' direct experience with responses of the transcriptome w toxic insults, and 
we recognize that it will be somewhat incomplete and speculative. As we learn more 
about gene expression, n·ew aspects· of application will be recognized and some 
thought to be currently feasible may not work out. 

In general term~, toxicity is an adverse alteration of morphology or function. 
Toxic responses that occur within a few minutes ;;re ·not likely to be -caused by · 
or have an impad on gene expression. On the otter h_and, toxic responses that 
occur over one or more hours are likely to have some impact on gene expres­
sion, or to be a result of changes in gene expression ,- or both. Some of the gene 
expression changes tha~ occur as toxicity develops are expected to be uriique to 
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· the mec.hanism .of toxicity (e.g., free radical production, inhibition of cellular · · 
respiration). These will be referred to as mechanism associated gene expression .'. 
chariges. Other gerie ~xpression changes are expected to be unique to specific . 
types of toxicity (e.g., apoptosis, onco.sis, and nongenoi:oxic [epigenetic] ·onco­

'genesis) but common amongst' mechanisms that cause the same ,type of toxicity. 
These gene expression changes will be referred to as toxicity-type associated 
gene changes. Other gene t;xpression changes are expected to be adaptive, in 
response to changes in such 1things ·as :blood pressu~e, local ,blood perfusion . 
rates, and the nutrient environment of the target cell population. These gene 
expression changes· will be referr'ed ' to a·s adaptive gene expression changes. 
Determination of which patterns of gene expression are. unique to a mechanism 
of toxicity, which are unique to a type of toxicity , (but.common amongst mecha­
nisms that cause that type of toxicity) ; and whic_h are adaptive, will allow devel­
opment of gene expression-based toxicity screens, diagnostic assays, and surro-
gate markers. ' 

Hopefully a manageable number of ~ritical genes can be identified for each 
mechanism an_d type of toxicity. This would make development of toxicology sere.ens, 
diagnostic assays, and surrogates much easier than if the pattern of change for a 
large nuhlber of genes, e.g., thousands, must be analyzed to recognize the mecha-

. nism and type of toxicity. If or1ly a fe,v ,critical g<';nes can be identified for, ~ach 
mechanism and type of toxicity, transgef!iC reporter systems. can be developed for 
in vivo and in vitro (cell culture) studies. This will allow high throughput rapid 
analysis. It is generally recommended, however, .that direct measurement of the , . 
respe<,tive cell function (e.g., redox state) would be preferred to indirect indicators, 
such as transcriptional changes. 

If critical _ "core" genes, responsive to specific mechanisms of toxicity and the 
various types of inj11ry exist; then they h'ave probably .been during evolution .and are · 
·expressed in many tissues. 'Each: mechanism or type of toxicity would then be · . . 
expected to result in a unique set of trari~cripti01ia( and conseq~t;ntly translatio,nal,' ,,. 
responses tl1at will be shared amongst. animal tissues an? species. For example, a 
core set of transcriptional events occurs· in homologous genes in association with ; · 
oxidative stress (Scandalios 1997) ,' apoptosis (J~hn and Osborne 1997) in humans, , : 
rats, ·and even Caenorhabitis elegans, regardless of the tissi.1e. On the other hand, each , ... 
species and tissue will likely have subsequent adaptive responses that are, in certain 
details at least, unique to the species/tissue. As a result, interspecies comparisons 
may be usefu'l in differentiating critical 'unique core gene expression changes from ' 
I10nSpecifiC '~d~pti~~ change~. ( ',' ; ', ' :·' \: . , ' : '' : : • ' ', I' 

To date, toxicity screens have been essentially confined to low throughput,in vivo 
assays and moderate to high-throughpµt' in vitro assays that measure selected indi­
cat~rs of defective ceil function or death. Gene expression changes; developed for : 
a few critical genes that reliably p~eclict: 'or identify ' established 'mechanisms of 
toxicity, would be readily amenable to the development of rapid high throughput 
toxicity screens, ·diagnostic assays, and toxicity surrogates. These screens and diag­
nostic assays, which could be applied to human subjects (e.g., blood, skin and hair 
samples) have considerable potential for determination of dose and kinetic re­
sponses, interspecies extrapolation, and mechanistically based risk assessments for 
toxic chemicals. 
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. OXIDATm s~ss ~ A TEST CASE FOR TRANSCRIPTOMICS 

Our research group; (T,oxicogeno~ics-Mechanisms, GlaxoSmithKline, Inc. Re­
search Triangle Park; NC) was created for the task of assessing the value of gene 
expression array . t.echnology as . a tool for toxicologists studying potential drug 
candidates. The work .briefly referred to in this article was derived from studies 
carried out (see a~knowledgements) using a combination of Clontech® Human 

. , , . Stress ·Ar.rays an'd a .- coinmerdal Real Time Polymerizi!,tion Chain Reaction (RT/ 
.' .. ' '.',. PCR) platform (TaqMari T.M) . for confirmation of array data. A cle<1r example of the : . 

; ability of thes~ arrays to detect almost ·co.mplete absence ·of expression of the ApoE ; 
gene in ApoE knockout mice i~ ;hown in Figu~e 1. The research was directed toward . 
applying trans_c,riptomics to the more efficient detection of oxidative stress, as a test 

· case for this technology. Oxidative s'tress' is a component, and potential cause of, 
many disease states (Armstrong 1998), including infoc_tion with the Human Immu­

. nodefidericy Virus· (HIV),· diabetes' mellitus, ·certain · idiosyncratic drug reactions, , 
and chemica_l toxkity.' Oxidative stress .affects us all, as it appears to play a major role 

. ' in aging as a consequence of ctirritilative damage to o·ur DNA arid other critical ' 
macromolecules ( Guyton et al. 1997; Haffner 2000; Scandalios 1997). Mild oxidative 
stress results from 'leakage' of reactive oxygen species (ROS) during normal respi­
ration in mitochondria, and thus is tightly coupled \-vith bioenergetics. . · 

A number of antioxidant systems have developed t-:) counter the threat of oxidant 
, damage associated with respiration arid other: sources ·or ROS (such as xenobiotic · 

metabolism and 'peroxisomal function), including transcriptional responses, result­
ing in changing patterns of gene expression. The latter systems, which have been 
reviewed in detail (Scandalios 1997), play a critical role in the maintenance of the 
correct reduction-oxidation (redox) balance in cells and tissues. One key molecule 
in the maintenance ofredox balance is glutathione (Ander.son 1998), for which .the 
maintenance or'the appropriate balance of the reduc.ed (GSH) versus the oxidized 
(GSSG) states is critical to cell function and survival. Determination of the intrac­
ellular GSH:GSSG ratio provides one of many means of assessing cellular redox state 
and detecting oxidative stress (Armstrong 1998). 

In oxidative stress, redox balance and bioenergetics come together to provide an 
interesting test case ( vide infra) for its detection using transcriptomics. The relation­

-. ship between eriergy depende_nt synthesis of GSH arid its energy dependent mairi.te­
. . ' ' : nance· in the correct redox' state is shown in ari extremely simplified form in Figttre 2 . . 
, · · · , For more detail,see reviews listed in the bibliography (Armstrong 1998; Gille and 

Sigler 1995; Guyton et al. 1997; Haffner 2000; Saran et al. 1998; Scandalios 1997). 
· The use of oxygen to oxidize fuel ·has associated risks tl~at persist throughout life and . 
' contribute to age-related diseases, such' as cataracts. The presence· of antioxidant· · ·. '· . 
.. ·gene responses can be used to detect tl1e· induction of this stress 'in toxicological ',: · i · . 

studies. We carried out investigations in rat mesothelial cells using Clontech Gene 
Expression Arrays™ (Figure 3). These. arrays revealed gene expression changes 

, .. ··. con~istent_wit~ th,e,o_xi_d~tiv~ 11atttrf,of.thi~c:ompoy.n<l, (Ci;:osby et a~. ~O_OOb) _. Rel~t~1. , ... 
. . '. 'studies were . iu1dertakei1' using a ·larger 'i1't1mber . of 'compounds, both . oxidative . ·: ,',' 

. stressors and nonoxidative stressors, and a human cell lirie (HepG2) and Clontech · 
Human Stress Arrays combined with RT /PCR (Morgan et al. 2002) . From this work 

.. a set of seven genes w.as sele~ted,for TaqMan™ a11alysis ,' ~nd usedsuccessfuHy to 
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Figure 1. · C~~parison of wild · type versus ApoE knockout mice on a 'relatively' inexpensive gene expression 
· · platfciiin (Clontech; Nylon.Arrays). These samples from the cerebral cortex were hybridiz~.d w· the Mous~ 

1.2 Atlas array (~1200 genes) arid the strongest signal .difference by far'was_ the ApoE gene, which was 
clearly knocked out Not all data are this clear! 
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Clontech gene expression arrays showing gene expression levels for 588 genes in rat 
mesothelial cells. A. Untreated control. B. Cells exposed to 5 mM potassium bromate, 
an oxidizing agent. Note up regulation of the cyclin dependant kinase ini~ibitor: 
(Wafl) and the heat shock protein (HSP70) following exposure to this oxidan~ Al~ .' 
note the relative stability of the transcriptome in cells exposed to a highly l:oicic :
concentration of this compound. From Crosby et aL (Crosby et aL. 2ooq!? · • 

,•\ 
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detect th.e induction of oxidative stress induced by exposure to potassium bromate 
(Figure 4). Oxidative stress was confirmed by qua_ntitation of oxidized glutathione 
(GSSG) using HPLC and found to correlate well with up- or down-regulation of 
these genes on a standard exposure concentration versus response curve in HepG2 
cells exposed to the oxidative stressor, sodium selenite (Shen et al. 1999) (Figure 5). 
Experience gained with studies of oxidative stress in this laboratory lead us into the 
complex process of interpreting gene expression array data sets. This interpretation 

, process is in its' -_ infancy, and we have mi.1c_h to learn. · · · · 

INTERPRETATION OF ARRAY DATA BASED ON KNOWLEDGE OF 
UNDERLYING MECHANISMS 

Gene expression array data sets can be overwhelmingly large and methods are 
developing for their interpretation, ranging from clusteri~g procedurc::s (H~rwig et . . 
al. 1999) to gene-by-g~ne examination ·of the dai.a. The detection and· use of 
transcriptional biomarkers can .' be optimized by a . thorough knowledge .. of . the . 
relationships between toxic insult and the associated transcriptional response ob­
served. Changes in transcriptional activity of marker genes is but one component of 
a complex seri_es of events. ·Expression arrays show transcript levels, while up and 
down stream events are not apparent. The fact that .the transcript level is increased 
or decreased provides no direct information 011 flow of chemical substrates through 
their respective . ~ellul~r ·pools. Furtherinore, tran~cript signal levels provide little 
insight into related enzyme activity or protein and mRNA half-lives. If this informa­
tion is neede·d, transcripts provide initial clues upon' which to base further experi­
mental work. When it comes to the meaningful interpretation of array data, "the 
devil is in the details." 

· As example _of a sp_edfic case, ·c;o_ntrol of GSH synthesis, 'is provided in Figure 6 . 
. · The synthesis of GSH is regulated at the· chemical, transduction al a11d translational 

levels: for detailed review see Lu (1999). The majoi: c;ontrolling factors appear to be 
the availability' of cysteiriJ ~rid e:X:piessi011 of the enzyme complex y-glutamylcyst~ine 
synthetase (y-GCS). We have found that upregulation of y-GCS is a fairly reliable . 
indicator of oxidative stress (1999) associated with GSH depletion and/or reduced 

. GSH:GSSG ratio · (Mqrgan et al . . 2002) .. ) . ,This co_rrelation is probably a cqnse­
quence _of th_e critical_riature oflevels of this transcript in GSH synthesis. Research . 
directed toward finding and confirming sets of genes for the diagnosis of a _wide 
range of mechanisms of toxidty promises· to be a fruitfu:1 area of research for 
toxicogenorriics . . 

~ \ \ l ' •. : 

RISK ASSESSMENT . 

. With respect to risk assessment, it is important to distinguish ."mechanism of 
action" from '.'mode of action." Transcript profiling can certainly aid the latter but 

• I ,the fo_rrper is. <ib~O,Utely. dc::p~nd~n,t On , "O~}e gene a~. ,;i. ·,ti!llf'. biochemical 'tOXicOlOgy •; ; : . ; 
and molectilar biology to dete.rmine the role of transcriptional responses in altering . . 
phenotype. · It is important that regulatory scientists are aware· that the technology 
in isolation has limited value in mechanism-based research. · 
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.. e~~; transcrf ptom.ks and proteomics, will probably be of most value 
eii,tit1¢aticint(:Faustrnan and Omenn 1996) phase of risk assessment, 

, ' ,, /att ~to_.vitl~ t~~is that permit the detection of susceptible subpopu­
cp n;ipp'i.fri ds about which little or nothing is known, tl1e application of 

" ' ' n ,{sion "at rays or target gene expression screens can prove very enlighten-
·ing\~- i-1vealin:g unexpected responses by the target cell, tissue or organism. Data 
. <;l~~i"'.ea. from arrays may reveal areas requiring further enquiry, such as effects on 
}/ell cycle. or DNA damage. The.identifa:ation offingerprints, such as th!)S~ ':iiscusse4 
· above for oxidative stress, will be a key task for toxicologists working in· this area for , · ·. · 
the foreseeable future. 

When screening large numbers of chemicals for potential toxicity and dose­
response relationships, gene expression arrays will remain cumbersome in the near 
future. It ·is more likely that small gene sets, known to detect mechanisms of interest, 
will be incorporated into higher· t!m:>ughput gene exP,i-ession~based .screens: Irre- .. 
spective of the gene expression technology applied to toxicity assessments, there will 
be a need for .assays to confirm a random -sample of .I ,to '10% of these results:­
Protocols for assays to confirm selected biochemical responses and related cell 
functions will need to be developed as regulatory requirements if gene expression 
. technology is to enter the mainstream of the risk assessment process. In . this regard, . 
the use of RT /PCR has come into somewhat more general use, and is becom_ing 
accepted as a valid alternative to . Northern analysis for valida~ion of responses 
(Crosby et al. 2000a). It is expected tl1at new technologies will lead . to continual 
improvements, including greater sensi_tivity and specificity, reduced sample require-. 
men ts, combined with the ability to obtain a direct measure of the copy numbe·r of 
tl1e transcripts of interest. Reduction in cost of such techniques, and large-scale 
expression arrays, will allow smaller laboratories to make use of them, opening such 
use to the carefuf scrutiny needed for their application to . risk assessment. The 
applica'tion of the'se techniques 111' academic settings will make them 'available to the 
next generation of biology students, including tl10se destined to be.come the risk . 
assessors of the future. 

Gene expression analyses are currently being investigated both in vitro and in 
vivo. Their effective application to intact human and non-human subjects will 
provide a range of trans\riptional biomarkers of exposure and_/ or toxicity. Further~ 
more, the differentiation of species-specific mechanisms of toxicity will be markedly · 

. accelerated by these methods. As we gain experience with these tools, hurria~· risk' ;. 
assessments can only .improve, as long as we base._their use on.solid experimental .. : 

·. design (Steel and Torrie 1980) combined with appropriate application of statistics ... 

THE 'FACTORIAL FALLACY' AND OTHER REASONS FOR SKEPTICISM :,;, 

A number of challenges have been raised concerning gene expression technol-

I.,. I 

'' ,:-, , . 

. ~ i ' . 

ogy, including statements to the effect that we will never be able to interpret these . 
. : '. ', data sets because the number of p!)tential combinajons of g~ne expression states·, ::'.· ' ... · .• ;;·, 

is too large to analyze or interpret effectively. The latter reasoning we have du~bed . . . 
"the factorial fallacy." Basically; it is· proposed that, if each gene can be changed.or · 
not (altered or .not in response to treatment), for n genes there are thus at least nl .·. 
(n factorial) possible expression patterns. For the seven gene oxidative stress i:est , · 
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. this ~ould a~su.me_ 7!, or 5,040 different states. For 100 ge~es this would grow to_, 
-9.3 157 states_ (a ve·ry large numbfr. indeed). With . a g~nome of 30,000 genes, the ... ' ... 

. number of potential states reaches 'astro~omical' dimensions. 1This assumption is , 
based upon V1e fallacy that these g~nes function independen~y, which is clearly not 
the case. 

Basic biochemistry texts (M~1rray et al. 1996) make it very· clear that certain 
metabolic, and thus transcriptional, states are mutually exclusive. For instance, the 

. studies of transcriptional responses of pancreatic ~-celis to glucose, using large-scale 
expression arrays (Webb et al. 2000), provided a classic example. There were many · 
changes observed in response to glucose, including down-regulation of phosphoenol 
pyruvate carboxykinase (PEPCK). PEPCK plays a key role in cellular synthesis of 
glucose (gluconeogenesis), while a surplus of glucose was supplied to these cells, 
resulting in inc'reased b~eakdown of glucose by glycolysis. If increased synthesis of 
glucose (associated with _ upregulation · of PEPCK) occurred in combination with 
increased use of glucose, within a single c·ell,'afutile cycle would result: Synthesized 
glucose-would be consumed to produce energy, which would then be consumed to 
produce more glucose. Many metabolic switches prevent such futile cycles, and gene 
expression states supporting futile cycles are not options for a viable transcriptome, 
making the factorial argument invalid for gene expression patterns. An examination 
of Figure 4 shows, in fact, the.remarkable stability of a transcriptome in cells that are 
.under severe oxidative . stress, . many of which will be .dead or ,dying within a few . 
hours. If a factorial combination of gene expression profiles were possible, the. 
expression patterns in Figure 4 would be n:i11ch more clearly distinguishable as the 
transcriptome moved from one of a multitud~ of unrelated states to another. 

Contrary to the factorial argument, it turns out that in response to a range of 
different stimuli, .the c:.o_mplex "~usi<; of tll.e genes '.'!~ _orchestrated th~ough a few 

· simpie underlying patterns _of gene expres~ioi1. change (Holte·r_ fl al. 2000). Wave- ·, 
like chinges in gene expression occur follo~ing alteration of cellular environments ' 
(Iyer et al.· 1999) : This might be' expected,' for instance in the ·case of o'xida.tive ·stress, 
as a series of events occurs. Once the stress is imposed the cell has to (1) down- . ' ' ·_'. 
regulate c~rtai~ functi?·~s _in .orde_r .t9 (~) ;11preg~Iate t/le antio~i.dant mac.hinery, : · . . ·. : . 

. coii'ctirrerit with (3) cell cycle a~r.est· if stifficient oxid~tive ~NA, protein, or lipic,l . 
damJg~ occi:i.r, followed by (4) up~eg1.ila'tion of repair path,vays, 'and finaily by (5) . 
continued health or death by apoptosis, which also has a gene expression compo-

. nent. Thus, as · in most things, for gene .expression .studies of toxic responses, . 
i., ; ... -, '. .(~x~ept, , of -~011~1,_e,; ~~p,~s~ire c~nceritra.t!ohf '_timi,1Jg , is ·evei:r~ing.i Learning ;to ; , .. '.,', : .. 

. : interpret gene expression patterns combine~ 'with adequate training for the next : 
· ·. generntion of risk ·assessors will be key to the successful applicatiori of these tech- · 
· nique,s . . 

. DEVELOPING EDUCATIONAL AND TRAINING APPROACHES 

Interpretation of the large data sets generated by mRNA and protein expression · 
arrays falls within the reach of the rapidly evolving science/art of bioinformatics. 
The complexity and scope of these data se,ts tends to overwhelm all but the most
dedicated observer. As a direct consequence of the innate power of mathematics 
there is a risk that mathematical approaches (Baldi and S0ren 1998) will excessively 
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mold and define the discipline of bioinformatics. If biologists are to exert appropri­
ate levels of influepce :qn .th,e .application of "omics" to_ toxicology and huma1; 
disease ii'sk assessm~nt; they .need to find ways of training a new generation of ' 
toxicologists and risk assessors in the field of bioinformatics, while encouraging a 
balanced approach. This new generation will have the interesting challenge of 
interpreting the massi~e data ~ets derived from new technologies while integrating 
these interpretations with ·data 'provided by tried 'and ' true disciplines, ,such _as : 

. anatomy, 'physiology,·biochemistry, ·pharmacology, and pathol~gy. J;he 'old,', 'ciisc/- .···.:. 
. . . pliries are easy 'to forget 'when you are excited by the promise of these' new technolo- . :· .' : . 

gies. Fintling a...;d. _developing ;the right mixture of ·1Tiath~'in'atical ·and ··in.tuitive · ' 
biology' skills in risk assessors of the future will be key to the success of this endeavor. 

' ' . . . ' . ' . . . : . ~ . 
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ABSTRACT 

Deliberations over chemical safety rely heavily upon the interpretation of toxi­
cological and epidemiological evidence'. Dose-response_ modeling plays .an impor~., 
tant role,' allowing true effects' to be more effectively dis~erned. from background .. 
processes (qualitative determinations) and playing an even more instrumental role . 
in quantitative judgments (e.g., the estimation of potency or acceptable dose) . We 
survey five relatively distinct topic areas ( ranging from the assessment of genotoxicity, 
to epidem.iological studies ofrespirable particles) where dose-response models have 
been applied, and explore the varying degrees of complexity used in modeling. We 
choose a descriptive approach. presenting each.topic area as a case study~ The survey 

, .. reveals a wide spectrum of complexity both within and between. topic a·r~as. The 
question' of 'what level' of model detail is 'appiop,riate?' is widely debated in.'various ' 

· disciplines. Notably, the.policy context of dose-responst: assessment (with its atten­
dant real-world stakes) involves some added considerations. We therefore try to 
t:mphasize the role of each modeling application's oi1tcome in affectii1g a: decision ; '', \ 
process. The case studies pfovide a first step in identifying issues related to model i_: 1 

·parsimony that are unique to .the dose-response,- and policy realm. 
. . 

Key Words: .. do~e-response modeling, parsimony, r~gitlatory toxicology, risk assessment, .. 
, ,.,: :' ., 

1 1 

• , , , . : .. _ · mutagen\c.~ty. devel,oprn~Qtal toxicity, carc.i.ri.ogenidti,, cardi;~i;espiratory_health . ., : : : . , .. 

I. INTRODUCTION ' 

. Toxicological and · epidemiological data continue to serve as · key soi.Ir<;es of . 
. information for the assessment of population· health risks. Well-establ,ished frame-
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works for health risk assessment developed by the U.S. National Research Council 
(NRC 1983) and the U.S. Presidential/Congressional Commission on Environmen­
tal Health Risk Assessment and Risk Management recognize these sources of data 
both for hazard identification and risk characterization, and the subsequent impli­
cations of these data for risk management. 

An important component of risk characterization is dose-response or exposure­
response assessmen_t. Whereas dose-response assessment requires information on 
the dose of the reactive metabolite _reaching the target tissue, exposure-response · '. · 

. assessment is based on oral, dermal, fohalation or. other relevant measure of expo- . 
sure. While both dose-response and exposure-response models are discussed in this 
article, the former term will often be used in general discussion for simplicity. 

Dose-response assessment contributes to risk characterization in several ways. 
First, the development of a suitable dose-response model provides a convenient way 
of describing how risk varies with dose. Such an overall 'description of the dose­
response relationship is often the first step in quantitative risk assessment, and 
provides the risk assessor with a general understanding of the relationship b'etween ' 
dose and response (Moolgavkar et al. 1999). Second, a dose-response model can be 
used to estimate key indicators of risk, such as. the benchmark dose (Gaylor et al. 
1998), which in turn provide a basis for the establishment of exposure guidelines. 
Third, more complex dose-response models can be used to describe temporal 
aspects of risk (Goddard et al. '1995), modifying effects of important covariates, and 1 

· 

possibly the mechanisms by which toxic substances lead to the induction of adverse 
health effects (Goddard and Krewski 1995). 

In this article, we explore the balance between simplicity and complexity in the 
construction of dose-response models for risk assessment. This balance will depend 
on the objectives, the availability of appropriate methodologies to achieve these . 
objectives, and the quality and depth of.the avaiiable data. For certain applications, .. 
a comparatively simple model may be s~1fficient to address the issue of interest. For 

· other applications, however, the use of more complex ·models may be required. 
Our exploration of simplicity vs. complexity in dose-response assessment will be 

based on an examination of a number of examples in which risk models have been 
developed to describe both toxicological and epidemiological data. In Section 2, we 
discuss both . statistical and biologically . based dose-r_esporise models for_ the Ames ·, 
Salmonella assay, which is widely used 1:0· evaluate the potency of chemical mutagens'. 
In Section 3,' the modeling .of developmental toxicity experiments is described. , 
These particular models ~ke.into account both multivariate outcomes (specifically, · 
embyrolethality _and fetal malformatioris) and correlated.bi~ary responses.. . 

Risk models· 'that 'have be.en 'used to . describe' dose-re
0

spo'rise . relationships in '. ' . 
carcinogenesis' are described .'in Section 4. This 'is 'a . w'et'l-developed area in risk · ··,I·, , 
modeling, including simple proce"ctures for estimating upp~r bounds on cancer risk 
assuming that the dose-re_sponse curve is_ linear at low doses to c_omplex bio_logically 

·.·: ~a~e? ~od~Js ._th~~.-~~~- intq_?1ccou~t. ce1.1u1ar -~(n.eHcs. ?;~~-·_~en~~c._ a1ter~tio_ns in-___ , ,· .· 
volved m ·carcmogenes1s. ·.Our _final example (Sect10n 5) :·mvolves the use of new · · · · 
dose-response models that have been developed to describe the relationship be- · 
tween exposure to_ particulate m~tter in ur~an air and cardior~spj~atory mortality, 
taking into account spatial •patterns i11 ·the data. These . particular models · were 
developed as part of a comprehe~sive reanalysis of epidemiological data from a 
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study of over 150 metropolitan areas. in the United States using data on more thari . ; 
550,000 subjects originally collected by· the American Cancer Society. Our conclu- · :'· · 

·.sions concerning the balance between sirriplicity versus corriplexit:y in dose-response .. 
modeling are presented in Section 6.' . ·· .. · ' . ' . ' . . . . 
. . . . .· . ' ·. . . ' . ·. 

II. MODELING THE AMES SALMONEUA ASSAY 

The Ames test is designed to deterliline whether a chemical can induce. muta- , 
tions in va,rious strains of Salmonella (Krewski et al. 1992). The bacteria are geneti­
cally engineered to be incapable of synthesizing an amino acid, histidine, ·which is .. 
essential for survival. Mutations reverting the bacteria's genotype to its original form 

· (thereby restoring their, ability to synthesize. histid.ine), can be detected by their · 
·. ability to proliferate. Increases in the frequency of micro-colonies (a manifestation 

of the restored ability to proliferate), called revertants, are indicative ofmutagenic- ·.: 
, ity. A comparison of revertant cou.nts between treated and untreated plates is used : · 
to evaluate mutagenicity. 

Qualita~ive judgments of nmtagenic,ity follow for agents causing significantly . 
more revertants in treated plates, an'd their potency 'is assessed.' If an agent is 
deemed to be mutagenic it is likely to be more stringently regi:ilated, not only 

. because of concern about its mutagenic effects, but also because of concern about 
. its potential carcinogenicity.' ·Mi.,tagenidty is thought to b~ a:n indicator of ~-arcino- · · 
. genie potential, lending piausibility. to 'a .geriC:,toxic mode .. of ca~cinogen:~si~.' This .. 

mode of carcinogenicity is of particul~r concer:n because it is tl10ught to involve a 
linear no threshold response, implying some elevated risk no matter how low the 
dose. . ,. 

A number of dose-response. models have been ·proposed to describe the relation-
.·· ship between dose and the nuinber of revertants found in 'the Ames test.The inore . 
. simplified app~~aches for mathem~ticaliy' describirig' how ~ chemical's genotoxicity_' ·.· 
·: varies with dose,' were pµ r:ely .·empiric·a.I. '. More :co:mp/ica~ed approaches were di-· . . . , ... 
' rected towards improved modeling of either the central tendency ,of the observed ' .. 

dose response trends or. their varian·ce . ( error structure). The ~implified models ; .. 
._implied la ,monotonic : relationship ,betweeri :dose and 'response, and :yei:' a -large 
:. fra~tion of data s_ets suggested otherw.is~ .(Margolin .et al. • 1981; Lewtas et al. , 1992) :. : . . : . , · 
. ·specifically, the observed data exhibited a domain of monotonic increasing re­
_sponse (at lower doses) followed by a' domain ofmonotonic decreasing response (at . 

. ;higher .doses) .- The simp!i.fied 'models ,alsoj:>r'e~uine~ ·. a :,Poisson / dist~ib1:1tion <?f . 
":;·.C()Unts' ' at ;'each' . dose ··and ; yet , the : data s·uggested ; extra-Poisson \ variatio'ri ·\. 

: (overdi_spersion) . We wili not consider. the efforts to model · extra-Poisson variation , · 
}n this brief review, bu.twill instead focus on efforts.to better modeJ.the cent~al trend 
· of the dose response relationsh_ips (Margolin et al.,1981). · 

As an example of the simplified approach, Be,mstein et al. (1982) ·modeled the 
Ames test outcome using a purely empirical model of the dose response relationship 
and assumed a Poisson 'errnr-struc_ture.' They fitted a simple exponential model to 
Ames test outcome, and used a somewhat ad hoc procedure to address those dose-

. response outcomes showiiig inverted-U shaped curves: dropping all higher· doses 
until the responses in the remaining doses could be adequately fit by a monotonic 
function (one-hit). 
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:iv.rK~gf liB,e;~l. (l~~.1) ~r.eposed a qu~simechanistic model as a~1 alternati~e to t~e · · 
. ~'.~itqplii;j.~i:f .. m~?,-e!s:. It _ irifokes ~ss_um_~tmns_ about hew mu~a?emc and _tox1~_0Iog1c _ .i: · 
.. _f>[ OC€Jl~11go

0
y~tn _co!o.ny . form~t10n, '. and mvolves an addltlonal mod1ficat10n to ' 

accmunt·f:br the observed overd1spers10n. .· 
· "'-';· ·Thfir modei assumes that· sufficient histidine exists to permit growth through k 
·generations, that a bacterium has a constant probability of reverse mutating in the · 
first mgenerations, a constant (and possibly different) probt;lbility of mutating in.the · 
next ·k-m, ~en'e.~~tio~s, ;and ~~~~- p_robabiif ty of ~utjtting thereafter.. A.c~:mstan.t prob- .. , 
ability is also ~ssumed for cytoxicity, tho~gh it is presumed to apply for only the first ;' 

·. t generations .. Fu~ther, the_ opposing processes are assumed to be independent ' .' 
Using these assumptions Margolin developed formulae to model P0 ( m,t), the . 

probability that a colony is observed in a plate ixposed to ·dose D, assuming that ·, 
mutation and cytotoxicity are possible for m and t generations respectively. These 

. assumpti1;ms' define a broad 'class of d<>se .. respon~e functions, .with spe_cial :c~ses ; / .: ... · 
~orresponding to ~'pe~ific val~es of m, kand t. In th~ case ~f ~ = k = t = I, one obtains, · :, '. 

. . . . ' ./ , ·:, '. 

. . where the specific functions for cyto-toxicity and mt1tagen~sis can be defined using ..• '' · 
:standard empirical dose response functions. For example, the assum'ption of single : . , . · , 
hit kinetics implies · · · · ; · · · · • ·1 • .,·, ' 

and 

py(D) = 1 - exp(-Hy(D)) 

where HM and .HT are simple polynomials in dose. 
Krewski et al. (1993) have exte.nded this model, by allowing the maximum 

number of cell divisions to depend on the total supply of histidine in the plate agar 
rather than assuming that each cell's histidine supply is strictly .localized. This 
approach yielded another class of models.for descri~ing thi Ames test outcome.·For , . : : , 

. the case of .m=k=I, the .exp'eded _nui'nber· of colonies at dose D.is approximat~ly 1 · ·. ·' .·: ,., 
. , • , ' • ' • . • • I ~ • , ' • I . ' • l • ' ' 

µ(D) ;,,; (P~ '+ p; D) -~xp(-P2 D) 
I' 

I ' '. , ' ... ' . \ 
wlll':re . tl1e P'.~ are ,obtained by .~aximum .likelihood fit:s" to :the data. This ~odei tan i .. ,· ,I. · 
be . ~onceptua)ized _as a simple linear -function :in .' ~<?Se . (for , mutati(?~), _Wi_th :an '.:; , 

· exponential attenuation factor to capture the impact of cytotoxicity on preveri_ting · 
cell proliferation. · · · 

. . 1:he_ Ic:iw ~~se mutagenic potency_car:i ~(! f XJ)feS~e? ,as P1 , .P1 *P2'; h'owever)f cy'~o~ , 
1 

', , • .... •• 

I • •••• toxicity is assume4 to" have a threshold,1t!ie potency .would :redt1ce 'to Pi':' Iristead_of ;· 1 )_ t, ! ,; . ·• \ 
d~fining a _threshold, ,Krewski ·· modified .the exp~nential ~ttenuation factor, by ·.- · 
pu.tting a supra-unity power on dose, · · 

µ(D) = (P~ + p,, D) exp(P/ D8), where ·e >I '.' 
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Empirical analysis found that a 8 of 2 fit most datasets quite well (Leroux and 
Krewski 1993).! thereby suggesting that cytotoxicity does vary sublinearly with dose . . , . 

This example _illustrates the use of both si~pie empirical models and more 
complex biologically based models to_ describe mutation rates in the Ames Salm<>­
nella assay. The initial slope of the dose-response curve is often linear at low to 
moderate doses, reflecting a direct relationship between dose and mutation fre­
quency prior to the induction of nonlinear cytotoxic effects at high doses. If the risk 

. assessment objective is simply to obtain an indicator of mutagenic potency"such as 
the initial slope of the_ dose-response curve, then simple models will suffice .. The · 

· more complex biologically based· models will however be of value in exploring 
mechanistic hypothes"is abou.t the way in which mutations occur in simple bacterial 
test systems. 

III. DOSE-RESPONSE MODELS FOR DEVELOPMENTAL TOXICITY 
STUDIES 

Developmental toxicity experiments carried out in animals represent an impor­
tant tool for the identification of chemicals that pose a threat to the developing fetus 
(Krewski et al. 1999a). Several studies typically use rats or mice, with a control group 
and on the order of three to four dosed groups, each of which includes 20 to 30 
impregnated dams. Dosing g1:nerally starts dm:ing major organogenisis (early in 
gestation), and the dams are followed up until just before term. At this time they are 
sacrificed so that. the uterus can be examined, revealing the number of implants, 
resorptions, stillbirths, and various types of malformations. Body weight measure­
ments are also taken. The results are then used to ascertain whether the test 
chemical had an impact on these various developmental indicators, and if so their 
relative potency. Statistical models are _invol~ed in ;this process, · ari.d in the more 

· quantitative task_ of charac~erizing a dose· response r~lationship, (Catalano and Ryan 
1994; Krewski et al._ l 99~a). · 

There are at least three special features of developmental ·studies that have 
inspired modeling extensions. These include the presence. of multiple outcomes, a , 
·hierarchical stri.1cture across the endpoints;· and inter-litter correlati6n. Si1riplified 
models tend to ignore .one or -more of these feat.tires.,· and therefore m:ay'resi.tlt in ' 
theoretically incorrect results. More sophisticated modeling approaches, make at­
tempts to capture the features, but require more detailed input information, and 
more complicated co1nputa~onal techniques. · . · ·: . . . . , , , · .. , . , . . . . 

··.\\ ·. · . .- · · · The hierarchkat ··nature· :of ithe' ':developme.ritai ··studies· ·i1efers · to a co~diti~nal ·. : 
· · dependence structure' .that exists across some of .the indices. For ,example, only 

surviving pups are at risk for malformation. Thus the malformation· endpoint must . 
be conditioned_ on . the· outco1T}·e. 'of the fe'tal-viability end point. . 

The existence of mµltiple endpoints, including, fetal dea'.th, fetal ·bo.cly-w~ight, 
and (several types of) malformation, has necessitated efforts to consider the cova­
riance structure across endpoints. Some analyses make the simplifying assumption 
that the endpoints (e.g., body-weight and malformations) are independent, while 
other more sophisticated analyses attempt to allow for dependence, by modeling ~ 
the endpoints jointly. A joint analysis can have significant advantages, espec\ally if:·'< 
the different endpoints are the manifestation of a single common ·'mechaqisin; it ' 

'"..: ; ·r.l£ 

. .._. ;: r~~-~~~ 
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exploits more of the available information. Even if the endpoints result from distinct 
. biological/pharmacological mechanisms, a joint analysis of the endpoints will be a 
. more sensitive endpoint than any of the endpoints in isolation. However, 'there are 
still practical issues aboi:.t how to interpret significance, risk, and safety,jointly across 
the endpoints. 

Krewski et al. (1995) used the Weibull models 

-; '. . . ' . ;- . ,n;( d). -~ } . \ e~p ( ~a; - b;dyi) 
\ :. I ' ' ' 

{! ' ' .. ·.1 
· (a/2: O,b;~ 0) to describe the dos.e-response for embryolethality and malformations, 
respectively, n;( i = I, 2); where n, is the probability of any malformation in a live 
fetus, and lr2 is the probability .of a prenatal death, arid the remaining terms are 
endpoint specific fitted parameters. Overall toxicity is defined as the occurrence of 

. either of these endp~ints arid can tl~ere,rorebe expressed ~s .. . ' 

·. : · 

The issue of inter-litter correlation has also drawn· attention. Each dam· typically . 
. has on the order' of 10 or 15 pups; and liti:erina:'tes tend ,to have similar adv'erse · 
· effects. Neglecting :this inter-litter .correlation can result in 'under.estimati~m of 

variance, and an overstatement of statistical significance: Some approac.hes allow for 
and attempt to _estimate the inter-litter correlation. (Pragmatic issues arise; such as 
whether to insist on a common correlation. across all litters, or whether to allow the 
correiation to depend' upon, a~ong't:ither thirigs, dose.) . 

IV. DOSE-RESPONSE RELATIONSIDPS IN CARCINOGE~ESIS 

Cancer risk assessment plays a prominent role ir,-regulatory determinations of . 
safety. The qualitative judgment.of whether a chemical is a cardnogen has a strong 
influence on such deliberations. Once a chemical is deerried carcinogenic, quanti­
tative characterizations of its dose response relationship can also be influential, 
supporting estimates of risk for a given exposure of interest or a1i. estimate of safe 
or acceptable dose given a presp~cified level of acceptal;>l~ risk. . . . . . 

. A ~ariety of modelii1g apprbaches has been used .. for dose respo,nse assessment .· 
(Moolgavkar· et al. 1999) .· As in the case of mutageriicit:y tI-iese approaches evolved ·, 

. from 'strictly empirical models, to quasirhechanistic . models 'at.tempting to redress 
unappealing properties of the first models, ·and fimdly to more and more biologi.: 

:1 · 

/, 

cal\based .mo?e.Is., ·, ., . · .. ·· '· ·' ...... ,u·· . . ,,. , ..... . ,, 

A.· High- to Low-Dose· Extrapolation·: ~{ R~de~t Bi~~~y D~~ · .• • • J 

· High to low dose extrapolation; ·a special application of dose response modeling, · 
is ~equired to project low' dos.e impli~ation;s from high'dose da,ta. Two cparacter~stic· .. 

·. · · fe'a'tures of high' to low dose extrapolation have· encouraged a \Vide ran·ge of sciphis~. 
. ticatiqn,in approac~. First, the evidence doe.s not supp,ort a str,<?ng prefe:renc_e across 
the ar.ray of plausible drni~-response models. Second, that sarrie array of.models will 
typically imply a widely di~ergent set .of low dos~ impli~ation~. A polar_izii1g tension · 
res_ults because the evidence i~ so ineffective in choosing amo11g 1riodels, and yet that 
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choice matters immensely .. The ineffectiveness is not so surprising once one consid­
ers how far removed the o'bserved data are 'from the domain of interest '(the 
experimental data is typically several orders of magnitude higher tha~ the domain 

. of interest to human exposures), and the limited relevance of ancillary· data. 
' . Several fo~ces may be seen at work in the various extrapolation approaches that 
· have been employed. Efforts to promote transparency favor restricting the choice 
via some rationale, thereby limiting the opportunities for inconsi.stency. Efforts to · · . 
err on the side of caution favor a choice more likely to over- than underestimate the 
risk. Others may have a diffen~nt concern, fearing that erring on the side of caution 
could have undue opportunity costs. Such concerns are typically manifest in calls to 
"sticking as close to the data as possible'' when doing so would appear to favor. less . , 
stringency. Calls are made to better accommodate'features in the observed data, or 
better reflect the implications of ancillary .data. Finally, some may advocate more· 
simplified models dispensing with complexities incommensurate with relative cru- · 
dity of the evidence (Krewski et al. 1991; Olin et al. 1995). 

These forces, which are not mutually exclusive, may help in.terpret the variety of 
approaches that have been used for high to lmv dose extrapolation. Early ap­
proaches were empirically based and deferred to pre-existing models, such as the 
probit, Iog-probit and Weibull models (see Zeise et al. 1987 and Olin et al. 1995 for 

. good reviews) . After grappling with the dilemma of widely divergent .low dose . 
· implications, efforts to standardize and re·strict the choice started to appear (Ander-
son et al. 1983; Olin et al. 1995). The.s~ did not go unchallenged. Some expressed 
concerns that the restrictions conflicted whh effo.rts to stick closely with the data, 
others stressed concerns about the possibility of an excessive opportunity (e.g., . 
control) cost (Sielken 1987). One prominent restriction of choice was the strong , 
preference for the,Iinearized multistage .modeJ, ,a model thought to have some ·· 
biological basis, but more im'portantly enjoying a rare consensus that its predictions . : ''.: 
were more likely to over, -rather than uridersfate, the true risks (A.nderson 1983) .1 • 

' While some saw this prope'rty as a virttte, others, citing the potential for imduly 
burdensome control costs, did not. · ,. ' · · 
. As a.n ex.ample ?f t~ose..favoring parsimony, 1,Krewski:et al. (1991) ·pr~posed a ·,;··· ·' 
· simple approach to low dose extrapolation of carcinogen bioassay data that involves · ·' · · 
' simple linear exfrapc)lation' frofu a point well do~n on . the dose response curve, but . 
still within the experimentally observable risk range, such as the BMD05. For most 
datasets, this simple approach leads to unit ·.risks close to those based on the .· . · · · 
Armitage~Doll model, thereby avoidirig the .complexity or'the latter model.•' . . • .·:,·. 
, . Furthe~ simplification can be achieved by expl?iting ',.the high correlation be- · 
tween the maximum tolerated dose or MTD (the highest dpse used in carcinogen 
bioassay) and the unit risk (Krewski et. al. 1993). This' relationship can be used to 

. predict the unit risk once the -MTD is determined, alth~11gh co~pletion of the 
bioassay is needed to establish evidence of carcinogenic potential (Figure 1). Gaylor 
and Gold ( 1998) show that preliminary risk estimates of a virtually safe dose corre­
sponding to a one in a million lifetime risk can be obtained simply by dividing the 
MTD by a factor of 700,000. ' 

One should not overinterpret this consensus. The estimate is in fact not by any means 
guaranteed to overstate risks. Too many contingencies hold, to make a useful statement. 
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B. Two-Stage Models for Radiation Carcinogenesis · · · 
· " . , I .' , . , • : • \ ·. ·,.• r ; , .'. \ '.; , , , • ', ·_. ( ' '• • { • • • t • • 

'' .The' :two~stage model 'of ·cancer'!is •.based 'on l the . theory ' that 'a 'canc'er·.·cell , jg ;\ '.·: ' ' 
• . , i , , • , , , • ·. , • • ·- ~ , I .• • : ! t I I ' , , , '· , , , , ' , •· , • •• \ • , \ , , , ) • ,1 

, pr~dui:ed fol,Io.wing the occurren.ce_of~? .muGttioris in:a,single stem cell, ,with sell_s . -:',,. ; .' 
.. , tliat h~y(: _sustairyed ,the

1 
·.fir~t ·m1~~~i?n ,(ini~ate<,i, ,~~ps) :subject to a . birth-0ea~ ,, .;- : :'> 

, · process leading to clonal expansion (Moolgavkar and Luebeck 1990): Kodell et al. 
' (1991) " refer to agents th~t increase the first . or se~~nci stage mutatf~n rate as 

initiators or completers,' respe'ctive_ly, with agents increasing the clonal expansion ' 
· rate being prom_oters>: ··. ' ' · · ·' .'. / '. ·. ' · · .... · · · · ' · '; · · · 

The two-stag~. ~o·d.el ~as_~e~·~ ~mpl_oyed in) 1 1~m;nb~r of appl_ic~ti,ons ir1 rnricer ;, , 
risk assessment; and provides a useful .biologic.ally base.cl approach to cancer risk ... ' · 
modeling (Moolgavkar et al.1999) :_Moolgavkar et. al. (1993) used the exact form of i , ·: 

I the two-stage model° to describe the ir}teraction between radon aiJd tobacco SffiOke 
' in the induction·, or'Iung cancer ii:i' un,dergr~und inin~rs: as 'des.~ri~ed below.' The . /.' 
' ' transition inten~~ty functions ra~es coi:responding to the first and the second muta- ; ': :: 

. tion rates were 'modeled as linear fonctions .. : . . . . . . ; ; . . . . . . . . . . .. : \ ·.. . : ' i ' 

and 
! :.·-.· 

. µ(d5, d,) = b~ ;t- .b5 d5 .+ b~ d,, 
·, 

where d. and d, represerit'·the level of exposure to tobacco smoke and 'radon, 
respectively. (Both d, and ds may vary with age.) The rate of promotion was modeled . . . 
as the nonlinear function, 

. . . .. . ' ' . 

f 11 

r • ~ ·, : ~' ... 

' (ex~ j3)(d.; d,) = ·c~· +·c.1{1 ·~' exp[~~2d~])'i+ c,j(i ,.:·~x'p[~ c~ ~,]) ' 
, • .• ) ' .' • ,' ' ' . \ ' • . , • • \ • ' • ·, •,: / •\ ' I I ' ' ,' ' ,. ' ', ,' • ' . ' j .l • ,•' ~ • ' 

with ~/a held constant: This functional form ·allo~s .for saturation of the effects of i 
both radon and tobacco smoke. Since no effect of radon or smoking on the second , 
mutation rate was observed,: b, arn;i b; ,.were set to .zern. ,With .the identifiabili,ty ,· ;·., 
constriint ao· =· ho, only n'ine 'parameters were ' a'c'tually ·estimated.' . . ' ... .· . . ·, ':' 

· The relative risks 'ofhing cancer\it'age· 60 are given in Table 1 (ba'sed on· th·e fitted . 
model) for both single andjointexposures to radon and cigarette smoke: Also shown 
is Thomas' index of synergy considered by .Zielinski et al. (2001), which indicates that 

 , . th¢ rela~'{e .risks ar~ s~pr~-~dg~tive _(s_·/ o) ?ufsu~fi1';1Itip)ip~tiyt'!, (S < 1) : ... :(! .. ;: . ,:. 
· Zielinski et.al. (2001) used the parameter values obta/ned by fitting t~e exact form ,· 
of inodel to the Colorado miners data··as a starting poirit in for further numerical ·. 

· investigati_on or'in teractive effects betwee_n two .carci_~ogens. Since. the pararpeters b; · . 
. for the second mutation rate.were equal to zero;they set b. ~a.arid b, = a .. to include 
agents that can increase the second stage mutation rate. 

Patterns of interaction between hvo carcinogens acting on a single component 
(initiation, promotion or completion) were investigated under a scenario in which 
exposure to either carcinogen started at age 15 years of age and continued at the 
same level through to 80 years of age. Duncan's index of synergy S based on the age­
specific hazard is shown in Figure 2 for four different carcinogen combinations. The 
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Relative Risk Index 
Combined of Synergy 

-to Radon to Tobacco Exposure 

1 10 1.3 5.4 6.6 0.68 
I 30 1.3 10.2 12.3 0.70 : ·, 

; ·.·· 
l 40 1.3 f 1.8 14.4 0.73 

50 IO 12.9 5.4 28 0.21 . 
50 30 12.9 10.2 46.8 0.23 
50 40 12.9 11.8 55.3 0.25 

a. Relative risk evaluated at 60 years of age 
b. Exposure to radon between 30 and 40 years of age 
c. Cigarette smoking between .15 and 60 years of age 

interaction between two initiators .conforms closely to additivity for all t. The case of · · 
constant lifetime exposure' to two completers (not shown) follows a pattern similar 
to that ~or _two initiators. U_nli_ke the cases of exposure to two initiators or two 
completers in which the risks are close to additive, a near multiplicative relative risk 
relationship arises with joint exposure to an initiator and completer. (Note that for 
large t, the relationship becomes· supra-rirnltiplicative.) 

In general, Zielinski et al. (2001) found. the temporal patterns of interaction to 
be qualitatively similar regardless of whether the relative risk was based on age-

. specific hazard or cum_ulative probability. •For joint exposure to two initiators or to · 
two completers, the values of the index of synergy were calculated to be near 'zero', 
reflecting an additive relative risk relationship. For joint exposure to two promoters, . 
the rel_ative risk relationship was found to range from supra-multiplicative (S > 1) in 
younger age groups to sub-additive (S < 0) at older ages. 

These results differ notably from those reported p"reviously by Kodell et. al. 
(1991) for the approximate form of the two-stage model, which predicts much , , 
higher· values of the index of sy~~rgy S than the exact form of the model when · , 
promotion is involved.The fact that maximal discrepancies between the appr~ixi-'_ 

. mate ana. exact forms of the' two'-stage model occur when on"e or both .agents is a 
promoter is not surprising, since 'the approximation uses the difference between 
the birth ai:id death rates (rate of c_lonal expansion of initiated cells) as a sufficient ;· :. 
statist\c: 1 .. • •· 

Biologically based cancer risk models continue to evolve as our understanding of 
, the process of carcinogenesis increases (Moolgavkar et al. 1999) . Extensions include 

allowances for stochastic stem cell growth (D_enes and Krewski 1995), clonal expan- . · . 
. , · ... _. siori ~t" multiple inte_rmediate stag~s (Zheng -et al.·· i"997),t and the incorporation .of <.'-:. 

information 011 the number and size of premalignant clones in fitting the two-stage 
·model in longitudinal studies (Dewai-iji et aZ: 1999). Tan (1991) ·has presented many 
related extensions as well. · 
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Krewski et al. 

C . . Empirical Models for Radon and Lung Cancer 

Underground miners exposed to high levels of radon in the past have been 
shown to be at excess risk of lung cancer {Lubin et al. 1995, 1997). Based on the 
results of a series of epidemiological studies of lung cancer in underground miners, 
the International Agency for Research on Cancer has classified radon as a human 
carcinogen (IARC 1988). 

Released from many rocks and soils, radon is found at varying co·ncentrations in 
indoor air in residences. Since radon has been shown to increase_ Imig cancer risk 1 

among 'miners· exposed to higher levels of radon, exposure to residentia_l ,radon may 
also present some level of risk. Residential radon lung cancer risks were considered 
by the most recent Committee on the Biological Effects oflonizing Radiation (BEIR 
VI). , 

The BEIR VI Committee (NRC 1999) adopted an empirical approach to risk 
estimation similar to that employed by Lubin et al. ( 1994). A dosimetric approach · 
based on projections of risk from A-bomb survivor studies was not pursued because 
of differenc·es in i:he type of radiation and radiation exposure patterns. Biologically 
based risk models, such as those considered by Moolgavkar et al. (1993), were not 
implemented partly because of the complexity of such models and partly because . 
of uncertainties in · the mechanism · of radon carcinogenesis. 

The starting point for development of the BEIR VI risk models was the combined · 
analysis of 11 studies of underground miner's co'nducted by Lubin et al. (1994). In ·. 
total, 2674 lung cancer deaths were observed ·in the 68,000 miners included in these 
11 cohorts. Using these data; the Committee developed the following model to . 
describe the excess relative risk (ERR) of lung cancer associated with exposure to 
radon: 

ERR = /3 w*t/>0 Y, , . 

This model expresses the ERR,'which represents the multiplicative increase in the · 
excess lung cancer risk due to exposure to radon, as a function of an exposure­
response parameter (/3) and past exposure to radon (w*), modified by multiplica­
tive factors representing attained age (t/>

0
) an~ either exposure concentration or · 

exposu·re duration· {yj. These two rriodels are refrrred to as th<; exposure-age- · 
concentration a11d exposure-age-duration .models, ,respectively. Excluding .. expo- .. 
sures occurring within the last 5 years as not biologically relevant to cancer risk; ·. 
cumulative exposure ui~ = w5-·14 + 815-24 w15-24 + 825+w25+, is partitioned into temporal . 
exposure windows zq,.14 , w15-24 , 11.\2'*, defining exposures incurred 5 to 14 yr, 15 to 25 yr, 
and 25+ years pre~iously. The coefficients 815-~1· and 825; represent the relative con- .· 
tributions' of exposures 15 to 24 yr ahd 25 yr or 'more previously. '. • I' 

Estimates of the parameters for the exposure-age-concentration model and the 
exp~sure-age-duration model are given in Table 2. Within the three exposure-time , 

' 'wi~~ow~, . in,or<: ' r~ .. ~ent exposures _ar<; givt;n m,ore . weighr The_-~~ .d~~.l!~~s wi~ .. I 
attained 'age . under the both the exposure-age-concentration and exposure-age: · 

·duration models: The ·effect of a given exposure level increases with decreasing 
exposure rate, indexed by either exposure concentration or duration of exposure. 
Because bot11 · tl1e expos~~e-age-conc.entr~tion and exposure-age~uration models 

1366 Hum. Ecol. Risk Assess. Vol. 8, No. 6, 2002 

c • · ,, 



• 1,\\ 

,·Simplicity vs. Complexity 

Table 2. Paramete~ es~ates from BEIB. VI models base1 ~n po_oled 
updated miner data. Figure Captions 

E~po_sure-ag~~duration model* , , . E_xposure-age-concentration model* 
' . ' : . .• . . . . 

,BxlOO 0.55 ·, ,BxlOO . ,' , . 7.68 

Time since exposure windows 

Bs.14 1.00 Bs.14 1.00 · 

Bis-24 .0.72 Bis:24 0.78 . 

Bis+ 0.44 . / Bis+ 0.51 , 

Attained age 

<P<ss · . .. 1.00 <P<ss 1.00 
¢ss.64 0.52 ef>ss~ 0.57 

tAs-74 0.28 ·. 'Pf,s.74 0.29 
IP,s, ·: 0.13 . ' 'Pis+ 0.09 

Duration of exposure Exposure rate (WL) 

Y<s 1.00 Y<0.s 1.00 

~-14 2,78 Jb.S-1.0 0.49 

Yis.24 4.42 ]'J.0-3.0 0.37 
]75.34 6.62 Y.i.o-s.o 0.32 

Y.is+ 10.2 n0-1s.o 0.17 

Yis+ 0.11 

* Parameters estimated on the basis of the model RR= I + /Jx w*¢.x r. fit using two-stage method, where 
w* = Ws.14 + 8ilV1s-2~ + ~Wis•. Here, ihe subscript a denotes categories of attained age and subscript 2 

denotes categories of either exp.osure duration categories (in years) or radon concentration categories (in 
WL). 

. . . 
· provided equally good fits to the data, both models are of value in predicting radon 
· lung cancer risks. · · · · . . . . " ·. · . . · . , 

Several assumptions are required to extrapolate the BEIR VI risk models to the 
, general population. First, it is assumed that the linear exposure-response relation-
: ship observed for miners also held at lower residenti'al exp·osui-es. Support for this 
assumption is provided by consistency of the slope of the exposure-response rela- . 

. tionship with a meta-analysis of residential radon case-control studie's conducted by 
Lubin and Boice ( 1997): Further_ mechanistic support for this assumption is the 
direct damage to DNA associated with alpha particles released from radon progeny. 
Second; i:he' inodifying effect of exposure rate on risk is assumed to b'e negligible at · 
residential exposure levels. Empirical support for this assu·mpt.io·ri is provided by the . 
consistency of risk estimates based on the BEIR VI risk models with estimates based 
on a1simple constant relative risk model, without the modifying effects of attained · 
·age or ~?'posure concentration or duration of expostire. 

Estimates of the lung cancer risk associated with residential exposu're to radon 
are subject to a number of uncertainties, including uncertainty in the risk model, 
uncertainty in the extrapolation of the risk model to the general population, 
uncertainty, in the relationship between exposure and dose, uncertainty in residen- · 
tial radon exposures, and uncertainty in the demographic data required for project­
ing population risk. In addition to identifying specific sources of uncertainty, the 
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. . BEIR VI c?mmittee. conducted a formal analysis of uncertainty using the general 
methods devel()ped by Rai and Krewski (1998). These results have subsequently 
been extendeq.: b{Ki_-ewsk(et al: (1999b). . . . , · · 

V. PARTICULATE AIR POILUTION AND CARDIORESPIRATORY 
MORTALITY . . ' 

' • . ' ' ' , - • ' ' • I 

·. . Cohortstudy.designs·are ~ften used to assess the associ~tion be~eeri_con1mimity~ :,. · ) . 
. ·' ': 'pased ~mbieni: ~ir, poll.u_ti()n con~~ntiat:i?ns and longevity (Dockery et ~i: 1,993; Pope,: . 

et al. 1995;'A:b~ey/t al)9~9): I_n one such study, volunteers of the American Cancer ·' · 
Society enrolled_m·ore than 1.2 million people in September of 1982 throughout the . · 

,- United States (Thun et al. 1995) .: Information on history _of disease, demographic 
characte'ristics,' and mor'tality risk factors were · obra'ined from respondents. Vital 
status was monitored through the end of 1989. The association between concentra: 
tions of ~ulfate pa~ticles and long~Vlty'-was exarriined iii 144,co~~i.ii1ii:ies fo~ ~hit~ 

._, .rnenli:iers:of the, ~.oh9rt, _tota.lling !J09,~92 subject~. (Burnett et al. 2001). The mean·, .. 
· age at enrollment was 56.7 years, 5% of subjects were younger than 40 years, 5% 
were older_ than 75 'years, and 56.3% of subjects were women. During the course ot 

: the seven years of follow-up,39,474, (7.8%) subjects died. Standard statistical com; · 
puting software· progra~s· (e.i,' sAs 1997) can be used for analysis if the assumption 
of statistical independence benyeeri s~bje~~ is appropriate. . : ,: . . . 

Health responses, however, often cluster by community; indicating that responses 
''of subjects within the same community are more si_milar. than responses of subjects ' . 
. . i!-1 diffe~e~t communities: Failure to account for all the variation· between: coinmu- · · · 
_nity health outcomes even after controlling for mortality risk factors can lead to . 
downward biased estimates of the uncertainty in the air pollution effect (Ware and:. , . · . , 

. Stram 1988). Additional· bias can occur if the community ,mortality rates display ,: ; .. ;·-'\.' ' . 
: ' spatial autocorrelation. Failure to account for spatial autocorrelation can also yield I ' • • '' ·_ • 

·downward biased estimates of uncertainty in the air pollution effect on mortality . 
and may suggest iilcomple'te control foi-'potentially confounding communi'ty-level 
factors with the variables of primary interest, such as air pollution (Miron 1984) . . 
. As part of a comprehensive re-analysis of the data from . the Harvard Six~ites 
Study (Dockery et al. 1993) _and the Ameri~an Cancer .Society .Study_ (Pope et al. ' i. 

',' '19~5) ;, Krewski et al. (2000) ,divelo'ri~, new spatial J~ethods for: the analysis of dat,a I.:' ' : ; ; 
·of this·· i:ype: These meti-iocis included allowance for spatial aui:oco~relation within· - ... . . 
cites and 'within major airsh'ed regio~s'within' the UrHted States. The methods of ' '' ! . ,' 

analysis :in,cluded ,random ·effects models to describe va~iation in mortality rates .· · ; : · . 
. among cities, regional adjustment models reflecting ,differences· am.ong ,the .seven ,;·,'.·; , : '.' .': >: 

•' \' ;egions con'.sidered/ and spatial fil te'r'i;g m~del~' i'n which ,bro~d ge~grapllic p11ttern~ ' I;'.<, , . , : 

. '. in air poli'ution :i~vel~ ~r m'ortality :rates '<o'r ·both) we~e-fiitered out befo;e the . . . . 
. application of traditional methods of analysis for uncorrelated data (Krewski et al . . . 
2002). - , . . . . . . . . . . . . . · , . . . . . . . . 

· .. ;. S~bsequeritly', Bt\rnett ~(ai., _. (2001) ,deveioped .a :regr~~si~n isurviyal ;~~d~i •in 1 ,';,.;. ;-.; > .- .; 
: which the' 'residual ··community health responses are characterized by' community- : . 
based stochastic variables called "random effects", after controlling for individual 

:and commtmity-level risk factors. The variance of the random effects represents the · · · 
residual variatio~ :in. :mortality between communities-.:. Broader spatial trends :in . · 
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residual 'mortality ~~e ;n~d~.ll~d by non~para.inetr!c s~oothers of location in the 
deterministic component of the 'inodel. The complexity of the location surface is 

· · selected such that no apparent spatial autocorrelation is· evident· in the residuals. 
. Figure 3 il\ustrates .the comparison between estimates of the air pollution~mortality ' · 

association, given by the percentage increase in mortality associated ·with a 4.2 µg/m 3 

· increase in sulfate particulate matter, the interquartile range of the exposure distri­
bution, based on a regression mo.de! assuming a .subject's survival time W<lS statistically 

· independent, a model incorporating random community effects with no spatial 
modeling ;md a model inco_rporating both random community effects and spatial · ·. ·. ·' 
autocorrelation. The uncertainty in these estimates is given by±l.96 x standard errors. 

Although the air pollution association with mortality was similar for models assum-
. ' ing independent obseJVations arid that incorporating' community random effects with 

rio spatial modeling, the uncertainty in the estimate was much greater' for the latter 
. IllOdel _ specification, suggesti11g ,the_re wa~ .mor~ ~ariability ,in community mortality 
rates than could be· explained by the simpler regression model. Further incorporation 
of a location surface into· the random effects mo.de) reduced the air pollution effect, 
indicating correspo~dence ai: a broad spatial Jevei between commi.mity mortality and 
sulfate pollution (see Figure 4) . This result suggests that there are unexplained 
mortality risk factors that may'be correlated with the spatial pattern of pollution . 

. We conclude that the simpl~t statistical model specification overestimated th'e air 
pollution association .with 'mortality and ·underestimated its uncertainty. · · · 

VI. SUMMARY AND CONCLUSIONS 

This article indicates that a range of empirical and biologically based models, 
,ranging from simple to complex, have be.en 11s~d to describe the relationship 
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Figure 3. Percentage increase ht ~ortality ~~ciated with a 4.2 µg/m3 increase.in sulfate 
particulate matter, the interquartile range of the exposure distribution, based 
on a regression model assuming a subject's survival time was statistically inde­
pendent (Independent Observations), a model incorporating community ran-
dom effects with no spatial modeling (Community Random Effects - No 
Spatial Modeling) and a model incorporating both community random effects 
and spatial autocorrelation (Spatial Modeling). The uncer tainty in these· e~ti­
mates is given by +/ -1.96 x standard errors as represented by errqr bars. :'_· .. , '.
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for individual risk factors · 

. Figure 4. ' Nonparametric smoothed surface of mortality'by·latitude and longitude, ad- ·· 
. justed f~r individual. level covariates in American Cancer Society Study (panel., 
a). Nonparametric smoothed surface .of particulate sulfate concentrations by , 
latitud~ and longihlde (panel b ); N~te, z~axis represents ,:esiduals from sp1

atial ' : . 
random effects survival regression model. 

between exposure or dose and health outcomes. Biologically based risk models are 
based on knowledge of the mechanisms by which toxic effects are induced. Since 
most toxicological processes involve an element of complexity, biologically based . ·. · .. 
models tend to involve an ·element of complexity. The development of a biologically 
.based risk m.odel often involves revision. of111echanistic hypotheses as poorly fitting , 
models are refined in accordance with toxicological and epidemiological data, 
ultimately leading to a model that is consonant with a plausible mechanistic hypoth­
esis. A mechanistic model ( that has stood the test of several 'validation' efforts) has 
the advantages of enjoying bi9logical plausibility, direct .biologica! interpretation.o~: , 
key :model parameters, and a degre'e ,of confidence iri extrapolation beyond th~ ... 

. range <;>f,the data . . · . . ' . . ..... 
. Biologically based risk mod~ls for carcinogenesis and mutagenesis have received 

considerable attention by risk modellers, and have led to ' useful insights that would 
.. be hard to achieve otherwise. :F~r example the two-stage clo~al expansion model of ,. 
carcinogenesis, ,"':'hich recognized the important roles of both mutation an<;l cell ,. 
proliferation in . neoplastic transformation, demorist rates important differences in : 

. how agents that increase either mutation or cell proliferation rates could 'affect '. 
. . cancer ri~k in a dose-depenc:Jen t mimner .. This model also offers valuable i!'}sight into , · . . 

. · the ·type.s ;of sy11ergistic effects ·.ttrnP c.an be : ~xpected 1as ,a consequence cif~oint,< ( , · . 
exppsure to two <;>r more carcinogens.· . . . .. , . . . . . 

Empirical models are more appropriate (indeed necessary) when a reasonable 
. understanding of the fundamental biological processes underlying the inducti.on ?.f . 

adverse.health outcomes is lacking. Such mo.dels often provide a good fit to the data; 
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and can be reasonably expected to provide accurate estimates of risk within the : . 
range of exposures or doses studied. Empirical ~odels c_an range from s_imple linear • ·,: 
models used to extrapolate risks from higher to lower doses, to more complex . ; · 
i:nodels needed to; adequately characterize intricate patterns in the available data. 
Given a compelling biological basis support for the assum.ption oflow dose linearity, 
as is often argued for genotoxic effects, simple linear extrapolation may provide 
adequately accurate estimates of risk at low doses. In other cases, suc_h as recently . 
developed models used to describe" covariation between spatial patterns of exposure 

. and health risk, empirical models can be much more complex. Such complexity 
arises not b~ca~se of the (not yet ui-iderstoo.ci) complexity of toxic mechanisms 
leading to adverse health outcomes, but rather because of complex patte_rns in the · · 

· observed data that need to be described. 
Although empirical risk models do not 9ffer much insight into the biological . · 

. ' processes underlying the induction "of toxic effects, they can provide valuable 
information on the factors that affect'or modify risk. The exposu~e-age-duration and · · .. · ... i 

exposure-age-concentration models used by the BEIR VI Committee to describe the ;. 
association between radon and lung cancer clea~ly demonstrate ·changes with risk in · : · 
attained age and duration or concentration of exposure to radon gas. Unlike the 
two-stage clonal expansion model, however, such empirical models cannot distin- ,· . 
guish between genotoxic and nonge'notoxic effects of carcinogenic -agents. ·. 

The ability of spatial risk models used to relate geographic variation in risk with c ! 

concomitant variation in envi·ronmental exposures demonstrates the importance of 
accounting for spatial autocorrelation in such data. Failure to acknowledge spatial 
patterns that result in spatial autocorrelation can lead to biased estimates of risk, . 
and overstatement of the level of precision of associated with risk estimates. For such · · · 
analyses, the . use of complex spatial models cannot be avoided if appropriate · 
inferen.~e~ ·about risk are"to be drawn.·. . . . . :: . . . ·. 

· Not· ;,1 ·ri~k niodels need be thought of as either' empirical or· biologically based. · : · ·' · 
Ttie dose-response used to describe developmental risks in rodents acknowledges '· : · · · · 
the presence of intra-litter correlation, a biological characteristic of such data due 

-: to genetic. similarity and a common intra-uterine.environment. S1.1~h se.mi-empirical :. , . 
·. :models, >,vhich "also permit a multivariate treatm,ent of fetal m"ort:ality (prenatal" ' . .. : : / 

1

: de'ath) and morbidity (fetal malformations) > can provide 'some "biological insigh"t I : I ' 

into certain aspects of the data, without a full understanding of the biological .. ·, 
pathways leading to developmental anomalies. . , ... 
; , . Pre(erenc.e ~or. a ~imp!~ .or c9mplf~ risk mocJ,eI. aep,e,qd_s OTJ t11e. r}sk ,as~essi_ne!l~ .1 '. _.':. 

objectives, and the· context in which risk modelling is undertaken. If an estimate of · · · 
mutagenic or carcinogenic potency "is required with an essentially linear dose ' · 
_response curve, a simple linear model may suffice, providing an estimate that is 
virtually indistinguishable from that"obtained,from a more sophisticated biologically · 
motivated model,. On the other hand, extrapolation of a curvilinear dose-response 
relationship to low doses may be more accurately accomplished using a model . that 
incorporates the key . biological elements involved in malignant transformation, 
particularly when clll proliferation, which may demonstrate a nonlinear association 
with dose, is an important element. Even when no attempt is made to develop a , 
biologically based risk model, complex data structures may necessitate the use of 
complex empirical models. · 
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We c,0nclude that both simple and complex risk models can play useful roles in · 
risk assessment. Complexity can arise not only because of attempts to describe 
complex biological phenomena, but also because of inherently complex patterns in · 
the data. Risk modellers need to be aware of empirical and biologically based 
models of varying degrees of complexity, and select an analytic strategy capable of 
addressing the risk assessment objectives motivating the development of an appro­
priate risk projection model. 
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ABSTRACT 

Toxicokinetic (TK) models have many uses, some of which are now regarded as 
almost routine, in areas related to pharmaceutics, toxicology, and ch~mical risk assess­
ment. These TK models span a range from simple empirical curve-fitting analyses of 

, blood/tissue time courses to physiologically based toxicokinetic (P~TK) models that 
incorporate ·anatomical, physiological, and biochemical properties of laboratory ani­
mals and humans. While the PBTK models requi_re more effort to develop and validate 
than do data-based compartmental models, the biological detail in these descriptions · 
·permits extrapolation to different doses, different exposure conditions, and different 
species,' including human_s. Efforts to ·develop PBTK models are frequently rewarded 
'with reduc~d work on subsequent compounds, since th~ physiologic structure, once 

. developed for a particular life stage and class of compounds, is not expected to change 
for _other crimpounds in the dass. A review of the literature ·shows that TK models have 
had many uses in occupational health and industrial hygiene; however, they have not 
been widely or systematically employed in these disciplines.- This overview discusses the 
history of us·es ofTK models in occupational health areas and suggests future possibili~ 
ties for thes~_models. Notably, TK models and especially PBTK'models c·ould play.much'. 
mo're important: roles in establishing occupational exposure limits such as the U.S. 
Occupational Safety and Health Administration's Pennissible ~xposure Limits based on 
either animal or human studies; in assessing the rang~ of susceptibility of diverse human . 
populations based on individual variability; in interpreting epide.miological and biomarker · 
studies for various expo.sure situations; in developing common ·methods to · assess· risks .' 
for . exposures to both . the ge~eral population and to worker. popul~tion~; . .,;.nd . i~ . ' 

.. a~sessirig exposures to chemical mixtures. . . 
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INTRODUCTION 

Pharmacokinetics (PK) has traditionally described the absorption, distribution, 
metabolism, and elimination (ADME) of drugs and chemicals from the body in 
various animal species and in humans. If studies are done with chemicals that are 
not intended for use as drugs and have the potential for adverse responses, the field 
of study is sometimes referred to as "toxicokinetics." In this paper, we use the 
terminology "toxicokinetic models," although the terms pharmacokinetic and 
toxicokinetic are frequently used interchangeably with many toxic compounds. TK 
models apply a set of equations to capture the time course relationships of the 
chemical in blood and tissues in the body. One goal of much TK modeling is to 
elucidate the biological and chemical factors that lead to the observed time course 
relationships. Structures of these TK models vary depending on the level of detail 
included in describing the animal or human and the detail in describing the 

. biological interaction of the chemical and its metabolites within the body. With .. 
contin.uing improvements in computational resources over the last five decades, TK 
modeling has evolved from simple empirical fitting of time course curves to devel­
opment of more biologically structured models that are becoming widely used in 
assessing risks from exposure of the general population to various chemicals. 

The main question in developing TK models is why bother to do it at all, i.e., what 
is the purpose of developing a PK model for a specific application. To paraphrase 
this question, we ask "What do we expect to achieve through use of these models 
that we cannot derive from other kinds of studies or by casual inspection of time 
course curves from concentrations of occupational chemical or metabolites in blood 
or urine?" TK models have not been widely used in the occupational health/ 
industrial toxicology fields, although they have found some specific areas of appli­
cation over the last 30 years. One of the main goals of this paper is to ask what roles 
TK models might play in occupational health and what changes need to occur in 
occupational health research to encourage application of these models. 

APPLICATIONS OF PK AND TK MODELING 

Pharmaceutics 

The major developer of PK data and PK models has been the pharmaceutical 
industry. In this industry, the rationale for PK model development is that efficacy of 
drug action depends on the concentrations of drugs in the body at target sites. 
Tablet dose is not necessarily directly related to active site concentrations, so studies 
are conducted with every drug and drug formulation to understand the factors that 
regulate the time course of active concentrations of drugs in the blood or plasma.· · 
These factors include rates of absorption, rates of distribution throughout the body 
to target tissues and to drug storage sites, rates of metabolism, and rates of'elimina­
tion from the body. These time course data are organized within PK models that 
contain relatively few parameters (Wagner . 1981) that allow predictions of time 
course for different dosing situations and 'a.id in developing dosing strategies to' 
optimize drug therapy. In general, PK models used in the pharmaceutical industry 
are multicompartmental models where the specific compartments have no direct 
anatomical correspondence with specific organs or groups· of organs. With one 
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particular class of dmgs, the antineoplastic drugs, a great deal of work has been 
conducted to develop more biologically structured models for the distribution and 
cytotoxic action of these highly toxic drugs within the body (Himmelstein and Lutz 

· .. 1979). .. ,\ . , '.·. 

Toxicology 

Toxicologists frequently face the decidedly difficult task ofinferring possible risks 
to human populations from toxicity studies iri wh°kh laboratory animals are exposed 

· to chemicals at high daily doses; for their entire lifetime, by routes of exposure 
different from normal exposure· routes in humans. _A significant concern among 
toxicologists is whether the much higher doses in the animal studies might lead to 
differences in kinetics compai;ed to kinetic l?ehavior at lower,do'ses. Pharmacologists . 
in the 1960s found that elimination of certain drugs, notably aspirin and ethanol, 
changed markedly as the administered dose increased (Welling 1986) . As with most 
compounds, the elimination of these two compounds required metabolism, cata­
lyzed by enzymes. The body contains a limited amount of these enzymes. Metabolic 
capacities become saturated if the concentrations of the drugs get too high. After 
saturation, the kinetics of the compound change and the drug concentrations in the 

. body increase rapidly with small increases in dose. _With these. two drugs, the~e ~pid 
increases in blood concentrations can lead to unwanted side effects - inebriation 
with ethanol and ototoxicity with aspirin, among other effects. 

In the 1970s, industry scientists at Dow Chemical Company began to introduce 
TK studies routinely in the evaluation of the toxicity of commodity chemicals -
such as vinyl chloride and vinylidene chloride, two important monomers i'n the 
plastics industry. The TK models used initially with vari.ous industrial compounds 

. also relied on compartinen ts 'whose structure was determined by curve fitting of 
models· to the time ,course data .. Unlike ethanol and·aspirin, '.metabolism increases . 

· th.~ ~oxicity of these c?mpound_s .. Despite these differences iri modes oqoxic action, 
· the common is~ues. that led t<;> PK/TK model implementation in both pharmaceu­
tics and toxicology was the recognition of the need to equate responses - either 

· beneficial; therapeutic responses or adverse, toxicological responses - with mea­
sur.es ·of dose within the body. The meas~re of tissue dose chosen in most cases is 

. 'thibioodCi'~ piasma concentrati'on or'the chemicai'under ttie' assumptio11 that tissue 
concentrations are generally proportional to blood concentrations. 

'. Risk Assessment 
' i • :, 

• ! ' · Beginning in the 1980s, TK modeling applications in toxicology exploded as the 
methods ~ er~ incrt;asingly br\:mght to bear in stippqrting ,new mech~~istically 1?a~·e·1 
approacl1es to' chemical risk assessment. These risk as·sessinents req,uired methods 
'to assist in extrapolating from the conditions u~ed in toxicity studies to various 
untested situations. These extrapolations are from high doses to low doses,• from 

· one dose route to other doses routes, and from the laboratory animals to humans 
(Clewell and Andersen 1985). Strategies have been developed more recently to 

. make these extrapolations based on target tissue dose. rather tha~ administered 
dose. In these extrapolations, measures of toxicity such as .the Be.nchmark Dose 
(BMD) would be expressed in relation to tissue dose occurring under tl1ese expo-· 
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sure conditions in the test animals. Then, human TK !Ilodels would be used to assess 
exposure conditions that would lead to similar tissue doses of toxic compounds in 
humans exposed by relevant routes. · · 

The PK models used for pharmaceutical materials are generally suited to interpo­
lation because of the ill-defined nature of the compartments in the model. Extrapo­
lation to·untested conditions required a more explicit structural formulation provided 
by PBTK models with biologically realistic compartments and metabolic parameters . 
for pathways ?f metabolislll. ~~TJ<: models have ~ect;>me widesprea~. in . toxicology · 
'(Leung 1991) and their importance has grown with the new emphasis oi1 mode of . 

, action and dosimetry as centerpieces of the U.S. Envi.-onmei-ital Protection Agency's 
(USEPA' s) apprqaches to chemical risk assessment (USEP A 1994; USEP A 1996). After 
their introduction into the risk assessment community in the 'mid-1980s, PBTK mod­
eling approaches underwent a period of intense scrutiny, including examination of 
appropriate model structures, assessment ·of parameter sensitivity, and development 
of methods to . assess · the iriflu.ence of population ~ariability. on dose . p~edictions with 
these models. The value of the models was not really at issue: it was widely agreed that 
tissue dose is the preferred measure on which to index the toxic responses. The 
debate was about the correct manner in which to implement these dosimetry concepts · 
from the TK and PBTK in ode ls in to an existing methqdolcigy that was based on much . 
simpler empirical analys·es of the relatio_nship between response and administered 
doses. During this period of eval_uation ,?md critical review of these modeling ar:­
proaches from 1985 to 1995, methods were applied to assess distributions of tissue · 
doses expected for particular populations. It also became apparent that factors related 
to differences in dose caused by individual differences in metabolism or clearances, 
including polymorphisms, disease conditions, and multicompound exposure, could 
be easily accommodated by these PTPK models to better assess the range of tissue 
doses expected in a diverse human population (Clewell 1995) . 

. . . \! ' . . ' 

Occupational Health/Industrial Hygiene 

In contrast to what is common in the pharmaceutics, toxicology and risk assess­
ment communities, TK models, especially PBTK models, are not as commonly 
applied in industrial hygiene/occupational health studies. Why is this? Is there less 

-: need to evaluate the relationship of expected adverse worker responses based on 
: · tissue dose than _in these o_ther disciplines? Or, are the extrapolative capabilities of 
. PBTK -modeling unnecessary · because, i11 .. industrial toxicology, we usually .study . 

: , , ·. defined human populations directly? Either of these points may be valid in particu­
, lar situations. However; an alternative explanation, one favored by the authors here, 

. ' · · ' is that the potential ·of"fK modeling ·approaches simply has not been actively · 
pursued in occupational health and industrial hygiene. These 1riodels offer promise 
in several areas - establishing Occupational Exposure Levels, evaluating risk factors 
for susceptible individuals, and achieving more uniform methods ~or risk assess­
ments for workers and for general population, among other things. How might the 

·' j promise of these models 6~·c:Bi:rie ·r~alized'i To ar1swer ibis question, ~~·first note the · 
different types ofTK models used in various studies and then note the areas where 
further development and application of tl1e models appear promising for occupa­
tional health/industrial ,hygiene' activities' .. 
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TK MODELING APPROACHES 

Empirical TK Mo;dels: Just the Facts! . 

For the pu~poses of simplification, th.ere seem. to be thr~<'; ge.neral. types of TK. ,! '.::, 

~odels that are distinguished' by their . anatomical and. physiological detail. . The · 
simplest models rely on a straightforward mathematical analysis of the time course 
data in populations of interest. Many of the kinetic data ~eveloped in humans and . 
animals prior to 1960 were ana)yzed in this way. A more recent. example was with · 
inhalation ~xposures to car1:J~n .monoxi1e (CO). Time co,urse blood carboxyhemo~ 

. globin (HbCO) concentrations after controlled human exposures to co· were 
analyzed to estimate the maximum HbCO at the end of exposure and to determine 
wh~ther. the, elimination time course. curve was exponential OF polyexponential. '. 
(Peterson and Stewart 1975) . The curves provide, 'direct <:;stimates of rates of elirni- · 
n'ation .and elimination half-lives, but do not reveal the biological factors that ' 
determine these time courses: ·The challenge in relying on the data alone arises 
when attempting to extrapolate these relationships to a broader set of situations. 
What would happen ·for longer or shorter exposure durations? What role does 
health status, breathing rate, or oxygen concentrations play in regulating the blood · 
HbCO concentrations after CO exposures? The empirical analysis remains silent on 
these questions; · · 

Another example of a more empirically based TK mode) was the description of 
the dose- dependence of accumulation of dioxin-like compounds in liver in humans 
and in laboratory animals (Carrier et al. 1995a). The model structure (Figure 1) for 
sequestration included terms for the maximum proportion of body burden found 
in the liver !,."'"X. the minimum proportion found in the liver .r,.min, and a "binding 
constant", K, that determined the body burden at which there was a half-maximal 
increase in the proportional body burden found in liver. This empirical model 
structure reproduced the dose-dependence, i.e., as the body burden increased, a 
larger proportion of the body burden of the dioxin-like compounds was found in 
the liver. For both laboratory animals and humans, the fitted relationships permit 
interpolation within the dose ranges stu_died. However, the model structure does 
riot speak to the biological characteristics that determine .r,,max, J,,min' and K. If the 
biological determinants of these parameters were established, it would be possible 

. to extrapolate to a broader set of exposure situations. These same · authors devel­
oped a model for the distribution of these dioxin-like compounds that was more 
physiologically realistic (Carrier et al. 1995b). Another simple PBTK model was 
developed by Salvan and referred to as a Minimal Physiological Toxicokinetic. 
(MPTK) model. This model ex~mined the effect of uncertainty in model parameter­
ization in the absence of protein binding (Salvan et al. 1999). 

Data-Based Compartmental Models - Creating a Discipline 

The models used today in the pharmaceutical industry and most pharmaceutical 
research have been defined as data-based compartmental models. These models 
trace their ancestry back to pioneering work by Teorell in the 1930s (Teorell 1937a; 
Teorell 1937b) and are now well described in various pharmacokinetic textbooks 
(Gibaldi and Perrier 1982). As with the empirical models, constants in the data­
based compartmental models are fit to the ti~e course data. These data-based 
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Kabs 
-+ 

Fat Liver 

( I' max /' min ) * C 
I' (C ) = I' min + J h - J h b 

Jh b Jh K +Cb 

Where Kahs = absorption rate constant 
kc = elimination rate constant 
J;, (Cb) = fraction of body burden in liver 

J;, min = minimum fraction of body burden in liver 

fh "'"' = maximum fraction of body burden in liver 

K = equilibrium constant 
Cb = concentration in body 

From Carrier (1995a). 

Figure 1. An empirical model for dose-dependent dioxin sequestration in the liver. 

compartmental .mode.Is are based on a specific .represe.ntation . of the body. (Figure 
2) in relation to a central compart:ment;where sampling usually occurs, and periph­
eral storage compartments . .These models took advantage of properties of the 
solution of the set of differential equations to estimate model parameters, ·such as 
volumes of distribution, intercompartrnental transfer rate constants, elimination 
rate constants, etc. f~om the experime~t~I data: The devel~pment of these ~o~pa;t-· 

' • • I ' ' ' I • • ' •• •• • • • ' 

mental models brought structure and rigorous mathematical and statistical meth- , 
ods to the analysis of these time course data. These models were brought to 
toxicology by several scientists in the 1970s includfog Gehring and colleagues at 

.. Dow (McKenna et al. ,1977; Watanabe and Gehring 1976,.and Q'Flaherty,1981).· , 
A good example of the use of compartmental mod.els with an organic solven·t was 

the analysis of the time course of styrene in rats after exposure at inhaled concen­
trations of 80 to 1200 ppm (Ramsey and Young 1978). One of the most elegant 
applications of this kind of inodeling in toxicology was the development of two-
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: k21: :· intercompartmental transfer, rate·· . 
constant from compartment 2 to 1 
Figure 2. A Two·Compartment PK model with intake and elimination from the 

central compartment. 
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compartment models for metabolism of inhaled gases in rats in so-called "closed 
chamber" studies (Filser and Bolt 1981; Filser and Bolt 1979). These studies pro­
vided unprecedented accuracy in assessing the total distribution of chemicals into 
a living animal and assessing the kinetic characteristics of metabolism. In the closed 
chamber compartmental model, the sampling is done on the air phase and metabo­
lism · and storage occurs in the animal phase of the experimental system. In TK 
parlance, this is a two-compartment model with metabolism occurring in the periph­
eral, or deep, compartment. A recent example of insights derived from these data­
based compartmental models in support of risk assessments was with . 
hydrofluorocarbons (Emmen el al. 2000). 

PBTK Models - Increasing Model Complexity for Broader Utility 

A distinct advantage of the empirical and data-based compartmental models is 
simplicity and the relative ease of conducting statistical analysis for formal estima­
tion of model parameters. A major disadvantage is the lack of a direct correspon­
dence between model parameters and anatomical, physiological, or biochemical 
characteristics of the human or animal. PBTK models are the reverse. Their advan­
tages are derived from the direct correspondence of:.nodd parameters. with specific 
biological processes. Their disadvantage is that providing this level of detail requires 
models with significantly more parameters that are not easily evaluated with conven­
tional statistical methods. Despite the increased complexity, these PBTK models are 
increasingly used because they permit many extrapolations and because the basic 
structure, once developed, is often chemical independent. The physiological and 
anatomical detail required to develop a PBTK model for a particular lifestage and 
type of compound may require a good deal of work and acute attention to valida­
tion. By validation, we mean that the model adequately predicts, as determined . 
through visualization or by an appropriate statistical technique, data collected in 
experime_nts that we·~e not used to develop model parameters originally. In practice, · 
after application to these validation data sets, all the data should be evaluated with 
the model structure to get a refined parameter set. Once in place, the basic structure 
can be applied to any number of other compounds within a broad class (Andersen 
el al. 1999). 

In PBTK models, ·compartment volumes correspond to specific organs or group- . 
. ings of organs within the animal. Blood flows to each compartment, anatomical '' · 
relationships and other physiological parameters necessary to build the model are . 
based, to the extent possible, on measured values. However, these models are all 
simplifications of a more .complex biology. The skill in developing any model, 
including these PBTK models, · is purposeful simplification - ensuring that the , 
model captures important aspects :of the system that determines delivery of com­
pounds to target tissues. Often, groups of organs that serve as storage sites are 
lumped together based on the ratio of perfusion rates divided by their storage 
capacities, defined by their volume multiplied by their partition coefficient. Usually, : 

' the major ·com.partrrients necessary in .the TK models a.'re ,targe't tissues for toxicity, ' 
major storage tissues, organs of metabolism or elimination, and routes of uptake · 
into the body or contact sites for more direct acting compounds. For example, the 
PBTKmodel (Figure 3) receri.tly developed for isopropanol (IPA) ~1~cludes compart-
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Figure 3. PBTK model of isopropanol and its metabolite, acetone. 
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ments for IPA distribution, metabolism to a primary metabolite, acetone, and 
distribution of acetone throughout the body (Clewell et al. 2001). 

In addition to anatomical and physiological parameters, most PBTK models 
require various chemical and physical data about the potentially toxic chemicals. 
These ,parameters include the relative solubility of the compound in tissues versus 
blood (i.e., the partition coefficients or non- specific binding) and metabolic con­
stants for pathways of metabolism that create and clear toxic compounds. Metabo-. 
lism, like the overall model itself, is usually simplified in accordance with the · 
hypothesis testing being performed or other purposes·ofthe model. At times, simple 
metabolic descriptions suffice (Ramsey and Andersen 1984) and at other times 
more complex formulations are required to capture detail of enzymatic mecha­
nisms and juxtaposition of metabolic pathways in localized tissue regions (Johanson 
and Filser 1993) . Kinetic constants for metabolism can sometimes be acquired from 
in vitro experiments or may be estimated by fitting the PBTK model to in vivo time 
course data. When estimating kinetic constants for metabolism from in vivo time 
course data, model sensitivity should also be examined to ensure that the time 
course behavior is actually sensitive to the parameters that are being varied in the · 
fitting routine. Methods for estimating metabolic constants include in vitro studies 
with organelles, homogenates, cells, tissue slices, isolated perfused organs, and in · 
vivo studies evaluating clearance of compounds from blood. 

Human PBTK Models 

Extrapolating the PBTK model to humans requires knowledge of the important 
anatomical, physiological, and metabolic parameters for individual humans and for 
the heterogeneous population that might be exposed to or work with potentially 
toxic compounds. Anatomical and physiological parameters for humans are gener­
ally fairly well established in the literature. Metabolic parameters are usually more 
difficult to predict. For well-characterized families of enzymes, these constants -
the maximum velocity of metabolism (Vmax) and the affinity of the enzyme for 
substrate (Km) - have sometimes been estimated by using Km values for different 
species and by allometric scaling ofVmax values in relation to body weight 0-74 • The 
pharmaceutical literature contains many studies on metabolic parameters involved 
in clearance of drugs in humans. In general, the enzymes most commonly active in 
oxidative drug metabolism are not the most common oxidative enzymes involved in ·. 
metabolism of occupationally relevant compounds. Optimal approaches for assess~ 
ing constants for metabolic pathways utilize human tissues or tissue preparations to · 
assess these constants directly (Reitz et al. 1989). Extrapolations ofmetabolic param- ·. 
eters remain a challenge for interspecies scaling of PBTK models, but are a critical 
need in assuring confidence in the human m·odels. · 

Contrasting Empirical and PBTK Models 

Over the last 75 years, various investigators have developed PBTK/ TK models for ·, . 
many drugs and occupational/environmental compomids. The earliest physiologi- . 
cally based description for chemical disposition within the body was provided for an : 
inhaled vapor, diethyl ether, in 1924 (Haggard 1924a; Haggard 1924b). Further. 
developments in modeling anesthetic gases occurred with work by Kety (1951) ,' · 

1384 Hum. Ecol. Risk Assess. Vol. 8, No. 6, 2002 ·· 



Toxicokinetic,Models: Where We Need to Go 

Mapleson ( 1963), and Fiserova-Bergerova et al. . ( 1974) . . The· latter author first 
introduced pathways of metabolism in the PBTK models for occupational chemi­
cals. Chemical engineers provided a series of J>BTK models . for cancer 

. chemotherap~tic drugs, stai:ting with work on m~thotrexate (Bischoff et al.: 1971) . • 
Short reviews of physiologically based models have appeared (Gerlowski and Jain 
1983; Himmelstein and Lutz 1979; Leung 1991). Before.embarking on a discussion 
of more current uses of these PBTK models, it is useful to contrast PBTK models 

. developed for CO arid tetrachlorodibenzo-jfdio~in (TCDD) with. the more empiri­
. cal modeling approaches , noted earlier: · · 

A physiological approach for assessing blood HbCO arising from metabolism of 
heme to CO provided an equation describing the physiological factors that regulate . 
production ; binding, and 'exhalation of the CQ (Coburn et al. 1965). The Coburn­
Forster-Kane relationship was subsequently used in a model for CO inhalation 
(Andersen et al. 1991) that predicted HbCO concentrations for rats or humans in · 
both short-term and chronic inhalation exposures. The PBTK model also predicted 
the HbCO concentrations expected from inhalation of methylene chloride due to 
metabolism of this solvent by oxidation in the body. The ability to extrapolate across 
species, duration of exposure, and compound (from CO directly to CO generated 
by metabolic processes ~ ith methylene .chloride) are all directly attributable to the 
physiological structure embedded within the PBTK model. 

In the past 10 years, several PBTK models for TCDD have appeared (Andersen 
et al. 1997a; Andersen et al. 1997b; Andersen et al. 1993; Kohn et al. 1993). These 
descriptions include the disposition of the TCDD and its ability to induce specific ' 
TCDD-binding proteins, now identified as cytochrome P450 1A2, within the liver 
(Leung et al. 1990). In a way, these models are both toxicokinetic and toxicodynamic 

. models because of the need to include protein induction. These models si.1ccessfully 
account for the dose-dependent sequestration in liver at high-doses that formed tl1e 
basis for the empirical TK model developed by Carrier (Carrier et al. 1995a; Carrier 
et al. 1995b) . In the PBTK models of kinetics and induction, the induction of hepatic 
binding protein occurs due to the interaction ofTCDD with the aryl hydrocarbon 
(Ah) receptor, binding of the Ah- TCDD complex with putative binding sites on 
DNA, and transcriptional activation of the CYP 1A2 gene. l_n the. physiological 
model, there is no term for maximum sequestration, the !,,max in the empirical 
model, or for K, the body burden at which there is half-maximal increase in liver 
sequestration. Nonetheless, the PBTK model is capable of estimating these compos­
ite parameters and, through the use of sensitivity analysis, to determine the biologi­
cal processes within the body that determine the magnitude of these two param­
eters. 

In what turned out to be slfghtly counterintuitive, Evans (Evans and Andersen 
2000) showed recently that tpis composite K value was relatively insensitive to the 
dissociation constant for binding ofTCDD to the TCDD binding protein. Instead, 
the "K" of the empirical model was mainly determined by the affinity ofTCDD for 
the Ah receptor and the affinity of the Ah receptor-TCDD complex with sites on 
DNA. The 1,,max parameter was largely dependent on the maximum increase in CYP 
1A2 and inversely related to the solubility of TCDD in fat and the dissociation 
constant between TCDD and the CYPIA2 binding protein. In addition, the !,,max in 
a PBTK model was noted to occur where there was maximal induction of the 
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binding protein with a low degree of saturation, not when the binding protein was 
fully occupied. PBTK models for TCDD are still under development by several 
investigators. They have served as important tools for determining the importance 
of biological parameters through sensitivity analysis and for prioritizing mechanistic 
studies to aid in improving fidelity of the model with a range of biological observa­
tions. These PBTK models are extensively discussed in the dose-response assessment 
chapter of USEPA's re-assessment of the risks of TCDD and related compounds 
(USEPA 2000) . 

USES OF PBTK MODELS IN RISK ASSESSMENT 

The Role of.Dosimetry Models in Contemporary Risk Assessments in the United 
States 

The new directions in risk assessment are increasingly emphasizing two con­
cepts - mode of action and dose metrics for toxicity. The mode of action is · 
defined as the series of key (necessary, but not sufficient) events and processes 
starting with the interaction of an agent with a biological target, through the 
functional and anatomical changes eventually resulting in adverse responses in 
the organism. The dose metric is that measure of target tissue dose that is most . 
closely related to the ensuing adverse responses. Dose metrics include concen­
tration of the parent compound or specific metabolites in blood or tissues, area . 
under blood/tissue concentration curves, or measures of early responses, such 
as enzyme induction patterns with TCDD. The dose metric must be defined 
based on the mode of action. Optimally, the mode of action statement should 
contain information about the biological processes disrupted by the toxic chemi­
cal and a statement of the form of chemical involved in the deleterious interac­
tions. PBTK models fit in here because they can be used to calculate the 
expected values of the dose metrics under a wide variety of conditions in 

. laboratory animals, in individuals, and in human populations. These models 
have been most attractive in those situations where human risks are derived from 
animal toxicity studies and the need to extrapolate from laboratory species to a 
human population requires a more detailed mechanistic understanding of the 
kinetic behavior. In a nutshell, mode of action, in and of itself, is used to defend 

. methods of low dose extrapolation - linear, nonlinear, or threshold. Dosimetry, 
models then form the basis of the approaches for quantitative extrapolation to · 
low doses and to humans. ' · 

The first human health risk assessment that employed a PBTK model was pro­
posed for methylene chloride (Andersen et al. 1987).This PBTK model was devel­
oped to examine . the dose .dependence of liver _ and . .lung . tumors in _mice. _- .To .­
accomplish this task, the model included info'rmation on metabolism of methylene 
chloride by oxidation and by glutathione conjugat;on, concentration of metabo­
lites, including CO, interspecies differences in rate·, of metabolism, and multipl~ . 

• • I exposure routes. The dose metric most closely correlated with'tumor formation wa~ I, ' . 

metabolism by glutathione . transferase, a conclusion that has been amply_ corrobo- _ 
rated by subsequent mechanistic studies (Green 1997). The risk assessment based 
on tissue doses of the glutathione reaction productt indicated that humans would . 

·. be at considerably lower risk than were the mice for equivalent exposure concentra~ 
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tions. Because the use of these methcids·represented a· novel departure from the risk 
assessment defaults in the mid-1980's, the National Academy ·of Sciences sponsored 
a workshop and constituted a workgroup to determine if these modeling approaches 
'"'.ere ,1;11~t~-~e eno_1c1gh ,for rri_m-e routine us!= i_n __ chemicJII r~sk assessments. J:he .1elib-

• • , , • • • • • • • , • • , • • • , ; • • •• ~ , • •• 1 • r ·, , , • • • • · - • J . . . . . 1 

, erations of this group,- including the group of: paper_s ffom the; pu_blic meeting, 
· appeared as a volume in the Drinking Water and Health Series (NRC 1987). 

· The U.S. Occupational Safety and Health Administration (OSHA) used ·similar 
; PBTK mo?~ls to perform a risk assessment for occupational exposure to. methylen~ . 
chloride tliat supported their decisiori to promulgate a.Permissible Exposure Limit 
(PEL) ·of 25 'ppm (OSHA 1997)· .. ·Howev~r,' dosi~etry ·models ' ar~ much more 

. commonly employed for assessments with environmental exposures to the general 
· population. ,The USEPA actively encourages the use of PBTK modeling in the risk 
· assessment process (USEPA 1~96) : Some example~ wh_ere PBTK mo1els have _been 
, used are in the Integrated Risk Information System's (IRIS) Pilot Project with_vinyl 
chloride (USEPA 1999a) and with ethylene glycol monobutylether (EGBE) (USEPA 
1999b). The dose metric for vinyl chloride was the amount of vinyl chloride metabo­
lized to epoxid~s within target tissues. Using the PBTK model to calculate this dose 

. metric, the USEPA developed a Reference Dose (RfD), Reference Concentration 
(RfC), cancer slope factors, and inhalation unit risks. The reassessment of dioxin 
risks also included use of PBTK models (USEPA 2000). The proposed revisions to 
US.EPA's cancer risk assessment guidelines promote application of mode of action 
and dosimetry concepts in risk assessments. Several groups have conducted risk 
assessments following these proposed guidelines to assess the issues raised_ by this 
new procedure. The compounds evaluated include chloroform (ILSI 1997) and 
formaldehyde ( CIIT 1999). Dosimetry models have also been developed for a set of 
inhaled compounds - vinyl acetate (Bogdanfly' et al. 1999), acrylic· acid (Fre_derick . 
et al. 1998), and methylmethacrylate (Andersen et al. 1999) - that damage the nasal 

. olfactory epithelium in exposed rodents. This latter group of models; along with a 
dosimetry model for formaldehyde (CIIT 1999), offers considerable promise for 
applications in assessin·g PELs with a wider variety of compounds and for others that 
haye _direct e_ffects on epithelial tissues throughout ~h,e respiratory tract. Dosimetry 
modeling is an importan't part of the methodology for establishing RfCs and is 

. highlighted in th'e RfC documentation (USEPA.1994) . . -· 

Interpretive Applications of PBTK Models . 

Biological Exposure Indices (BEis) and other biomarkers of exposure are often 
developed by relating the exposure of a group of workers to concentrations of 

-·. chem.icals or m~tabolites in blood, uri~e; breath o_r hair-. ,The standa;d analysis of . 
this ' type ' of data usually relies on empirical relaticin'ships,'to analyze' findings and 
trends. When a valid PBTK model can be developed for the chemical and: its 
biomarker, the relationship between exposure and _the biomarker can be exf?lained 
mechanistically and extrapolated, if necessary, to _other exposure situations and 
other routes of exposure. Examples of PBTK rriociels · in support of biomarker 
research includes hemoglobin adducts (Fennell et' a[.ll992) i. metal ,acc~mulation in 
hair (Clewell et al. 1999), and urinary/ exhaled b·reath' m'eas't1re~ fo.llb~ing expo~ure 
(Leung 1992; Perbellini et al. 1990; Thomas et al. 1996) .. Another application of 

' . ·, . 
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PBTK models is in evaluating tissue dosimetry in connection with epidemiological · 
studies (Smith 1991). Models addressing absorption through the skin have also 
been developed (McDougal et al. 1990; McKone 1993). Incorporation of these 
PBTK models into epidemiological studies to assist exposure assessment would 
enhance the ability to relate biomarkers to tissue doses across different routes and 
differing temporal patterns o~ exposure. 

RISKASSESSMENT APPLICATIONS IN THE OCCUPATIONAL SETIING 

The usual approach in setting PELs (i.e., risk assessment for occupational expo­
sures) relies heavily on available human data relating workplace exposure levels and 
specific symptoms or complaints. However, even for common chemicals such as 
xylene and other solvents, there is considerable uncertainty in establishing PELs 
with human data due to inconsistency in results of the human studies (for an 
example see OEHHA 1997) . Usually, the uncertainties in exfrapolatirig from animal 
studies results in a decided bias toward use of .human studies, whatever their 
limitations. Typically, these human studies evaluate ti1e data from controlled volun­
teer studies or from workers at their job sites, using statistical analysis (e.g., Ong et 
al. 1991), empirical re_lationships, or compartmental models. Benign us provided an 
interesting example of. the use of PBTK modeling as an adjunct to the human 
studies (Benign us et al. 1998) . Here, a PBTK model estimated tissue dose metrics for 
toluene exposure for a variety of diverse exposure conditions. By relying on a 
measure of tissue dose within the body, a common dose-response curve described 
results from all the studies. Johanson and colleagues have developed PBTK models 
for a variety of compounds such as ethyl t-butyl ether (Nihlen and Johanson 1999), 
trimethylbenzene (Jarnberg and Johanson 1999) and acetone and toluene as influ­
enced by ingestion of clorzoxazone (Ernstgard et al. 1999) based on controlled 
human exposures. In the future, there will likely be emphasis in providing a more 
quantitative evaluation of animal studies as part of the process of setting PELs. 
Analysis of animal studies in the context of human relevance will encourage more 
routine development of interspecies PBTK models for compounds of occupational 
interest. 

A concern in the workplace is differential responses of susceptible individuals. 
Molecular tools have become available to characterize differences in metabolizing 
enzymes and differences in genetic endowment within a population. Many factors, 
such as gender, age, ethnicity, genetic makeup, environmental or lifestyle exposure, 
may alter susceptibility to toxicity (Hirvonen 1999; Portier and Bell 1998; Smith 
1999). Environmental/lifestyle factors include the use of tobacco, non- prescription .· 
and prescription drugs, ethanol consumption, nutrition/diet, and disease states . . 
Polymorphisms in activating and detoxifying enzymes exist for most biotransforma­
tion enzymes (Klaassen 1995; Stephens et al. 1994). The effects of these factors on 
metabolism vary. These polymorphisms may decrease or increase enzyme activities · 
and clearance oftoxkcompounds from the. body. Existing risk assessments typically , 
offer only a qualitative evaluation of at-risk gro11ps/individuals (see, e.g., USEPA 
1999a). To the degree that these individual differences are related to· ~:iifferences in . 

. dosimetry among individuals, the risk for any given population/individual could be 
estimated by incorporating· the physiological or metabolic characteristics of the 
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. 'population into the PBTK dosimetry mode[ For popuiations that exhibit a distribu-
·, tion in the range of critical parameters, the distribution of expected risks can be ' 
· characterized by use of cumulative probaqility type analyses (Bois et al. 1996; Clewell 
i and Andersen 1996; Portier and Kaplan · 1989) . Researchers with interest in . TK. 
··\ nod~ling i'i-1 the'6c~i~p~tio·~·~1 tirivlr~nme.rit will lik~ly ~~nti~·11~ fo Jxplor~'.iridi~idu~I · 
· variability and its impact on risks for both the general population and for workers. 

These methods generally rely on Monte .Carlo simulation techniques. J'.he Monte 
. Carlo approach addresses variabil~ty by permitting the model input parameters to ,. .. · ·. , 
· vary in accordan~e with some krn;>}'\'n Of aS~t,Imed Statistical dlstripution, i.e:, normal, .. 
: Iognormal, etc. The model is 'rui~· iteratively, with tl~'e input p~ramete~s randomly . 
: sampled for each run. Model output is presented as a· distribution 'ofvalues, and the 
: distributions can be analyzed statistically.,This approach has been used· to estimate . 
·: .the percentage <?fa worker population that would be. protected by the BE,l_s for six · 
: organic chemicals 

0

(Th01nas et al.: 199_6). Similarly, OSHA us_ed Monte Carlo ap-
proaches to estimate the excess cancer risk from exposure to methylene chloride at 
the proposed new PEL during rulemaking ( OSHA 1997). These techniques provide 
a means of dealing with the larger inherent variability in humans as compared to 

, laboratory tes.t animals and to allow estimation of upper bound dose metrics as 
required in protecting the majority of workers. Yet, there are large areas of uncer-

. tainty in how Monte Carlo analysis should be performed, including the determina­
tion of relevant parameter distributions in different populations and ·subpopula­
tions of humans, in issues pertaining to autocorrelation of model parameters, and 
in the interpretation of the resulting dose metric distributions. 

The toxicity of many compounds in the ,vork environment occurs due to their 
metabolism to reactive, toxic compounds. Carbon tetrachloride is metabolized to a . 

' fre_e radical in the liver to cause h~patoto~icity. Chloroform is oxidized in liver and 
. kidney to phosgene. Vinyl chloride is converted to an epoxide. Sequential oxidation 
. processes produce. the neurotoxic. metabolite, 2,5- hexanedione, from hexane . 
. Other compounds are remov~d by metabolism, including toluene and xylenes. The 

metabolism of many of these low molecular weight volatile compounds occurs via 
a common enzyme, cytochrome P450 2~1 (Guengerich and Shimada 1991). Some 
cases of susceptibility are likely to be associated with alterations in the activity of this 

, enzyme among individuals because of lifestyle, health, or genetic differences. The 
activity of this enzyme is affected by co-exposures to ketones, persistent use of 
alcohol, drug therapies that block or enhance the activity, diabetes, and altered liver 
function. A useful tool for assessing susceptibility to these compounds bioactivated 

· or cleared by CYP2El will be further development of mechanistic models for CYP 
., i 2El activity under different situations in various populations . . Chien (Chien et al. 
11997) developed a mechanistic model for the induction of cytochrome, P450 2El · . 
enzymes by ethanol. This model, in some ways similar to the induction models for 
TCDD, is both a toxicokinetic and toxicodynamic model for the effects of ethanol. 
Another example of a pharmacodynamic response in relation 'to susceptibility 
would be CYP 2El inhibition due to the use of pharmaceuticals, such as disulfiram 
(Emery el al. 1999). The influence of the concomitant CYP 2El inhibition and 
induction by acetone and other chemicals, ·the effects of nutrition, diet, disease, 
genetics, and other aspects of individual susceptibility could be addressed in similar 
fashion. 
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The standard approach to developing PBTK models for risk assessment pur­
poses involves several steps that vary due to the nature of the chemical, the 
exposures, and the anticipated risks. Initially, the PBTK model is developed with 
available information regarding the kinetics of the chemical in rodents and/or 
humans. This phase includes analysis, as appropriate, of time course data, enzy­
mology, ·and other critical effects such as respiratory depression, glutathione 
depletion, or metabolite interactions. Most often, initial model development will 
uncover specific data needs that are filled by conducting additional experiments 
in animal, human or in vitro models. A working model is then used for performing 
dose-response assessments of animal toxicity or occupational epidemiology data, 
such as was performed with the methylene chloride cancer bioassays. Once the 
models are sufficiently developed, the sensitivity of the model to various input 
parameters is assessed using sensitivity analysis techniques. These sensitivity analy­
ses provide information regarding the importance of various parameters with 
respect to the model dose metrics. These analyses also serve as priority setting 
tools. The more sensitive the model dose metric is to a given process (i.e., param­
eter) the more important it is to accurately know the parameter. Sensitivity 
analyses have been performed recently with PBPK models used to support risk 
assessments for environmental and occupational exposures to vinyl acetate and 
acrylic acid (Plowchalk et al. 1997; Andersen et al. 2000). 

In refinement steps, the model structure can be c.hanged or key parameters 
may be estimated by direct experiments. Eventually, the model will be scaled up 
to humans by subs_tituting human values for applicable parameters. These values 
again may be estimated from similar chemicals, scaled allometrically, or mea­
sured in vitro. In vitro experiments with human tissues can be. important in 
developing estimates for various parameters, particularly biochemical param­
eters including tissue binding, enzyme activity, enzyme induction, and similar 
phenomena. If human kinetic data are available, they can then be used to 
validate the human version of the PBTK model. The model is then used to 
predict values for _dose metrics that can be used in the dose-response phase of 
a human health risk assessment, to extrapolate to pertinent exposure. regimens, 
or to assist in designing experiments to collect human kinetic data for further 
validation of the model. Tardif (Tardif et al. 1997; Tardif et al. 1993) used this 
approach to develop a human PBTK model for toluene, ethylbenzene, and 
xylene mixtures. Initially, the model was developed in . rats, using data on the 
time course of chemical in venous blood to assist in estimating kinetic param­
eters at several exposure levels. The model was then scaled up to humans using 
allometric relationships. Data collected in controlled human studies at exposure 
levels below the Threshold Limit Value for the chemicals were then used to show 
the validity of the model after scaling. The model was then available for various 
purposes including extrapolation to other exposure levels and evaluation of 
risks posed by mixtures. : 

Many of these· 'issues (Table 1) ·surrounding chemical risk assessment ·in the · 
workplace can be addressed by developing PBTK models for tissue dose metrics that 
take advantage of a number of informational and experimental resources. 
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Table I. _Some possible uses of TK/PBTK models in occupational health/ 
industrial hygiene . 

. Inco1110ratio11 of mechanistic data :from in.vitro studies 

Identification and use of appropriate dose metrics for Iisk assessment 

Adjustment of PE Ls for varying exposure scenarios 

Evaluations ofexposure by mo-inhalation routes 

Evaluation ofkinetic ilteractions between chemicals in mixtures 

Extrapolation outside the range of data for dose, dose route, and species 

. Estimation of population variability in r~ponse to ·toxiamts 

Assessment of differences in 1isk for susceptible populations 

.. Biologically-based standard setting 

CONCLUSIONS 

1 ; ' 

TK models in general have matured over.the last 15 years into tools that possess 
a clear role in pharmacokinetic research and, especially, in human health based 
chemical risk assessment for the general population and for workers. PBTK models 

. are generally more useful fop toxicity- related assessments than simpler TK models 
because they are more firmly rooted in the underlying biology of the animal. The 
biological underpinnings that lead to varying sensitivity of different human popu~ 

.' lations is readily incorporated in PBTK models that include specific biochemical 
pathways for activation and detoxification processes. · Variability and uncertainty 
analyses, paramount in riew approaches to health risk assessment, are readily ad­
'dressed within the structu're of PBTK models. Future occupational health chemical 
risk assessment will also likely depend more on PBTK modeling where these struc-

.. tured models become more useful in linking information on blood levels/tissue 
dose and toxic responses. As the use of mechanistic models, such as that for ethanol 

. , or TCDD induction of liver enzymes, coupled with toxicokinetic models becomes 
more commonplace, greater insight should be developed into how sensitive indi­
viduals are affected by chemical exposure and how we may go about protecting all 
workers. 
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ABSTRACT 

The Epidemiology Work Group at the Workshop on Future Research for Im­
proving Risk Assessment Methods, Of Mice, Men, and Models, held August 16 to 18, 
2000, at Snowmass Village, Aspen, Colorado, concluded that in order to improve the 
utility of epidemiologic studies for risk assessment, methodologic research is needed 
in the following areas: (1) aspects of epidemiologic study designs that affect dose­
response estimation; (2) alternative methods for estimating dose in human studies; 
and (3) refined methods for dose-response modeling for epidemiologic data. Needed 
research in aspects of epidemiologic study design includes recognition and control 
of study biases, identification of susceptible subpopulations, choice of exposure 
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metrics, and choice of epidemiologic risk parameters. Much of this research can be 
done with existing data. Research needed to improve determinants of dose in 
huma11 studies includes additional individual-level data (e.g., diet, co-morbidity), 
development of more extensive human data for physiologically based pharmacoki­
netic (PBPK) dose modeling, tissue registries to increase the availability of tissue for 
studies of exposure/dose and susceptibility biomarkers, and biomarker data to 
assess exposures in humans and animals. Research needed on dose-response mod­
eling of human studies includ~s more widespread application of flexible statistical 
methods (e.g., general additive models),development of methods to compensate 
for epidemiologic bias in dose-response models, improved biological models using 
human' data, and evaluation of the benchmark dose using human data. 

There was consensus among the Work Group that, whereas most prior risk assess­
ments have focused on cancer, there is a growing need for applications to other health 
outcomes. Developmental and reproductive effects, irtjuries, respiratory disease1 and 
cardiovascular disease were identified as especially high priorities for research. It was 
also a consensus view that epidemiologists, industrial hygienists, and other scientists 
focusing on human data need to play a stronger role throughout the risk assessment 
process. Finally, the group agreed that there was a need to improve risk communication, 
particularly on u'ncertainty inherent in risk assessments that use epidemiologic data. 

Key Words: risk assessment, epidemiology, statistical models, dose modeling, dose-
response. 

BACKGROUND 

In the past, risk assessment has been largely performed by t()_xicologists and 
statisticians, and research methods in this field have mainly emphasized toxicologic 

. and statistical is~ues. Epidemiologists.have generally been .under represented in the 
risk assessment process because most risk assessments have been based on toxico­
logic rather than epidemiologic data. This situation appears to be changing with 
more epidemiologists expressing an interest an participating in risk assessment 
(Samet et al. 1998; Hertz-Piccioto 1995; Stayner et al. 1995), primarily due to an 
increase in the availability of high quality epidemiologic studies that are available for 
quantitative risk' assessment, and lingering questiorn: about appropriateness of ani- . 
mal models for predicting hurrian risk (Ames and Gol<;l 1990; Huff 1999) . 

EPIDEMIOLOGIC RESEARCH NEEDS .. 

The Workshop on Future Research for .Improving Risk Assessment Methods, Of 
Mice, Men, and Models, held August 16 to 18, ,2000, at Snowmass Village, Aspen, 
Colorado, included an Epidemiology Work Group. Prior to the meeting in Snowmass, 
members of the group were irivited to develop descriptions of research areas that 
they believed would e~hance the utility of epidemiologic studies for risk assessment 
purposes. After'presentation cifre"commendatioris b}' approximately 20 members of 
the group, the priority areas were organized into four broad categories: (1) aspects 
of epidemiologic study designs that affect the validity of dose-response estimation; 
(2) alternative methods for estimating dose in human studies; (3) refined methods 
for dose-response modeling for epidemiologic data; and, ( 4) the range of health 
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0(1tcome_s for consideration in future risk assessments. Additional comments were 
made by members of the group with respect the importance of greater involvement 
of epidemiologists throughout risk assessmentan_d communication. 

' I • • \ ' '• > • .: •, • ' ~ ~ • • • : l ;. t ,• : ; : ' ' • ' I • 

Aspects of Epidemiologic Studies Affecting Dose-Response Estimation 

Study Biases 

All epidemiologic studies are vulnerable to biases, including nonrepresentative 
. selection . of stt1dy subjects, misclassification of ex'p~sure or health o·utcomel ~nd 
· confounding. The extent to which biases are recognized and controlled determines · 

study validity. Nonetheless, bias is never fully eliminated and may cause distortion 
of findings that ultimately are incorporated into risk assessments. For example, 
occupational cohort. studies ·are often prone to a selection bias known as the 
"healthy worker effect," which is due to selection of relatively healthy workers for 
employment and inappropriate comparisons with national or regional population 
disease rates (McMichael 1976). For risk assessment, a particularly serious aspect of 
this bias is related to the facf that workers must be healthy to continue working, 
which is sometimes referred to as the "Healthy Worker Survivor Effect" (HWSE) 
(Arrighi and Hertz-Picciotto 1996; Robbins 1987). It has been shown empirically 
that HWSE may lead to damp·ening of dose-response relationships, which may even 
appear negative in occupational cohorts (Steenland and Stayner 1991) . 

Incomplete or erroneous .,exposure assessment is a pervasive shortcoming of 
epidemiologic research that can lead to biased dose-response estimates (Armstrong 
et al. 1998; Thomas et al. 1993). Deficiencies in exposure assessment can be avoided 
in future research provided adequate resources are allocated. For existing epide­
miologic studies on which risk assessments might be based, systematic efforts to 
address the direction and magnitude of bias can be attempted with sensitivity 
analyses. The Work Group strongly endorsed both improving exposure assessments 
for planned future studies and exploiting statistical methods to examine measure­
ment error bias in available datasets. 

Susceptibility 

Little is known about the quantitative effect of various human factors (e.g. , 
genetics, gender, age, diet) on responses to toxic environmental agents. The results 
of epidemiologic studies generally reflect "average" responses of the population, but 
may poorly reflect risks to susceptible subgroups. Epidemiologists commonly per­
form stratified analyses and related methods to detect effect modification of toxic 
exposures by host factors . This practice· and the reporting of important subgroup­
specific findings are encouraged; advances in statistical methods to quantify inter­
active effects will be beneficial in this regard. Identification of susceptible subgroups 
and quantification of subgroup risks will undoubtedly increase in importance in the 
foreseeable future as new information emerges from the Human Genome P~oject. 
There will be a definite need for the development of improved statistical methods 
such as those of Greenland and Poole (1994) to handle the extremely large amount 
of information that will emerge soon from molecular genetic research. There will 
also be a need for research on statistical techniques to incorporate this information 
into the development of risk assessment models. 
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Choice of Exposure Metrics 

Cumulative Exposure. A convenient expbsure metric for many epidemiologic 
studies has been cumulative exposure: the product of exposure concentration (c) 
and time ( t). The convention is simple, recognizes that both c and tare important, 
and is a reasonable default when peak exposure episodes, exposure intermittence, 
and' other exposure patterns cannot be estimated. In the future, epidemiologic 
research should take greater advantage of advances in environmental exposure · 
assessment techniques 'that enable measurement of time-varying exposure levels. 
Research that quantifies the relative effects of cumulative, peak, and average expo- · 
sures should shed light on exposure/ disease mechanisms. This would logically lead 
to risk assessments based on the most relevant exposure patterns, not limited 
necessarily to cumulative exposure effects. 

Exposure Distributions. Exposure estimates are frequently summarized (e.g., 
average exposure) for a job, time period, or geographical location. This practice is · 
prone to mis~Iassification in situations where there is considerable heterogeneity of 
exposure within classification units. For example, in the workplace, exposures for a · 
given job type can vary greatly depen\fing on specific tasks performed, use of 
protective equipment, and local ventilation. Modern computational resources allow 
the incorporation of these factors to generate exposure distributions that are more . 
valid personal indicators than are group averages. Research on methods for incor­
poration of exposure distributions in epidemiologic dose-response analyses should 
therefore be encouraged. 

Exposure Windows. Related to the subject of exposure distributions is the timing 
of exposure which can be critical to the effect. For example, for many cancers with 
long latency intervals, exposures immediately preceding diagnosis or death may not 
be etiologically relevant (Thomas 1988). In other situations, recent exposures may 
be especially important if there are acute or late-stage effects. The timing of expo­
sure is critical, sometimes even to a few days, as in the case of exposure to the 
developing fetus. Epidemiologic research on a variety of health outcomes is needed 
that more fully explores relevant exposure time windows in order to reduce expo­
sure misclassification and hence uncertainty in risk assessments. Experience to date 
with these analyses is limited. 

Choice of Epidemiologic Risk Parameters 

Relative risk (e.g., rate ratio, odds ratio) is the most common measure used in 
epidemiologic studies, particularly for studies of chronic diseases. Epidemiologic 
studies seldom report measures of risk difference (i.e., excess risk) that might be 
used to estimate attributable risk and effect modification either than on a multipli-

. cative scale. Other measures of risk such as· years of life '1os·t or lifetime excess risk 
may be more useful for informing risk managers. The ramifications of using various 
risk parameters in dose-response assessments deserves further study. 

. . 
· Dose-Response Modeling in Epidemiologic Studies 

Application of "New" Statistical Methods 

A variety of "new" flexible statistical models are available for application to dose­
response assessment (Thomas 1998). For example, general additive models are 
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increasingly being applied .to model complex dose-response data (Hastie and 
Tibshirani 1990). Hierarchial models (Greenland and Poole 1994) are also being 
increasingly used to comb\ne information from different studies. Further applica-

. tion of. such models should facilitate some of the more complex aspects' of dose­
response estimation, such as determination of threshold doses and estimation of 
nonlinear effects from peak exposures. 

Benchmark Dose 

The use of the benchmark dose in risk assessment has gained wide acceptance, but 
it has generally been employed with animal rather than human data. How human data 
are utilized in a benchmark dose presents its own set of issues, especially ambiguities 

. in estimating points of departure and taking into account dose uncertainties. 
. ' . . 

· Determinants of Dose in Human Studies 

Development .of Better Human Data for PBPK Models 

Risk quantification by PBPK modeling generally has been limited by scarce human 
data on parameters, including tissue volumes, blood flows, tissue partition coeffi­
cients, and metabolism of common environmental contaminants. Human exposure 
experiments using a broad range of population subgroups are needed to define the 
parameter distributions associated with differences in age, sex, race, and genetic 
factors. Thus, it is recommended that a panel of relatively common toxicants be 
selected for testing that includes: ( 1) lipid-and water-soluble gases and vapors; and (2) 
particles in a range of sizes to determine deposition, uptake, and distribution. Simple 
field testing approaches to assess human exposures need to be developed, such as 
automated methods to monitor gas/vapor breath levels, measure ambient particle 
exposures, and measure exhaled breath for particles. In conjunction with these 
approaches, biomonitoring oftoxicants and their metabolites in accessible tissues may 
be beneficial. Such data should be gathered in a variety of community and workplace 
settings to obtain representative samples for the population. 

Bio markers 

·: Risk assessment for carcinogens, and other endpoints, is often hampered by 
extrapolations between animals and humans due to differences in toxicokinetic and 
toxicodynamic processes. Incorporating biomarkers of exposure, effect, and suscep­
tibility into epidemiologic studies of occupationally and environmentally exposed 
cohorts has great potential to enhance the application of the studies in risk assess-

' ment. The application ofbiomarkers in epidemiologic studies is dependent on the 
. availability of appropriate biological samples from exposed populations. Central­
. ized repositories for archiving such samples would greatly facilitate the incorpora-

tion of biomarkers into epidemiologic studies. Sample repositories might be· devel­
oped at appropriate Federal agencies or other large research institutes. 

Biologi,cal Markers of Disease SuscejJtibility 

Risk assessment for cancer has traditionally been built on stochastic models of the 
carcinogenesis process with parameters fitted to experimental or epidemiologic 
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data. It is generally accepted that cancer is a genetic disease, involving somatic 
mutations or other changes to DNA that can be induced by environmental expo­
sures to carcinogens. It is also well established that some germ line mutations can 
produce a hereditary predisposition to cancer or an unusual sensitivity to environ­
mental carcinogens. There is ongoing, widespread research in molecular genetics 
to identify polymorphisms involved in the metabolic activation ofprecarcinogens to 
their active form or their de-activation. Information derived from this research has 
great potential, ultimately, for characterizing especially susceptible subgroups within 
populations. Consequently, as new genetic marker information e~erges, 'there will , 
be an increased need for refined risk assessment methods that permit estimation of · 
subgroup-specific risks. 

Health Outcomes Needing Further Study 

Historically, risk assessments based on epidemiol0gic data have focused mainly . 
on cancer. The Work Group voiced a need for other endpoints to be studied as well. 
These include the following: 

Reproductive and Developmental Outcomes. Reproductive and developmental 
effects have characteristics that make risk assessment for these endpoints more 
complex than for many other outcomes. For example, there is a wide range of 
specific endpoints, ranging from gonadal dysfunction, endocrine disturbances, and 
impaired reproductive performance to effects observed early in life, such as preg­
nancy wastage in subclinically or clinically detected conceptions, infant death, 
structural malformations, intrauterine growth retardation, deficits in development 
of structure or function, and transplacen tal carcinogenesis. Furthermore, the occur­
rence of an outcome may preclude another outcome or influence the shape of its 
dose-response. The role of repair and the timing of exposure are also key to 

. understanding and quantifying risks from reproductiveidevelopmental toxins. 
Injury. Little research has been done on risk assessment for injuries, yet htjuries 

are one of the leading causes of death and lost work time in the United States . . 
Difficulties in studying injuries include problems of defining correct population 
denominators, estimation of appropriate doses, and poorly identified risk-modify­
ing factors. Nonetheless, these should not be insurmountable problems for future 
epidemiologic research. · 

Cardiovascular and Respiratory Diseases. Cardiovascular disease is the leading 
· cause of death in the United States, ·and there is evidence that exposure to various , 
environmental agents, such as arsenic and fine particulate air pollution, may in­
crease the risk of tl1e disease. Respiratory diseases are currently of major public 

. ·h~alth concern. The increasing rates of asthma in the population offe~s· 'a vivid 
<!xample: Consequently, there is a clear need for including these diseases in future · 
risk assessments. 

OTHER CONSIDERATIONS , 

The Work Group discussed the need for increased representati.on of epidemiolo­
gists and industrial hygienists in the risk assessment community. It was noted that 
healtl1 risk assessment committees frequently do not include epidemiologists or 
exposure assessment scientists. Limited use of epidemiologic data and inadequate · 
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a:'aining in risk assessment methods among epidemiologfsts arid exposure assessors 
are the main reasons for this precedent. 

It was felt that there was a need to develop guidelines for the skill combinations 
, , : ~eed.ed ~o adequately evaluate all studies when conducting risk assessment. Also 

' needed° are guidei'ines to be us'ecl in 'evaluating hurb'a'n sttidib' 'in risk assessme'nt 
projects. ln_creased training in risk assessment for epidemiologists is needed as well 
as additional support for epidemiologic research. There is a National Center for 

·, Toxicological Research; a National Center for Epidemiologic Research that empha-
. · sizes training in risk assessment might also be. create~. · . . · 

Much of the res·earch needed to improve risk assessments that use .epidemiologic 
· data can be done with existing data. The group decided that it was not necessary to 

conduct new epidemiologic studies to address the questions raised in the first area 
. ·of resea~ch described above, "Aspects of . epidemiologic studies affecting dose­

response estimation". Re-analysis of existing data sets would be a logical starting 
point. Eventually, pooling of shared datasets to address low-level risks will be desir­
able. The Work Group endorsed this idea, but cautioned that appropriate attention 
will need to be paid to data confidentiality and protection of study subjects. 

· Finally, the communication ofrisk assessments to the general public in a manner 
that they can understand is a difficult challenge. Characterizing uncertainty is 

· particularly difficult. Methods to characterize and explain uncertainty quantitatively 
and qualitatively are needed. 
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ABSTRACT 

A workshop convened to define research needs_ in toxicology identified several 
deficiencie_s .in data and methods currently applied in risk assessment. The work­
shop panel noted that improvfng the link between chemical exposure and toxico­
logical response requires a better understanding of the biological basis for inter-and 
intra-human variability and susceptibility. This understanding will not be complete 
unless all life stages are taken into consideration . Because animal studies serve as a 
foundation for toxicological assessment, proper accounting for cross-species ex­
trapolation is essential. To achieve this, adjustments for dose-rate effects must be 
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improved, which will aid in extrapolating toxicological responses to low doses and 
from shorMerm exposures. Success depends on greater use of validated biologically 
based dose-response models that include pharmacokinetic and pharmacodynamic 
data. Research in these areas will help define uncertainty factors and reduce reli­
ance on underlying default assumptions. Throughout the workshop the panel 
recognized that biomedical science and toxicology in particular is on the verge of 
a revolution because of advances in genomics and proteomics. Data from these 
high-output technologies are anticipated to greatly improve risk assessment by 
enabling scientists to better define and model the elements of the relationship 
between exposure to biological hazards and health risks in populations with differ­
ing susceptibilities. 

Key Words: susceptibility, life stages, pharmacokinetics, dose respoitse, exposure 
assessment, genomics. 

INTRODUCTION . 

Considerable progress has been made over the last 20 years in defining discrete 
components that affect relationships between exposure circumstances and biologi­
cal effects. However, toxicology must move toward better characterization and 
understanding of the key cellular and molecular altecations that are responsible for 

· adverse effects obseived in experimental animals and humans. To achieve this goal, · 
research is needed to address several deficiencies in data· and methods currently 
applied in risk assessment. To improve the link between chemical exposure and 
toxicological ·response, the following issues must be considered: (I) increased 
understanding of inter- and intra- individual variability in susceptibility with special 
atten~on to susceptibility during all life stages, (2) accounting for factors that affect 
cross specie.s .exirapol.ation, (3) ·adjusting for dose rate effects, (4) defining toxico­
logical responses at low doses, (5) making use of continuous as well as quanta! data 
from toxicological responses, (6) developing better response data from short-term 
exposures, (7) addressing exposures to chemical mixtures and by multiple exposure 
routes, and (8) refining uncertainty factors witl1 rdiable experimental data. Im­
provement in most of these areas requires identification and quantification of 
molecular and cellular biomarkers along the critical pathway between exposure to 
an ·agent and clinical or functional expression of toxicity. Improvement also de­
pends on developing biologically based dose response (BBDR),models that can link 
exposure and biological response in a physiologically realistic framework. The 
framework must account for the time- and dose-dependent delivery of tl1e toxic 
form of the agent to its biological target (kinetics) and the time- and dose-depen­
dent changes in the biological system that lead to an adverse response (dynamics) .-

INTER-AND INTRA-INDIVIDUAL VARIABILITY IN SUSCEPTIBILI1Y 

· · Traditionally, chemical risk 'assessors ~nd their methods have focused on defining · · 
qualitative and increasingly quantitative relationships between exposure to toxi­
cants and adverse effects. A risk assessor's ability to establish this connection has 
been hampered by inter-individual variability (Hattis 1996). Although much uncer­
tainty in risk assessment is attributable to absent or inconsistent data, this source of 
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uncertainty theoretically can be addressed by filling identified data gaps. In contrast, · 
inter-individual variability can only be addressed by understanding the underlying 

· : basis for the variability and then applying new methods that enable the incorpora­
·. ; tion of this inforwation int9 ris)< asses~men~i_A major s9µrce of ~mcertain,ty)n risk . 

assessment is how responses to chemicals_ and physical agentn;ary 'riot only among 
individuals but within an individual under changing circumstances .. Gender, race, 
ethnicity, lifestyle, genetic predisposition, and age (conception to senescence), are 
factors that must be considered in risk assessment, as they can contribute to varia- '. 

:· . tion among individu_als in disease . outcome_, resulting from environmental insult , . : 
(Perera 2000) . Age, life-style changes, reproductive status, drug use, and previous 
exposures, among other factors, can also contribute to response variation within an·· 
individual over time: . . . . ' 

'While e~peri.mentai toxicologists 'generally design studies ·to control for inter~ 
. individual variabili,ty, epidemiologists routinely include corrections. for confounders 
or effect modifiers such as s·moking, alcohol use, diet, gender, race, and age. When 
appropriate, this information is included in risk assessments with the ultimate goaf 
of reducing uncertainty. Although gender, age, and diet have been addressed in 
experimental animal studies, race, ·ethnicity, and lifestyle factors are not easily 
addressed. As a consequence, risk assessments must rely solely on human data to 
assess the· .contribution of these factors.' : . . . . . . ' . . . 

Increasingly, epidemiological studies have attempted to identify ge.netic polymor-. 
phisms that may explain in part inter-individual variations. Genetic polymorphisms 
that appear to predispose individuals to cancer have received the most attention. 
The most extensively studied.susceptibility factors are the genetic variations in Phase 
I and Phase II xenobiotic-biotransformtion enzymes (Perera 2000). Investigation of 

, genetic variants in cytochrome P450 (Ishibe et al. 1997; Mollerup et al. 1999), 
. glutathione S-transferase, and N-acetyltransferase (Trizna el al. 1998) have contrib­

uted greatly to an understanding of the source of variation among individuals in 
terms of their response to chemical carcinogens. Altered expre'ssion of these en­
zymes because of inherited polymorphisms or differences in the levels of enzyme 
induction can lead to differ~nt abilities to activate or detoxify xenobiotics and 
thereby alter a person's risk to disease. 

Biotransformation and metabolism are not the only concerns. Also important are 
inherited variations that predispose a person to cancer. Receiving considerable 
attention in the lay press are the breast and ovarian cancer susceptibility genes 
BRCAl and BRCA2 (Brody and Biesecker 1998). These genes are believed to be 
important for tumor suppression. Furthermore, BRCAl has been linked to a DNA 
repair prot~in (Gowen el al. 1998). Variation in DNA repair can affect a person's risk 

· from agents, that dire·ctly or indirectly damage DNA. Increased· understanding of 
. these source~,ofvariation is needed as they have the potential to identify persons at 

increased risk·ftom exposure to a toxicant. 
Completion of the sequencing of the human genome and new technologies to 

evaluate gene expression, have given rise to greater opportunity to use this molecu-
. lar information in risk assessment. However at present, the understanding is inad­

equate to determine when and how incorporation of data on genetic polymor­
phisms may affect a risk assessment and by implication, influence risk-based policy. 
To determine this, it will be necessary to investigate the nature and magnitude of 
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the impact of incorporating this information into specific risk assessments. Specifi­
cally, research must investigate the extent to which a single or combination of 
genetic polymorphisms affects the toxicity of environmental and occ_upational expo­
sures. Physiological and molecular methods can be used to establish the phenotypic 
significance of genetic polymorphisms in order to estimate the impact of genotype 
on· response to toxicant exposure. This may provicle a means of calculating the 
significance, for risk assessment, of genetic variances that encode measurable phe­
notypic differences .. 

SUSCEPTIBILITY DURING LIFE STAGES 

Sufficient, valid scientific data now exist to assert that both pre- and postnatal 
exposures to a variety of toxic substances can deleteriously affect the health and 
development of neonates and young children. Indeed, there is basis for concern 
that such prenatal exposures can have life~lasting effects and can manifest impacts 
on later life stage function and behaviors. Such toxic substances include lead, 
methylmercury, PCBs, ethanol, and carbon monoxide, among others. Depending 
on the dose received by a fetus and the ·specific toxicant, health consequences can 
range from subtle toxicological changes in animal models, including neurobehavioral 
effects, ·to death following high exposures. One area of concern regarding adverse 
effects of exposure on reproductive health is occupational exposures to_ solvents 
(Taskinen et al. 1999; Plenge-Bonig and Karmus 1999) . Several recent studies have 
reported on relationships between parental occupational exposures and risks of 
childhood cancer (Ccilt and Blair 1998) .Critical for an evaluation of potential toxi­
cological impacts throughout development is both knowledge ofkey_developmental 
pathways and their potential susceptibilities to toxicants. This necessitates tl1e avail­
ability of test methods to evaluate such potential impacts across development as well 
as evaluations with a sufficiently large database of test chemicals to vali~ate such 
systems. 

Testing approaches for early (prenatal and early postnatal) developmental tox­
icity have been available for some time, although gaps still exist in evaluation of 
certain endpoints after early exposures, e.g., immunotoxicity, respiratory, cardiovas­
cular, renal, and liver function, and cancer. Recent efforts to expand the exposure . 
period for prenatal assessments. ~eflect the knowledge that organ systems continue_. · 
to develop beyond ·organogenesis. Further testing at later · stages iri. dev<:lopment 
arises from concern' that effects on development may be manifested much later in 
adulthood (Selevan et al. ~WOO). Effects of exposures in the periadolescerit period · 
have not been studied.sufficiently. Yet many teenagers are in the work force a~d may : 

. be exposed to .toxic _chemicals, particularly in agricultural settings ( Golub 2000). 
At the other end of the spectrum, exposures in older age groups are· not well­

evaluated in current toxicity testing approaches. Only the 2-year chronic/carcino­
genicity testing protocol includes exposures into later ages, and the effects of agent , '. 

, ·. ·· exposures may be masked or ~xac~rbated by ad libitum diet, resulting in obesity, and '1 ·, 

its consequences. Diet restriction in rodents has clearly been shown to increase life 
. sp.an and reduce disease. Thus, testing of rodents at later ages in diet-restricted and 

unrestricted situations is needed to identify factors i11 the aging population that are · 
important in the toxicity of various exposures. With the current trend toward an ·, · 
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. aging workforce; this information may be useful in setting more appropriate expQ-. 
sure limits to protect the health of this segment of the population. 

Recent studies have shown that isoenzymes of xenobiotic metabolizing systems 
~re 11:9t . ~xpr;esse? uniformly in developing._h~i:nans, (de Wildt et al .. 1999) .. For: 
example; human CYP3A7 is found prominently in human fetal liver but not in adult 
liver (Katida et al. 1985; Wrighton et al. 1988) whereas CYPs 1A2, 2B6, and 2C8 are 
expressed highly in children over 1 year old (Tateishi et al. 1997). Similar ob_serva-

, tions of variable expression of glutathione S-transfeni.se have been reported (Tee et 
· al. 1992) .. These results suggest that activation and detoxification capacity could be 
age- dependent. Thus, susceptibility of neonates to chemical exposure is likely to 
depend on the prevalence of activation/ detoxification enzymes at the time of 
exposure. 

Due to a lack of data on the exposure effects of human pregnant mothers to 
· environmental or occupational agents and even less on their developing children, 
better use must be made of available animal data. Current regulatory study designs 
for examining potential effects on the developing fetus or neonate induced by 
environmental or occupational agents do not require any information on internal 

. dose to the mother or fetal/neonatal dosimetry. Dosimetry information in the 
exposed motl1er, fetus, and neonate would certainly improve dose-response analy~ 
sis. Most of the common laboratory species on which_ studies of developmental 
toxicity are conducted during these critical windows have a markedly different rate 
of development and timing of developmental stages compared with humans. Essen­
tially, most rodents are born "premature" and many critical periods of development 
(e.g., brain and sexual differentiation) take place postnatally in rodents that occur 

. in utero in humans. Thus, the effects of lactation on in utero exposure can be 
extremely different between humans and the animal species used for testing. Ani­
mal studies must be designed to capture the comparable critical windows of human 
development. To meet the need in risk assessment for linking temporal exposure 
information with temporally sensitive developmental processes, united pharmacoki­
netic and dynamic models must be developed. Such models are needed to provide 
more accurate evaluation of dose-response relationships for the dynamic processes 
occurring during critical periods in development (Faustman et al. 2000). 

IMPACT OF LIFESTYLE FACTORS ON SUSCEPTIBILITY 

The toxicity of many chemicals is regulated in part by enzymatic metabolism, 
whose activity is determined by a variety of intrinsic and extrinsic factors. The risk 
of toxicity depends on changes in these enzyme activities over time which may be 
influenced by both genetic and lifestyle factors. Lifestyle factors include such things 
as pharmaceutical use, alcohol intake patterns, and health status. Several drugs are 
known to be enzyme inducers, dietary factors and alcohol alter the activity of an 
important oxidative enzyme, CYP 2El, which is involved in the metabolism of many 
environmental and occupational chemicals (Chien et al. 1997). The complex, time­
dependent interactions of multiple lifestyle factors as determinants of chemical 
toxicity are often overlooked in normal standard toxicity testing venues. The pattern 
of chemical interaction is further complicated because many of the inducing com­
pounds may also serve as inhibitors of degradative metabolism of workplace chemi-
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cals. Therefore, research is needed to determine the conditions under which these 
interactions are likely to enhance toxicity, which members of the population are 
most at risk for these interactions, and which activjties and lifestyle factors lead to 
higher risks from chemical exposures. 

Research is needed that combines and integrates experimental studies in animals 
and studies with human tissues and/or human volunteers to create mechanistic 
models of the influence of lifestyle factors, enzyme induction, and temporally 
disparate exposures on metabolism and expected toxicity of environmental and 
occupational compounds in diverse populations·. It will be essential to convey the 
method by which qualitative and quantitative inferences drawn from mechanistic 
animal studies can be extended to human populations and the method by which 
ancillary data from human tissues and/or human volunteer studies would support 
inferences from animal research. It will also be necessary to demonstrate the 
method by which these integrated studies provide improved quantitative character­
ization _of the variability expected in a diverse human population in response to 
chemicals and to alterations in enzyme activities by lifestyle factors. 

PHYSIOLOGICALLY BASED PHARMACOKINETIC (PBPK) MODELING 

PBPK modeling is a powerful tool for extrapolating dosimetry across species, 
from high doses to low doses, and across various exposure durations. Recently, 
PBPK models have been developed that simulate the induction of various proteins 
over time (Santostefano et al. 1998; Andersen et al. 1993). Extending this technology 
to the development of the xenobiotic metabolizing system in the neonatal liver 
seems reasonable. PBPK models of lactational transfer have also recently been 
developed for several volatile organic chemicals, and these models have been used 
to predict exposure of infants as a result of occupational exposure of mothers to 
toxic chemicals (Fisher et al. 1997; Byczkowski et al. 1994) . Data must be developed 
to model fetal/neonatal exposure to chemicals, tl1rough lactational transfer, where 
neonates may be more or less susceptible to chemicals tl1at may or may not be 
bioactivated or detoxified by the maternal system. Experimental dosimetry data in 
adult and neonatal animals must be collected for use in the development of PBPK 
models to describe chemical kinetics in the adult and neonate for extrapolation of 
the results to the humans. Model systems should focus on key xenobiotic biotrans­
formation enzymes that are expressed differently in neonates and adults. 

BIOLOGICALLY BASED DOSE-RESPONSE (BBDR)MODELS 

Biological models that address mechanistic steps linki11g exposure · to adverse 
effects.offer an objective, data-based approach to test biologically based hypotheses 
and to generate alternative hypotheses for laboratory testing (Leroux et al. 1996; 
Shuey et al. 1994) . If mechanistic hypotheses are not adequately tested in an 
appropriate dose-response frame\Vork, then approaches to ~stimate occupational 
risks that rely on such hypotheses may simply be substituting one set of assumptions 
for another, and the latter set may not provide adequate health protection. Properly 
validated models ( i.e., those most consistent with tl1e experimental data) are needed 
to accurately predict measured biomarkers of exposure and biomarkers of effect. 

/ 
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The ~_equence of events between exposure and response must be linked so that 
BBDR models cai1 provide mechanistic insights on the origin of biological changes 

1 : that occur at the cellular. and molecular levels. · These models can help identify 
, , : ·. '.; biom~~~~!'s th.at are appn?priate. _measur_es . of ,<;XP?,s.~n:e, c::ffect, an_d ·s_usceptibili,ty.. _., . 

. ·, Validated BBDR models can provide a sound scientific basi_s for extrapolating dose­
response relationships across species and outside the range of experimental obser­
vation and thus reduce uncertainties in estimating human risk. 

i: :• 

CROSS-SPECIES EXTRAPOLATION 

Species-specific information at the cellular and molecular levels is critical for 
, , developing models that can be used to quantify relationships between time-depen­
. _dent target tissue dose ~n.d tissue \esponse as a function of exposure to hazardous 

:, ·: agents. BBDR models combine toxicokinetic data on the absorption, distribution·, 
. ' ' · metabolism, arid elimination of age1{i:;, . at different levels ·of exposu~e ~ith mecha­

nistic data of time-dependent tissue response (e.g., mutagenicity, altered gene 
expression). Species-specific mechanistic data, including parameters that are mea­
surable in humans, are critical for developing these models. Experimental data are 
needed to estimate relevant parameter values (e.g., tissue partition coefficients, 
enzymatic activities, binding constants) and to resolve uncertainties in the accuracy 
of parameter estimates, interdependence of parameters, validity of scaling methods, 
variability of parameters among individuals, and effects of co-exposure to other 
agents that may alter any of the critical biological processes. These models should 

. evaluate similarities and differences in animal and human response as a function of 
the time-dependent tissue dose, whether the correct dose metric(s) have been 
,specified for extrapolations, and whether responses in animals reflect the range of . 

. responses that might occur in exposed workers. 
A major limitation to predicting the susceptibility or resistance of human neo­

nates to chemical exposure is a lack of similar information about the development 
of xenobiotic metabolizing enzymes in rodent models of human toxicity. Differ­
_ ences in the extent of expression of xe_nobiotic metabolizing enzymes between 
rodents and humans at a given period of development complicates the interpreta­
tion of neonatal chemical exposure studies where rodents are used as models for 
humans. Thus, a systematic characterization of the ontogenetic development of key 
xenobiotic biotransformation enzymes and repair enzymes is needed in common . 
laboratory animal models of developmental and reproductive toxicity (e.g., the rat 
and rabbit) compared with that of humans. Such an analysis needs to be carried out 
using protein expression methods (including functional analyses) rather than just 

, through mRNA expression. The objective of this work should ~ea map showing the 
· · degree o_f expression of key isoenzymes of xenobiotic metabolism over time m 

laboratory animal models and in humans. 

DOSE RA TE EFFECTS 

In many situations, human risk assessment relies on toxicity data from studies 
conducted in laboratory animals under standard testing protocols. Compounds are 
administered at constant levels over regular intervals (e.g., daily 6-hour inhalation 
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exposure) for defined periods of time (e.g., 13 weeks; 2 years). On the other hand, 
human exposures rarely conform to these prescriptive dosing regimes. As a matter 
of practical consequence, a number of default assumptions with respect to dose rate 
and exposure duration have become implemented in risk assessment. Doses aver­
aged over a work shift (in most occupational scenarios) or even a lifetime (in cancer 
risk· assessments) are generally assumed to result in equivalent risk regardless of 
exposure pattern . Adverse response is often assumed to be linearly related to the 
product of exposure level times duration (Haber's Law). For example? 1 hour 
exposure to 80 ppm is equivalent to 8 hours exposure to 10 ppm (Andersen et al. 
1987). For some endpoints (e.g. , irritation; some developmental effects) 1 it is com­
monly assumed that exposure level dominates and duration has almost no influence 
on risk. Most of these default assumptions have not been rigorously supported by 
scientific research Qarabek 1995) . Recent studies by Weller et al. (1999) indicate 
that the developmental effects of ethylene oxide exposure depend on both expo­
sure level and duration, but do not conform exactly to Haber's law. Similarly, some 
of the carcinogenic effects of 1,3-butadiene are more dependent on exposure level 
than exposure duration (Melnick et al. 1990) 

Recent improvement in our understanding of the underlying determinants of 
toxicity and the ability to make quantitative predictions of tissue dosimetry should 
facilitate more focused research in the area of dose-rate effects. PBPK models are 
now able to relate the time course of a wide variety of internal dose metrics from a _. 
vast number of external exposure level and duration combinations. Time- and 
concentration-dependent processes such as metabolism must be accounted for, so 
that these models will be useful in selecting experimental conditions and interpret­
ing results. The critical biochemical determinants of dose-rate effects (e.g., interac­
tion with molecular components, repair of cellular damage) must be incorporated 
into the framework ofrisk assessment methods. Finally, early cellular biomarkers of 
tissue dose and toxicity are needed for investigations of the temporal relationships 
at lower and more relevant exposure levels. These advances are needed to permit 
the development of more scientifically sound approaches in accounting for expo­
sure pattern and duration in estimations of human risk. 

TOXICOLOGICAL RESPONSE IN THE LOW-DOSE REGION 

Quantitative risk ·assessments typically involve establishing a dose-response 
relationship; however, it is common that the exposures 'of interest for environ~ 
mental risk assessment purposes are below the region where a response may be 
observed in experimental studies. For occupational c_hemicals, experimen_tal , 
studies at times include exposur~s in the range that has been encountered by 
workers. To.xicological investigations have traditionally required the obsen1ation 
of overt, qua~tifiable response in a relatively small samples of animals. This 
necessity is commonly addressed by using high doses in toxicological studies, 
compared to -the typical region of interest for , humans. The· term "low ·dose 
region" refers to the range of exposures encounte,·ed by humans. For industrial 
chemicals, workers may be exposed to levels that are several orders of magnitude 
higher than those found in the general environ.nent. · High doses that cause 
generalized toxicity may lead to altered patterns of metabolism and elimination, 
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. compared with those that_ prevail at lower doses. Mechanistic studies that are ' 
conducted only at these high doses may be misleading relative to mechanisms 

· operating at lower doses. · In these · cases, ·extrapolation of the dose-response · 
. ·.:, relati<;>J?,ship to the low-d~se r_egi.o_n. b,elo~ .~he, r~n_ge; of e~perim~.1: tal .d~ta m~y .b~ . 

.. : affected by the mechanism underlying the toxicity. Well conducted toxicity and · 
mechanistic studies include multiple exposure concentrations that extend into 
the region where toxicity does not· alter· metabolism or elimination. The risk 

:, estimates derived from high-dose extrapola_tions depend critically on the es_ti-. · 
, mated shape of the dose-response curve in the low-dose region .. Greater unde_r-
, standing is needed o( the shapes of _typical dose-response relationships for . 
, cancer and non-cancer endpoints._ This wilr lead to reduced uncertainty in · · 
. quantitative risk assessment, and an· increased confidence in the resulting risk ··· 
. estfmate~. Biomarker st~1di_edocusir1g on the mechanistic events that ultimat~Iy; 'I ', 

: lead to an overt toxicological response hold.th~ pi:omise of extending the range: . . 
of observable response into the low-do~e range, which.is more relevant to huma~ · 
exposures. Mechanistic biomarker studies are needed to better distinguish be- · 
tween linear and nonlinear responses. The ultimate goal of these studies should 

· be to provide appropriate data for low- dose extrapolations, for both cancer and,· 
non-ca.ncer endpoi_nts. · 

USE OF CONTINUOUS DATA FROM TOXICOLOGICAL RESPONSES 

Although considerable research has been reported concerning the use ofquantal 
· data in dose- response modeling, far less progress has been reported on the use of 

continuous data (Gaylor et al. 1998). Continuous data are often generated in the 
case of non cancer endpoint studies including those of reproductive toxicity, . 
immunotoxicity, and neurotoxicity. Useful endpoints including body weight, en- . 

·, zyme activities, protein and neurotransmitter concentrations, cell counts, and neu­
, ronal cell death are usually reported as continuous data. Although continuous data 
, can be converted to quanta) values in some instances, substantial precision may be 

lost during this process (Gaylor 1_996). Therefore, pr«?cedures must be established 
for using continuous data in dose-response assessment. 

The most controversial aspect of the using c;ontinuo_us data for dose-response . 
assessments is determining th_e "cut-off' value for defining an adverse effect. Defin­
ing this adverse level of change from controls is a critical decision and should be 
grounded on sound biological and toxicological principles. An ideal method should 

· be based on the available data, apply to most continuous data sets, and minimize 
· .. arbitr~ry decisions: Several approaches currently available include "a~ount of change" 

'. considered to be adverse by experts, use· of an . historically-based cut off for a . , . 
·. particular continuous data endpoint, or amount of change in the experimental 
mean value based on tl1e mean and standard deviation of the control data set. Data 
can then be modeled as continuous data, or be converted to quanta) 'values. Al­
though these and other approaches have been investigated to a limited extent 
(Gaylor and Slikker 1990; Crump 1995; Glowa and MacPhail 1995; Kavlock et al. 
1995; Kodell et al. 1995; Slikker et al. 1996, 1998; Bosch et al. 1996; Chen et al. 1996; 
Gaylor et al. 1998, Haper et al. 1998), a systematic comparison of these methods is 
needed to develop a valid approach for using continuous data in risk assessment. 
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DEVELOPMENT OF TOXICOLOGICAL RESPONSE DATA FROM ACUTE 
AND SHORT-TERM EXPOSURES 

Current testing approaches for acute and short-tt-rm toxicity tend to be limited 
or nonexistent. Often, the only acute data available are from studies that are 
designed to determine an LD50 or some form of severe toxicity and done for the 
purpose of dose-setting for longer-term (e.g., 2-week or 90 day) studies. Some data 
from other studies are available and are used to derive an acute reference value; e.g., 
clinical observations in the first few days of the subchronic study may be helpful in 
setting standards. Also, developmental toxicity data are often used for setting acute 
and short-term reference values even though the exposure periods may be as long 
as 10 days to several weeks. This is because it is presumed that most, if not all, 
developmental effects are possible to induce with single exposures. However, no 
acute or short-term data currently are developed on the aging populati~n. Obvi­
ously, having pharmacokinetic information and understanding the mechanism of 
action of the effects induced would provide more information about whether they 
are appropriate for acute or short-term standard setting. Thus, testing protocols are 
needed that can be used for setting no-observable-adverse-effect levels (NOAELs) or 
benchmark doses (BMDs) for acute and short-term exposures, and for determining 
how to use data from other studies (e.g., developmental toxicity, data in the aging 
population, other organ studies, and longer-term studies) in addition to appropri­
ate adult toxicity studies. In addition, useful mechanistic and pharmacoki"netic data 
are needed to aid in understanding the best approach for testing as well as using 
these data in risk assessment. 

EXPOSURE TO COMPLEX MIXTURES AND MULTIPLE EXPOSURE 
ROUTES 

Most toxicological testing conducted in experimental animals relies on adminis­
tration of a single compound by a single route. On the other hand, humans are 
often exposed to mixtures of chemicals through multiple routes. In many occupa­
tional and environmental situations, it is increasingly recognized that risk of illness 
or injury may be the result of combined inhalation and dermal exposure to the same . 
chemical source. To complicate matters, . the chemical source may actually be a ·. 
c~mplex mixture of several ·substances, all of which may contribute to the risk. 

'.· Exposure to chemical .mixtures 1nay also cause chemical inte,ractions .that could 
either potentiate or inhibit the expression of adverse response. Recent laws, such as 

. the Food Quality Protection Act of 1996, contain provisions that require risk assess-
.'.' . ment to address aggregate exposures from multiple routes and cumulative risk from ,: · 
. , exposure to multiple chemicals with a common mode of action .. New toxicologica~ 1 .' ·,. 

test protocols and approaches are needed to generate data on exposures to complex · · 
mixtures and multiple routes of exposure and to integrate that information into risk 
assessments. If appropriately constructed .and validated ,~ith· experimental data, . 
BBDR models ·can be used ·'to estimate the amount of internal 'dose (e.g.;'blood 'or·;:· ' ·: 1 '-'· 

tissue level) from multiple routes (e.g., inhalation and dermal. contact) ' or predict . 
interactions at molecular targets (e.g., receptor binding) from exposure to two or 
more compounds. 
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UNCERTAINTY FACTORS 

Default uncertainty factors of tenfold have been used traditionally for extrapola- . 
tion from animals to humans, and t<> account for the variability among humans 

.. including; sensitive sub-. populations. Human- health , risk a~sessment can be im­
proved by improving the choice of uncertainty factors and moving away from 
defaults, when supported by scientific evidence. A first step away from defaults is the 
use of categorical defaults based on characteristics of the substance or species 
differences. Uncertainty factors based on categorical defaults are used in· the case 
of animal to human extrapolation for reference concentrations when dosiinetric 
adjustments are done (USEPA 1998;Jarabek 1995) ,. or in the use of surface area and 
metabolism adjustment for oral dosing. Renwick and, colleagues (Renwick 1991; 
Renwick and Lazarus 1998) expanded the categorical defaults into a data- derived 
approach, in which the interspecies and intraspecies uncertainty factors are broken 
into toxicokinetic and toxicodynamic components, based on reiative contributions 
of these components for a number of chemicals. The data-derived adjustment factor 
approach is being enhanced to make further use of the data, and allow the incor­
poration of chemical-specific data without requiring the detailed level of toxicokinetic 
information required to build a PBPK model. In addition, data-derived factors can 
address intra-species and inter-species toxicodynamic variability differences, but 
these data are more difficult to develop. Together, this hierarchy of approaches 
using increasing amounts of chemical-specific information allows the replacement 
of defaults with chemical- and species-specific information to improve the accuracy 
of the assessment. Research into a number ofissues is necessary before factors based 
on chemical-specific data can be broadly used. For example, criteria need to be 
developed on how to evaluate whether the critical determining factor has been 
identified. Similarly, it will be necessary to clarify how inform.ation about human 
variability is used in kinetic models. Evaluation of PBPK models for chemicals acting 
via selected modes of action are needed to elucidate whether the distribution of 
certain parameters adequately describes human variability. 

TOXICOGENOMICS 

Genomics and proteomics have been widely hailed as fundamental technological 
breakthroughs in the evaluation of both biological response and biological suscep­
tibility (Lovett 2000; Waring and Urlich 2000). The toxicological application of this 
technology is referred to as 'toxicogenomics. ' Strengths of this methodology are the 
speed of screening a large number of genes and their responses to exposures, and 

· the potential linking of a response to its underlying mechanism. This technology has 
potential usefulness for risk assessment, but may only represent the first step in a 
process .. ,that currently must include epidemiology and animal toxicology evalua­
tions. Linking toxicogenomics to disease outcomes is needed before it can be 
routinely used as a risk assessment tool. 

Of particular importance is the increasing availability of information about 
expression patterns of tens of thousands of genes, tl1e link between them and 
protein pto.duction ,.and the translation to eventual adverse outcome. Availability of 
such information requires redefining biological responses to toxicants. Such tech­
niques offer the potential to follow biological responses with time as occupational 

Hum. Ecol. Risk Assess. Vol. 8, No. 6, 2002 1415 



Toraason et al. 

diseases progress. They may offer new hope in identifying early 6iomarkers of 
toxicity as well as better assessments for cross-species extrapolation of data on 
biomarkers'of effect and si1sceptibility. To effectively use such information, biomarker 
research needs to be e~p-ahded to enable such data to be put into effective dose­
response and temporal contexts. In addition, guidelines are needed for collecting 
and interpreting toxicogenomic information for human health risk assessments. In 

. particular, guidelines are needed .to establish criteria for acceptable levels of sensi-

. tivity, ipecificity·,.·accur~cy,. ari<;i predictiven<;ssfor gene expression as bi~markers o'r · 
disease . . Research _is also needed :to ensure that information obtained by these· 

\' ,technologies is highly quantitative, include evaluations of time-dependent changes 
' consequent to specific exposures,' and adequately account for the effects of mixed 

exposures. · 
With advances in genomics and proteomics, identifying the complex gene envi­

. · ·ronll).ent intera~tion has bec<>ri~ in~:r,easingly possible. Genetic tes'ting, including all 
· ' the elements of'gene expression to protein· prod~cti'on, promises a possible future · 

presymptomatic determination. · Current uncertainties regarding interpretation of . 
the results from testing rnise new. risk management problems. Several complex 
ethical, legal, and social issues (though not discussed here) will arise with the advent · 
of this new information. Therefore, research is needed regarding the inost effective 
use of this genetic information and appropriate management strategies must. be 

.· established (Fasouliotis an1 Schenker 2000). 

CONCLUSIONS 

In the coming decade, the application of experimental data to chemical hazard 
identification and characterization will require risk assessors to simultaneously 
address toxicological issues ·on three fronts .. First, long standing and in many cases 
unresolved issues need to be addressed to improve traditional toxicological testing 
(e.g., addressing exposures to complex mixtures and accounting for multiple routes 
of exposure) for expanded use in risk assessment and setting of regulatory stan­
dards. Second, new types of data including biomarkers of effect and susceptibility 

·· with corresponding data in both animals and humans are needed for improved 
species extrapolations and dose-response assessment~. Lastly, toxicology will need to , . 

. , develop 'methods to pr~perly use ,data from 11.ew d-evelopinents in genomics and ; 
proteomics'.The enorm0tis quantities of data expected from these high throughput ·.· 

: technologies may require a revoltitic)n in 'the ·way data can be used iri risk assessment ' 
. for protecting public health. Priority issues that need to be addressed on these three 
· fronts indu1e .' inter- and .)ntra~human variab.ility anq _: susceptibjlity,, wit,h '.sp_ec}al · . . 

emph<,lsis o_n to~icological risks through a_ll,life_ stages · (concep_tiqn though se11e_s~ . 
. . cence). To accomplish this, improved extrapolation' is needed of experinien't:al data 

to environmental and occupational human exposure· situations. An essential com­
ponent of this will be the_ linking of exposures to toxicological response, .in~luding . 

. . exposure-rate .and dose~response .. re.lationships. ·The · development ·o(,biologically , 
based dose-response models_offers :a mecha~ism-based approach to summarize all · 

.. available data, identify data gaps, extrapolate dose- re'sponse relationsh,ips across 
species and outside the range of experimental observation, and account for factors 

· · influencing inter-individual differences in susceptibility. 

,, 
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report provides a ranked set of recommendations for proposed research to advance 
the state of the art in dose response modeling. The report is the result of a meeting 
of invited workgroup.participants charged with identifying five areas ofresearch in ' 
dose respon~e· modeling thafrould be incorporated in a national agenda to improve 
risk assessment methods. Leading topics of emphasis are interindividual variability, 
injury risk ass~ssment modeling, and procedures to incorporate distributional meth­
ods ai;id ,mec~anisti~ c~nsid~rations into now-stan<:1ard methods of deriving a refer-

. . ence' .dose (RID), refere11ce concentration (RfC), minimum risk level ·(MRL) or 
'. • • ,,· - · ' I ' ' ' , l \ , \ ' ' • .' , , : . '. \ .' ' , .' ·, ; ' ' , ; I , : 

· .s1m~lar .dose~response. pararpeter estimates. . 
. • • ·:!,. ' . . ' . 

Key W~rds:' interindi~idual v~riability, i;\jury risk, B~y·esian analysis, latent var.iabie~, 
' · ' · Markov Chain Monte Carlo analysis. ·' · 

INTRODUCTION ' . 
: ,·, . '. !: . ' · .. .: : .,' .. ,, : . . . . . J 

The recent advances in biological research, biochemical techniques, molecular 
epidemiology, :biostatistical/mathematical methods, and computational power pro­
vide opportunities for considerable improvement in the assessment of dose re­
sponse relationships for risk assessment. ' This paper describes· the discussion and 

.. results of a one-day ,meeting of thirteen invited particip~nts (listed as author~) of a ' 
dose response workgroup and se'veral additional attending experts in dose response 

. modeling. The .workgroup meeting was · part of ·a three-day workshop exploring 
research possibilities to,improve risk assessments done to support occ.upational and 
environmental healt:11 policies and scinda.rds. The charge to. the participants of the 
workgroup was to identify five specific research areas that would significantly im­
prove dose response modeling for occupational and environme.ntal risk assessment. 
Each invited participant was ·asked to prepare a brief de~cription of research pro­
grams that could be :the subject of a request for proposals. Table .1 sh.ow~· ti_tles <!,nd , 
authors of eac!i. initial written .proposal. This paper draws from the proposal write­
ups, ofte.n verbatim, to describe the .areas of research the workgroup found most . 
promising. 

The dose-response workgroup meeting proceeded in three stages. First proposals 
were sorted in~o broad topic .areas, and tl1en each proposal was presente4 . and 
discussed. Additional topic ar,e'as and ideas for proposals were then .solicited from , 
the group. Next ther~ was an ·extended p~riod during which ·t~e individual propos­
als .were further refi.ried, extended, and consolidated, into ten' groups;·.Finally, each .·, . 

. ' participant was aske,d t~ rank the p~oposai groi:ips gi~ing five points to the top choice . 

. · in terms of desirability for furiding, four for the second choice, three for the third,' 
, , :•. · . . ' two for the fourth, ·one for tl1e fifth and zero for' the remair'iing five proposal groups. : · i . ';. 

I ' fo all, thirteen people participated in this . ranking exercise.' · '· ' · 

PROPOSED LINES OF DOSE RESPONSE RESEARCH · 

Th~ t~n areas the g~oJp chq:~~ :to explcire, ·in _'r~~ked b~d~t :ar~ ~i~~il inT~bl~ 2> ·: ·· · 
Some proposals b~nefited. b}'. ,the multiplicity of ide~s attached witl1in the various : .. 
gm.ups-and the process of grouping is the principal reason why there is not a one­
to-one mapping or' the initial proposals listed in Tabl.e .1 to the . final ·.rarked items 
in Table . 2. ·The groupings may well have ·been a disadvantage to · some of the 

/ 
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Table 1. Initial research ideas proposed to improve dose response modeling 
for risk assessment. 

Participant 

Mel Andersen 

John Bailer 

Chao Che·n · · 
Harvey Clewell 

Rory Conolly 
Kenny Crump 
David Dunson 

Lynne Haber 

Annie Jarabek 

Ralph Kodell 

Duncan Thomas 
Todd Thorslund 
Steve Bayard 
James Wassell 

· ' Research Proposal 
' t· -: .. ·, .·} ,,. , . ' . . . 

Mechanistic Models for the Impact of Lifestyle Factors on 
Metabolism, Pharmacokinetics, and Toxicity of Workplace 
Chemicals in Diverse Human Populations 
Developing ~trategies for Quantitative Risk Estimation for Hazards 
of Occupational Injury . · · · 

. . Advances 1ri .. Molecular Resea·r~h and Risk ·A~sessm~iit . 
Accounting for Pharmacokinetic Uncertainty and Variability in Risk 
Assessment . 

' Risk Assessment for What? . 
Investigation of Prevalence of Hormesis 

· · Risk Assessment Based'on Multiple Reproductive and 
Developmental Endpoints 
1. Use of Data-Derived Uncertainty Factors in Human Risk 
Assessment 
2. Characterizing Uncertainty in RIDs and RfCs 
I. Characterizing Variability to Decrease Uncertainty 

. 2. Extending the Range of Observation · 
. Development of Mechanistic Biomathematical Models that Predict 
Less-than-Background Risk of Cancer at Low Doses ofToxicants 
Incorporating Genetics into Risk Assessment 
Proposed Research to Strengthen the Rationale for Extrapolating 
Animal Cancer Bioassay Results to Humans Based on Relative Risk 
Occupational Injury Risk Assessment 

. proposals that might have benefited from being joined with others, but were 
presented in relative isolation from other proposals. In any event, the differences 

· between the second through the seventh ranked proposal groups are relatively 
small, and the eighth proposal also received significant support. · This paper dis- · 
cusses the first eight ranked groups, rather than the five top rated proposals 
originally requested by the organizers. 

CHARACTERIZING INTERINDIVIDUAL AND INTERSPECIES VARIABILITY 
IN SUSCEPTIBILITY 

An important consideration in regulators' decisions · to mitigate risks is that 
people differ in their responses to environmental and occupational exposures. 
During the last 15 years, innovations in both observational study design and risk . 
analysis methodology have led to improved descriptions of interindividual differ­
~nces in risk (see, e.g., Bogen and Spear 1987; Bois et al. 1996 and 1999; Hattis and 
Burmaster 1994; Cullen and Frey 1999) and in the mechanistic bases of pharmaco­
kinetic and pharmacodynamic determinants of exposure-dose-response across spe­
cies used in laboratory testing (USEPA 1994;Jarabek 1995a,b; USEPA 1996; Schlosser 
and Bogdanffy 1996). Yet, mathematical tools to reach policy decisions that ad­
equately address characterization of exposure-dose-response in a mechanistic fash-
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Table 2. Summary ranking of ideas for the dose response modeling workgroup. 

1. Characterizing Interi11d1vidi'.ial .and Interspecies Variability in Sus~eptibility 

2. Models for Injury Risk Assessment- Including Development and Characteriza­
• tion of Risk Estimates and Exposure Metrics 

3. · Adaptations : anq. ,Mqd.ifi~ations to Existing Standard Procedures . 
(e.g., to Derive Rills) 

4. Acceptability Criteria for Mechanistic Hypotheses and Data 

5. Modeling Analyses for Multiple Endpoint Data .(Especially for Different End-
points on Different 'Sca.les) .. , · · · · · 

6. New Mechanistic Models of Carcinogenesis · · · 

7. Com.bining Data of Different Types. in Risk Analyses 

8. Exploring Evidence and Models for Complex Dose Resporise Relationships in· ·· 
the .Context of Homeostasis , 

9. Idea.ls for Risk Analysis/ Relationship with Societal Decision Processes . . 

10. Interspecies Extrapolation Based on Relative Risk 

~ ·• ' ' 
ion or that address:heterogeneity,have not been adopted by regula:t~iy agencies for. 
routine use. The standard practice is to base standards on the population risk; . 
sometimes in combination with ad hoc procedures ti1ought to be conservative (e.g., 
use of most sensitive species) to estimate an upper bound on population risk. It is 

. hoped that decisions based on an upper bound so'calculated will provide protection 
for sensitive individuals. To make such estimates, simple dose-time-response or 

. \' ·::. . stochasti~' n~odels of the' ca~dnog~i:i°'eii'i.s procesf are fit to experimental or epidemio­
:. :. , .'. · .. ·. , . logical da'i:a·. Non~ancer· methods rely.:on designation of a sentinel adverse effect in 

, · .... : · · ·· · a putatively sensitive spedes, · and then apply interspecies and intrahuman ·"uncer-
.' tainty factors" that ·have been traditionally based ori ·empirical, not mechanistic, 

rriotivatj6n (Jarabek I 99:Sa). . · .... ,' . . ' . , . : '. . 
. • ·' ·' .· ' ., ·Break~ut group ·particip~n:ts 'identifi~d se:~eral. line·s of research .that 0o'ut'ctlead ·.' 

' .. · to impro~ed rrteth'ods to assess· int:~ri;\qivfduai \,liriabilit:y in dose response. These are ' ' · · 

, . . .. \ _ ... ', 

· outlined below. · · · 

• . , , . . . ; , • i • 1 .~ • ', , • ,, ) I l ·, ·. , , 

·A. Metli.C>~ to Incorp~rate. ;Gen~tic .Det~rm.~na,n,ts_ of H~terogeneity to Mo4~1 . 
·,VariahilityiriCancer~I.:'-'.-.' ·.··'':, · '·. ,, .. ,,,., ..... · . '' ·:· .. , ., 

, ·1t is' gd~erally a~~~pted that c;ancer' is 'a gerikti~ di~ease, ' involving so~atic muta­
. tions or other change.s to DNA that can be irid1iced by environmental exposures to 
carcinogens. The mathematical models u·sed in risk assessment such ·as the Armitage-
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Doll multistage model and the Moolgavkar-Knudson two-mutation clonal expansion 
model are based on fundamental concepts about mutation and heterogeneity. 

! However, neither model ·accotints· for an individual's specific genetic make-up, or . 
. :. : population heterogeneity in unmeasured g~netic or environmentally-in·c1.u·ced fac- ' 

' · · .. · tors. Some germline mutations can also produce a hereditary predisposition· to 
cancer or an unusual sensitivity to environmental carcinogens. For example, Ataxia­
Telangiectasia patients (homozygous for the ATM mutation) are exquisitely sensi-

• c tive to ionizing radiation, and ATM heterozygotes are at elevated risk. Other ex­
'. : amples include·predisposing genes such BCRAJ arid BCRA2 for familial breast and 

ovarian cancer, APC for familial polyposis coli, and the mismatch repair genes 
MLHJ and MSH2 for hereditary nonpolyposis colorectal cancer. Polymorphisms in 

· genes irivolved in the metabolic activation of pre-carcinogens to their active form or 
·,: their deactivation, also may confer a larger population attributable risk (e.g., NATI 

and NAT2 activation of aromatic amines). A riumber of these polymorphisms affect 
appreciable fractions of the population. Finally genomic instability is an important 
mechanism in certain kinds of cancer, such as hereditary nonpolyposis colon 
cancer, in which mutations in one gene produces extensive loss of DNA replication 

· · fidelity, leading to high rates of somatic mutation at other loci involved in the 
carcinogenic process. Absent specific information about an individual's genetic 
makeup, substantial heterogeneity between individuals in their baseline risk and 
sensitivity to environmental carcinogens is expected. 

Duncan Thomas proposed development of mathematical methods to model 
heterogeneity d1at would take advantage of the powerful molecular tools currently 
available for genetic testing (e.g., including whole genomic scans and gene-expres­
sion arrays) . Priorities noted for possible development included: 

I. Methods for incorporating variation in identifiable genetic factors and for 
estimating residual heterogeneity 

2. Stochastic models of carcinogenesis incorporating genomic instability. The 
key idea is to allow for the possibility that an early event in carcinogenesis 
could lead to a somatic mutation in a mismatch repair or other regulatory 
gene, inducing a complex cascade of subsequent events. The data from micro­
dissected tumors on clonal variation in molecular markers within a single 
tumor could potentially be exploited for this purpose. 

3. Methods for incorporating information on metabolic genes into physiologi­
cally-based pharmacokinetic models to describe complex pathways ( elabo­
rated further below). 

. '· 
· ' Expanding on these ideas, the group recognized the value of methods exploiting 
data for specific metabolic gene polymorphisms, induction of activating and-detoxi­
fying enzymes, DNA repair, and major gene changes on defined germ-line muta­
tions in genes along known molecular pathological pathways in cancer. The quan­
titative work ofHattis and Barlow (1996) based on variability in phenotype rather 
d1an genotype observations (activities of metabolic activation, inactivatio_n, and 
DNA repair) could be extended through greater use of in vivo obs_en:a.tions of 
relevant enzyme activities, and procedures to separate underlying vanabibty from 
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measurement errors (see, e.g., Hattis and Silver 1994). Methods to measure variabil­
ity in both susceptibility and relevant exposures by examining the pattern of age­
specific cancer incidence could be further developed. For example, Finkel (1987, 
1995) and others (Manton and Stallard 1979; Manton et al. 1986) using techniques 
of heterogeneity dynamics have extracted estimates of variability from age specific 
incidence data. Heterogeneity dynamics provide methods for describing changing 
characteristics of a heterogeneous population as its members age. 

B. Characterizing Interindi~dual Variability' in Effective Doses and Risk within . 
the Framework of Physiologically Based Pharmacokinetic Models 

Occupational risks from chemicals vary ainong individuals in a workplace due to 
varying exposure patte.rns and differences among workers' rates for enzymatic 
activation and detoxification of chemicals, health status, and other factors. Enzyme 
activity is determined by .various. intrinsic .and ex_trinsic factors , These incl~1de 
genetic makeup, lifestyle, pharmaceutical usage, alcohol intake, health status, and 
age. For example, drugs serve as potential enzyme inducers.- Dietary factors, health · 
status ( e.g., ketotic states associated with diabetes), and alcohol alter the activity of 
an important oxidative enzyme, P450-2El, involved in metabolism of some work­
place chemic.als. ·The impacts of complicated, time.:cie'i>endent interactions of mul­
tiple factors on metabolism, and the complex ~xposu.re patterns in the workplace, 

. are often overlooked in the setting of occupati~nal standards. 
Melvin Andersen propos.ed research to investigate conditions und~r which inter­

actions _are likely to. enha_nce toxicity, and_ to identify members of the population 
most at risk. The research would explore the quantification of inci-J:ased risk, 'and 
the identification of activities and lifestyle factors that lead to higher workplace risks. 
How such characterizations could influence PEL or TLV standard setting activities 

• for occupational exposu~es woulct"'also be examin~d..'; . . . . . . . . . 

Past assessments of ii1teractions have in'ostly i°nv~lved observation of altered 
pharmacokinetic behavior of compounds in healthy human volunteers. under con­
trolled exposure conditions. Conclusions were typically drawn from observed alter­
ations in the kinetic properties, for example, in the presence of chemical mixtures, 
with intake of small to moderate amounts of alcohol, or · with varying levels of 

· exercise. It is proposed .,that methods now .be developed '.utilizing physiologically 
based toxicokinetic (PBTK) and 'toxicodynamic · (TD) models. PBTK,models de­
scribe ,the disposition, m~tlboli;rri ~nd transport Jr che1~i~~is and ~et:abolites in . 
various tissues of the body, and certain TD models characterize alteration of ei;izyme 
levels, 'receptor levels, arid effects due to exogenous compounds or dietary factors 

, : (see ,'· e.g. ; ·chien ·et al. 1997) : The PBTK/TDs ·modeling framework '- provides the ·· 
means ,for integrating critical -data of -different ·types into ·.the assessment.· This , · 
includes data from mechanistic studies of pharmacokinetics ·and enzyme induction 
in animals, . and limited studies in human ·volunteers or with human tissue. The 

.. overall goal of the modeling research woulc:~ be to define the 'temporal andlif~style 
,', factors tha( lead to va~iability in"i-esponses to chemical exposure' ii1 'diverse worker ·. 

populations, and to quantify that variability. · 
Variability in risk due to interindividual differences in pharmacokinetics has 

been addressed in recent. risk assessments, including that by the Occup~tional ~afety 
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.. and Health Adminis_tration· for metJ:lylene chloride, the US Environmental Protec­
. tion Agency's draft assessment for trichloroethylene, and California's draft assess­

ment for tetrachloroethylene (Cal/EPA OEHHA, 2000; based on Bois-et al. 1996).: 
·, : .: -~ecen t uses ,of P~T~ mod~I~ , have, a!s_o . evalyatt';d the .ad,t;_qtia.cy pt cu~i:er:i t _standard , 
· ;; setting approaches when variability' is taken into accoun·t (Thomas et _al.' 1999) . 

. In a related proposal, Harvey Clewell proposed research to investigate the hier­
archical Bayesian approach to characte.rizing uncertainty and va~iability in pharma­

. ,. cokinetic models for, cancer. risk assessment, as developed by: Frederic· Bois and 
_; :, others (Bois et al .. 1996; Gelman et al, 1996).-The power ()f PBTK models is obtained 

.'at the expense of using a large number o~ parameters, some of which ~ay vary 
· significantly among individuals (e.g.,:the, pharmacokinetic constants) and few of" 

·.!, which are known with precision. The impact of parameter uncertainty in· PBTK 
 / models has often been evaluated l!Sing a Monte Carlo approac~ (Bois et al. 1990; 
 , ·/Allen et al. 1996; Clewell and Andersen 1996;_ Bailer and Dankovic 1997; Dankovic 

and Bailer 1994; Hattis 1990; Portier et al. 1989) , wherein specified probability 
distributions are randomly sampled for each model parameter and the PBTK model 
is run. The process is repeated numerous tirnes to define a probability distribution 
for the desired PBPKdose metric. In typical applications of this approach, variability 

.. in _individual toxicodynamic response susceptibility per unit of internal dose is not 
 : addressed, and ifjt is, it _is ·not decoupled fror.n uncertainty (e.g., due to measure­

ment error). Further, although ·model parameters are correlated, only limited 
correlation is typiqlly assumed, or it is ignored altogether. 

Hierarchical statistical models within a Bayesian framework have been applied to 
.disentangle model uncertainty from variability, using the computational technique 
of Markov chain Monte Car)o simulation (Bois 1999; Bernillon and Bois 2000) . 
Markov chain Monte Carlo (MCMC) procedures are widely useful for fitting of 

, h_ierarchical models that incorporate individual-specific parameters. For example, 
' ·, MCMC algorithms have been used for estimating the population distribution of · 

·, physiological parameters based on data for the pharmacokinetics· of the chemical in · 
diffe.rent individuals (Bois et al. 1996;Jonsson andJohanson 2000). The approach 

.. adopts a hierarchical population model to enable uncertainty and variability in an 
individual's response to be distinguished from the variability ofindividual responses 

1 within the population. · The same pharmacokinetic model structure applies to all 
individuals, but model parameters vary among individuals. The Bayesian framework 

. provides a formal structure for combining prior knowledge on parameters from the 
scientific literati.ire with data from pharmacokinetic experiments, to generate pos­
terior distributions for any given parameter value. Thus widely different types of 
data can be integrated, for example, from studies of distribution and elimination in 

'. · 
1 huml!I} volunteers, in vitro and in vivo metabolic studies in experimental animals·, 

: , , and physiological measurements from ·various sources. The overall approach pro­
.. vides the statistical foundation to support PBPK model calibration that i~ lacking in 

 · most PBPK applications (Bernillon and Bois 2000; Kohn 1995 and 1997). 
Some members of the group raised concerns over cases when the use of this 

. approach results in parameter estimates that differ substantially from values ex­
pected based on a priori knowledge. This may occur when the "prior" distributions 
assumed are relatively broad, and parameter values are significantly influenced by 
distantly related parameters witl1 extensive observations used in the Bayesian "up-
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dating". The programs and analyses are complicated, and there is the concern 
regarding how possible subtle misspecification of model structure and possible 
underestimation of the uncertainty in available obseivational data might influence 
posterior estimates of parameter values. The proposed study is, using both actual 
and simulated data, to distinguish the conditions under which reestimation of 
model parameters with the approach produces relath·ely accurate results from those 
under which it may be misleading. This might be done, for example, by applying the 
approach to a well-characterized system, deleting information, and predicting the 
deleted data from the remaining inform"ation (a technique 'referred to as "cr~ss 
validation"). . ' 

Other proposed work in tl1is area would focus on grefltly needed research on 
model uncertainty and lack of identifiability in complex models. Both may be dealt 
with effectively using a Bayesian approach. For example, if a biologically realistic 
model is under identified, prior information can _bt; brought in, to enable Bayes,ia.n 
identifiability. In addition, if there are definable uncertainties in the model, one can 
utilize Bayesian model averaging techniques. 

C. Human Variability in Baseline Values for Parameters as Predictors of Non­
Cancer Susceptibility 

One important determinant of the population distribution of susceptibility to 
. non-cancer toxic insults is the baseline distribution in the human population of 
functions and functional reserve capacities for physiological process such as kidney, 
lung, or liver functions. We define _ functional reserve capacity as the amount" of 
change in a physiological parameter needed to produce abnormal function or an 
adverse outcome. As an example from Hattis el al. (1999) the distribution of low 
density lipoprotein (LDL) is considered. LDL is thought to be an important physi­
ological parameter likely to be on the causal pathway to cardiovascular disease. The 
variability ofLDL in the population loosely reflects differing susceptibility to cardio­
vascular disease. The distribution of functional capacity among those not receiving 
intervention might be described as the distribution of differences between a stan­
dard cutoff for clinical intervention and measured values in the population. Baseline 
observation studies, such as surveying via NHANES LDL levels, have the advantage 
that they do not require deliberat~ administration of toxicants ·or drugs to hu_mans. 

From LDL and other parameters ·one · can predict ·t11e· risk of cardiovasc~lar '. 
. disease. Similarly, from _ study of other contin.uous variables related to serious he<l;lth 

outcomes it may be possible to develop relationsh~ps for _ use' in pre1icting non­
cancer risks. Examples include, birth weight and infant mortality; sperm quality 
-parameters arid male fertility perfonnance;.forced expiratory volume in one second 

.. as a predictor .for general cardiovascular -mortality; · iodine 'deficiency and thyr:oid 
pathology. Also by examining the distribution of indicators of functional capacity 

. one can gauge the exte"nt to which the certain risk assessment practices are pr9te'c­
tive (e.g., assignment of certain uncertainty factors) . Dale ·Hattis proposed :the 
development of data to explore the use of baseline observatl6i1s ii1 quantitative no'n­
cancer risk assessment procedures. For additional discussion of the potential for thi~ 
type of study, see Hattis ( 1998) and Hattis el al. ( 1999) . 

. , 
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D. Variability in Mechan~tic .Detenninants of Che~ical Disposition (e.g. Related 
to .Age; Species, Sex, Disease State, for ~ral, Inhalation, and Dei;mal Exposures) 

As discussed above, dosimetry based.on PBTK models has become a usef~I tool" 
.' to adjust.for differences. in. delivered: and. i~ternal dose across species and within 

human populations. Examples of applicati<>ns in risk assessments for gases include: . 
formaldehyde (CIIT 1999), tetrachloroethylene (Bois et al. 1996), vinyl acetate 
(Bogdanffy et al. 1999), EGBE (IRIS 1999), and vinyl chloride (IRIS 2000). Dosim-

. ·etry modeling was also a key aspect of the National Ambient Air Quality Standard· 
: for particulate matter in 1996a (USEPA 1996) , Reduced mechanistic model struc­
: tures and empirical models of mass transport have formed the basic default proce-
dures for the calculation of human equivalent concentrations in the U.S. Environ- . 
mental Protection Agencfreferenc~ con·ceritrat:ion methods (USEPA1994;Jarabek . 
1_995b). . , 

: Annie'Jarabek · proposed research , to fill · substantive· gaps in · the anatomical, 
physiological and mechanistic data needed to explicitly describe the major factors 
·influencing chemical disposition defined to encompass the processes of deposition 
(e.g. primary deposition of an inhaled toxicant or particles on airway surfaces) , 
uptake, distribution, m"etabolism and elimination as well as subsequen"t toxica'nt­
target interac;tions, i.e., mo9-e of ac;tion Uar.;tbek 2000) . Such d<!,ta would allow a 

. comprehensive charact~rization of the expo~u.re-dqse-duration-response <;:ontinuum 
across species so that vari<;lbility can be .addressed by describing differences in the 
mechanistic factors that determine disposition and pathogenesis. She proposed the 

. acquisition of sue~ data for different ag~s and genders in experim.ental animals and 
humans and for different disease states (e.g., COPD) in humans for inhalation, oral 
and dermal routes. · · · 
· · Parameters of interest· include the anatomical parameters of airway lengths, . 

portal of entry (respiratory tract, GI, 'dermis)' tissue thickness, cell types and loca­
tions, and other physio.Iogical parameters such as ventilation rates, GI transport 
rates, dermal transport rates, metabolism, and the fraction of specific types of cells 
in various phases of the cell cycle. These data would support improved dosimetry 

· modeling to increase the accuracy of descriptions of dose differences among species 
and within the human population. For example, the respiratory tract of children 
differs dramatically from that of the adult in anatomical structure ·and ventilatory 
pattern (e.g., the oral-nasal switching point between nose versus mouth-breathing 
with exertion) and has not been well-described (Dietert et al. 2000). Simple scaling 
assumptions do not adequately address variability in uptake via inhalation due to 
 these age/developmental differences: Further, · the collected data would provide a 
 basis for assessing confidence in the description, thereby informing the magnitude 
of .the interspecies and intra-human uncertainty/adjustment factors used in risk 
assessment. 

This research would inform efforts to assign uncertainty factors. for pharmacoki­
netic and pharmacodynamic differences (see below) and complement a Federal 
interagency collaborative effort to develop a suite of dosimetry models for oral, 

 inhalation and dermal. exposures. Such models have potential applications for both 
·cancer and non-cancer endpoints. Development of such models therefore contrib­
utes to a harmonized approach for cancer and non-cancer risk assessment, and is 
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\ -. 
consistent with USEPA's Methods for Derivation of Inhalation Reference Concentrations 
and Application of Inhalation Dosimetry (USEPA 1994) and proposed carcinogen 
guidelines (USEPA 1996b). · · ·., 

E. Comparative Studies of Variability in Susceptibility to Toxic and Other 
Effects in Animals and People 

Trctditi~nal protocols for animal toxicology experiments usually go to consider­
able l~ngths to minimize tJ?.e variability among tested animals. rhis is because, in · 
general,the more the variability, the larger the sample size required to de.monstrate · 

' differences between the· effects of experimental and control exposures:·Variability 
is therefore deliberately restricted in most animal experimental work by using · 
genetically homogenous animals, a single age class of subjects ("young adults" 
usually) and sometimes a single sex of animals. Before initiation of treatment the 
animals ·usua,ly ,h3:ve .~e~n subje~t to relati~ely_ uniform . . envi~onm~rital ~.timuli~ 
including uniform and unchanging diet. Efforts are 'also made to maintain healthy 
animal colonies, as free of infections as possible~·Thus the laboratory animal is not !· 
exposed to the .diversity of living conditio~s of wilder, outbred populations. And, of 
course, there are also no deliberate neuroactive drug exposures ( e.g., narcotics, 
alcohol, . tobacco, caffeine) . u~less they are e'xplicit subjects .of experimental study ' 
(Hattis 1996) . · . · · · · · · · · 

Studies are needed to experimentally assess in animal' systems how much some or 
several of these common practices actually reduce variability in the doses producing 
defined toxic resp~nses . . ~tud~es are also needed to assess the general ~istribution 
of comparative degrees of variability in toxic response for the free-living human 
population, relative to the types of animal groups usually used for toxicological 
testing. That is, how often is there a large difference in animal/human variability? 

• • ' • \ •• .... :• ... - • -.•. • • .. • 4 1: 

F. Pro~edures to' Utilize Interindividual Variability Information in Can~er' Risk 
Assessment ' 

This would be an extension of the efforts described above under genetic deter­
minants of variability (A}, and (D) variability of mechanistic detenninants of chemi-

I, 
I_ 

:,. 
I' 

,, . 
cal disposition. Efforts are needed to elucidate an appropriate set of operational 
procedures to incorporate available generic and chemical-spedfic information ~11 ; 
human 'interinaividuaI'variability in susceptibility"to carcinogenesis in~o risk analy- · .. 
ses utilized for .risk management under a range of regulatory authorities and risk . ·~· .. 
management cri~eria. For an exploration of some different potential implications of · 
variability vs uncertainty for.risk ·management under different regulatory authorities · 
'see Hattis and Aftderson' (1999) ; ·Krewski et'al.'(199.9), Hattis and Mfnkovitz (1996) ; ' · ~, '· 1 

'and Bois et ·al. (1996):1 : • • •• ~ ! : · • • ·· .. :'. 

MODELS FOR INJURY RISK ASSESSME~ .INCLUDING DEVELOPMENT • · . i 

i' 1 ··, :·• ., AND CHARACTERIZATION OF RISK-ESTIMATES AND EXPOSURE (~\:· ·',\ . .,/. ,·< :,:\.,· 

METRICS .. ,·· . . . . . ·\ . . . . .. · .. 
• 'I • • .• • t • • 

James T. Wassell and John Bailer propose<::f tJ?.e development of method~logy for 
assessing risk' and exposure metrics for oc~up~tional injury. ~he application of risk · 

I• • , C , " , ... 

/ . 
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assessment methods to this problem provides many opportunities for innovative 
development, but more importantly has the potential to significantly contribute to 
·public health improvements: The incidence of occupational and non-occupational 

' injuries is, substantial;, with a· relative_iy ~,1i:Jy, average age ' of occurrence for most 
. ,. . ,,, l • . . ' ••.. 

. serious injuries. In comparison to cancers and manifestations of cardiovascular 
disease, social effect measures such as years-of-potential-life-lost (YPLL) (Gilbert et 
al. 1998) are potentially greater for injury. The field ofiajury risk is just beginning 

,· to define relevant endpoints for social policy evaluation such as working lifetime risk ' 
·· (Fbsbroke et al. 1997; See and _Bailer 1998). · 

, Among the most interesting methodological challenges is the definition of rel­
evant causal and potentially confounding exposures. The most commonly available 
occupational injury data are based on the number of hours worked in the workplace 

, an_d the size of the workforce .. The proportion of time actually at risk (for example 
. while using a particular type of machine or while engaged in material handling) _is . 
not distinguished from the portion of time worked while hot at risk or at risk in 
other ways. Wassell ( 1989) discussed probability considerations for commonly used 
methods of statistical analysis ofinjury data. Poisson regression and other models of 
iajury occurrence that would. be more descriptive and helpful for evaluating the · 
efficacy of interventions w<>uld include. prospective or blind retrospective assess-
ments. Modifiable targets for. preventive action incli1de factors such as the time 
spent operating unguarded inachines, or the number of maintenance operations 
that could lead to a violation of lock-out/tagout precautions. Methods .should 
account for personal confounding factors (e.g. worker age,job tenure, training) to 
control for non-engineering contributions to injury risks. . 

Another important area of research is the development of exposure-response 
inodels for chronic repetitive motion injuries, analogous to cancer multistage or 
classical toxicological probit dose response models. Such models should be based 
on considerations of physiological factors and data on · the variability in the fre~ 
quency and intensity of repetitive motion stresses created by particular work tasks, 
as well as variability in physiological responses to repeated subclinical injury events. 
They ideally should also be based on a mechanistic theory for how irreversible or 
very slowly reversible injury events happen. Finally, work is needed on priority­
setting for injury prevention efforts. ' ' · .. 

ADAPTATIONS AND MODIF1CATIONS TO EXISTING STANDARD 
PROCEDURES (e.g., FOR DERMNG RFD'S) 

There were three proposals aimed at improving o~ existing .default procedures · 
· for risk assessment: 

• Further explorations of "data-derived" uncertainty/adjustment factors (UFs) 
through the development of 

- data bases for existing uncertainty factors 

- probabilistic distributions of UFs adapted to specific types of agents and 
effects 
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- probabilistic approaches for reference dose (RID) derivation 

- criteria for using data-derived factors 

• Development of quantitative guidance for expected risks posed by an RID or, 
alternatively, the probability that the population threshold is below calculated 
RID levels. 

• Approaches · to recognize influences such as age, Iate.ncy, and. pattern of 
exposure in bioassays and exposed human populations 

The first two were originally developed by Lynne Haber, and the third was 
generated in group discussion. The proposals are briefly discussed in the following. 

A. Data-Derived UFs , 

Traditionally, default UFs of IO-fold have been used for extrapolation from .. 
animals to ·humans, and for accounting for variability among humans due to sensi­
tive populations and individuals. Development and examination of data bases, for 
example on human and rodent chronic toxicity for certain classes of agents, may 
provide the ratioi-iale for a different default for application in specific circum­
stances. A factor so identified is termed a "da·ta derived UF;" a few assessments have 
been conducted using such factors ·(e.g., Bogdanffy andJarabek 1995; Bogdanffy et 
al. 1999; Dourson et al. 1998; IPCS 1998). Renwick (1991) and Renwkk and Lazarus 
( 1998) suggest interspecies and intraspecies UFs can each be broken into toxicokinetic 
and toxicodynamic components, based on the relative contributions of these com­
ponents for a number of chemicals examined (e.g., for the interspecies factor, a 
factor of 3.3 for each component). Similarly, reduction of the interspedes UF from : 
10 to 3 is used to address uncertainty in laboratory animal to human extrapolation · 
for Reference Concentrations (RfCs) when dosimetric adjustments are made for 
species differences in toxicokinetics (USEPA 1994; Jarabek 1995a). As a further 
step, as outlined in the second bulleted section below, the use of distributions, 
rather than single point estimates, has been proposed (Hasseblad aridJarabek 1996; 
Baird et al. 1996; Hattis et al. 1999). 

The is~ue of crit~ria for replac~ment of default UFs has been raised (e.g., Meek 
2000). (Since the workshop, the term "chemical-specific adjustment factors" has· 
replaced the term "data derived UFs." Guidance for the use of data in the develop­
ment of chemical-specific adjustment factors for interspecies differences and hu­
man variability have been · developed by . the IPCS, · and are available at http:// 

. www.who.int/pcs/piibs/pub_list:htm.) Whethe~ the critical determining factor for 
toxicity has been identified in developing the fuctors can be questioned. To derive 
a factor for the interspecies toxicokinetic component, laboratory animal to human 
ratios of the values of some human toxicokinetic parameters have been compiled, , 
but it is usually not clear th~t these .ratios are adequate surrogates for the ratios of .. 
critical tissue doses in the two species. Similarly, it is currently unclear how to 
translate information on human variability in key metabolic parameters into an 
uncertainty factor for hurrian variability in J<.inetics. Descriptions of human variabil­
ity in the critical pharmacokinetic parameters through the PBPK modeling of well-
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characteriz_ed model chemicals acting via selected modes of action may help to 
elucidate whether such variab~lity is adequ~tely described by the variability in certain 

· metabolic parameters (e.g., a_ key enzyme's Vmax or,VinaJKm ratio). · · 
, .. _ lli~k _assessment applications involving unce~taj~.ty fact~~~ less that the trad~µonal 
defaults of IO-fold for inter-and intra.species variation are beginning to appear:The 
National Research Council (2000) has used such factors to establish acute exposure 
guideline levels (AEGLs) for li.ighly hazardous substances such as mono and dimeth-

. ylhydrazine, when the available data are deemed s1;1fficient to support such practice. 
: Further details of the.risk assessment methodology used in establishing AEGLs are 
given by the National Research Council (2001). . . . . 

B. Characterizing Uncertain~; in RfDs and RfCs 

Traditionally, Rills and RfCs have been derived by dividing "no observed adverse 
effect levels" (NOAELs) observed in toxicological experiments or epidemiology by 
fixed uncertainty factors (although recently there has been some use of"benchmark 
doses" instead of NOAELs). A number of investigators have recently sought to 
replace fixed uncertainty factors with a probability density function, or PDF, that 
characterizes the uncertainty in the size ofa "true but unknown" scaling factor (e.g., 
Baird et al. I 996; Slob and Pieters I 997; Price et al. 1997; Swartout et al. 1998). For 

. the UF of interest, the PDF is derived from data for that factor (e.g., interspecies . 
difference) for a reasonably large sample of chemicals. In addition to developing a 
PDF for the uncertainty factor, the uncertainty in the identification of a no effect 
level from animal study observations can be addressed (e.g., Leisenring and Ryan 

· 1992). Some residual risk is expected at the NOAEL due to the limited numbers of. 
animals studied and other limitations of experimental design. The distributions of 

· the UFs and for the animal no observed effect level may be convolved to develop a 
probabilistic distribution for the RID. A probabilistic RID has been developed for 
methylmercury (Clewell et al. 1999), based on a distribution of the input variables 
to the PBPK model used to convert hair mercury c011centrations to a chronic intake 
rate. 

· PDFs for the RID would provide useful information for both risk assessment and 
characterization, including uncertainty disclosure, information on the degree the 
RID may be protective, and uncertainty in the overall health protection process. 
However, much work is needed before such distributions can be reliably derived, 
particularly the development of a statistical framework for the analysis. The deriva­
tions of PDFs for UFs typically involve comparisons of NOAELs from experiments 
conducted using different number-.s of animals and experimental protocols. Pro-

. posed research includes the development ofa statistical framework, for example to 
, account for the uncertainties in the derived ratios, the residual risk at the NOAEL, 
and the updating of distributions based on chemical specific information. Work to 
date has not considered in detail how to take into account chemical-speclfic infor­
mation in the development of the PDFs. The impact ofad hoc changes in UFs based 
on chemical specific data considerations on the characteristics of the appropriate 
PDF could be explored. 

Dale Hattis raised a distinct but related research need to develop data and 
methodology to examine the assumption of true population thresholds embodied 
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in the traditional RID concept. The recent work of Hattis et al. (1999) is based on 
the idea that human population distributions of susceptibility may be described by 
continuous lognormal or other more complex distributions, implying finite and 
potentially estimable risks at various levels of expost~re above and below traditional 
Rills. Also, when the disease of concern occurs in the population by the same 
mechanism as that of the toxicant in question, a population threshold is unlikely 
and some risk from exposure is expected. In this fra~ework, Rills would be defined 
as the human dose or exposure levels expected to produce i10 more than a specific 
incidence 'o(hai-m at a · minimal severity with a defined degree of co~fidence. . . 

C. Influences of Age, Latency, and Pattern of Exposure and Other Factors 

This is related to proposal #E discussed under the first program group above on 
variability. The work he.re would be to explore whether the traditional uncertainty 
factors adequa.tely captur~ heterogeneity given the. necessary_ limitatiqn_s in taxi.co- .. . 
logical study design. 

CRITERIA FOR ACCEPTABILITY OF MECHANISTIC HYPOTHESES AND · 
DATA 

Rory Conolly proposed the initiation of a process to develop consensus criteria · · 
for the use on mechanistic information in risk assessment and management. He 
noted that the movement away from routine use ·of default assumptions towards 
more data-based approach~s to risk assessment is in step with the increasing sophis- · 
tication of laboratory methods for the study of biochemical mechanisms and the 
identification of trace levels of contaminants. These developments are raising ques­
tions of how data-based assessments should be strudured and of the selection of 

· endpoints for assessment. 
Sensitive analytical · techniques and the new biochemical techniques· · such as 

genomics and proteomics have the potential to link contamination at widespread 
environmental levels with changes in the expression levels of genes or the concen­
trations of specific proteins. In some cases, as for TCDD, biologically plausible 
hypotheses can be developed, suggesting that such early biochemical effects are the 
precursors of 1o:wnstr~am frankly toxic effects (USEPA. 2000) .. Dose response infor­
mation for the early biochemical effects might be ii1terpreted as indicative of the : 
_expected shape of the dos_e response curve for the d.ownstream frankly toxic effect.· 
As a result, risk .assessors a·nd risk. managers are faced with several i.ssues, including: 

1. Do biochemical.changes, such as a change in the expression level of a gene or 
th~ amount of a protein in a cell, constitute ."adverse'~ effects? .. 

2. How often and under what circumstances does the shape of the dose response 
curve for an early~£I:ect, such as a change in gene expression, inform. us about 
the exp~cted shape of the d.ose response curve_'for a frankly toxic effect further:· · : · : , · -. 
"downst.ream" in . the caus~l pathway of .harm? . 

3. Is homeostasis a determinant of the shape of the dose response curye? Ifso, what -
are the implications of homeostasis for the shape of the dose response curve? 
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4. Does the additivity to background argument (Crump et al. 1976) apply if 
homeostasis is operative or if pharmacokinetic nonlinearities exist? 

; 

5. When the understanding of mechanism is incomplete (as it always is), what · 
crit:~ria should' be used . t~ judge 'the acceptabili,ty ·or hypothetical linkages ... 
between early biochemical and later, frankly toxic effects? 

6. How should mechanistic information be lised in ~i~k ~ssessment when avail­
able data do not allo'Y ~i~crimination between altern~tive, plausible mechanis­
ti~ hypotheses? Should a spectrum ofassessmerits be developed based on the 

· alternative hypotheses? 

The broader risk assessm(!llt community, consisting n'oi: 011ly of risk assess?rs but 
, also of researchers collecting the critical data,, need, to carefully, consider, these 
questions in order to wo~k, i:oward shared understanding: and consensus• that; is · 
helpful for social decision-making. The critical needs are for (a) research design 
and development of mechanistic risk assessment models to be intelligently coordi- . 
nated with each other and, (b) development of consensus criteria for the use of 
mechanistic data in risk assessment and risk management under 'differeni: types of 
regulatory mandates. Workshops on the deveh;>pment of consensus criteria would 

, be helpful in promoting reasoned discussion of these issues. · 
In a related proposal, "Extending the Range of Observation: Quantitative Rela­

tionships Between Key Biological Events to Aid Designation of Adversity and Iden­
. tify HealtJ1 Effects," AnnieJarabek emphasized the importance placed by the USEPA 
on characterizing the mode of action, defined as a chemical's influence on molecu­
lar, cellular or physiological functions (USEPA 1996;Jarabek 2000) in risk assess­

, ments. This requiies a conceptual m_odel that evaluates key events along the expo­
sure-dose response continuum. Biorilarkers data based in a mode-of-action framework 

, essentially provide precursor lesion .data and can S\'!rve as a basis for a parallelogram 
approach to extrapolation and determination of human homology for the health 
effect of interest (U.S. EPA 1994;Jarabek 1999). Thus, the framework provides for 

·, the extension of the range of observation, e.g., for identification of biochemical or 
cellular events as measures ofresponse, provided that causal links can be established 
to health outcome. She proposed research to evaluate the quantitative relationships · 
among key events (e.g., liver and cellular proliferation linked to tumor outcome) -
from internal dose, to biologically effective dose, to various early effect indicators, 

· to various outcome measures. This would provide a platform for the integration of 
diverse data; for example epidemiological data on effects in the population, and 

· _toxicological and mechanistic data acquired at the target tissue, cellular and subcel­
lular levels. This work would also provide the necessary data to begin development 
of criteria for designation of adversity for use in risk assessment; e.g., a specified 
degree of perturbation in cellular event such as 10% increase in cellular .prolifera­
tion might be designated as a NOAEL or LOAEL. This work is important to 
accurately defining a given biomarker ( defined by the NAS for exposure, effect, and 

· susceptibility or combinations thereof) and distinguishing adaptive versus adverse 
effects. 
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MODELING ANALYSES FOR MULTIPLE ENDPOINT DATA 

. David Dunson proposed research to develop sophisticated statistical analytical 
tools to analyze multiple endpoint data, 'as is being generated in reproductive and 
neurodevelopmentai studies. In recent years there has been increasing concern that 
exposure ·to chemicals with endocrine disrupting p~operties during development · 
"may have irreversible effects on reproductive, immune, and central nervous system 
func~~n . .This conct;rn was formalized in the NAS report, Pesticides in the Diets of 

, lrJ/ants an1 Ch~ldren; whic.~ ~~lle::d for better ipfc>rmation on. the. effe~,ts of pesticide'.:. 
· exposure:during development.·ln response to this ·repor~, testing designs have been , . 
... implemented in which pregnant dams are dosed for the week before.and after birth, ' 
. and then the pi1ps are dosed through puberty. Anirr.als are tested at various points 

in tlie dosing period to ascertain effects on a variety of neurobehavioral, immuno-
logical, and reproductive outcomes. . 

S~ndard approaches for characterizing risk fr~m tci'xicological studies are not ideal 
for multigeneratiomi.l and developmental studies, in which multiple correlated end­

. points are measured, as well as effects occurring across generations of related individu~ 
als. If the outcomes are considered separately and no adjustment is made for multiple 

· · comparisons, analyses will often detect some differences among dose groups (at, for 
· example, p = .05) even if the chemical has no effect However, standard adjustme1its 
for multiple comparisons make it very difficult to detect real effects, if present, 

· because of the small numbers of animals tested and the large number of endpoints.• 
An additional complication is that sick animals often die prior to being measured for · 
outcomes that occur later in development. Such smvival effects can produce biased 

· estimates and misleading inferences. Another issue that arises in quantitative risk ' 
assessment is how to estimate a benchmark dose or virtually safe dose based on 
multiple correlated endpoints that are measured on different scales. 

The purpose of this program would be to develop new approaches for assessing and . 
characterizing' risk in toxicology studies with multiple endpoints that are potentially 
measured on a variety of scales (e.g., continuous, binary, ordinal). In particular, . 
methods would be considered for reducing the dimensionality of the-analysis, possibly 
by using a few "latent variables." underlying a set o( measured .outcomes (Dunson 
2000) . In addition, methods would be developed for estimating a dose level associated 

· with a designated !'acceptable" level of risk: One possibility would .be .to estimate the : · 
change with dose in the proportion of animals with a lower level of function than an ' 

' . . ·: .. _, aveiage untreate~ animal (e.g., by.using a latent variable approach) . The dose associ- . 
ated with a small change (e.g., .I%) could be useful for policy .makers deciding .on 
permissible levels of exposure. A major objective would be to formulate a method that · 

'' · .. . ; : is readily interpretable by both toxicologists and risk managers., ' ' 
Some important questions that need to be considered when developing this kind :' · 

·. of method are · · · 

1. Should. there be an adjustmentfor informative censoring fro1?1 the deaths of ; · 
' 'sick animals before the end 'Of the study? . ' .. ' ', ' ' . ' .' .. : ' . .' ' 

2. Does the method have good operating characteristics in the small samples 
typical of these types of developmental toxicology studies? 
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3 .. does th~ m-odei ,~~~ount fo; ·co~e1ation· betwee~ diff~r~nt e~dpoin·~ ~easi; __ 
ing a _similar trait ( e.g., rel~~ed neurobehavioral ·functions)? · 

• ! ,... • ! ' • • ..·\ .• '.. - • : ··· ...... • . . - t· . . . . ··: . '.. :: .. .•. 

r, ; 11:~ i ~<;>es the. IJ?,Odel a~<:~.u!l.t _for:p>rr~Ia~<?~ ,b~~~e:n endp9_m~ ~~asupi;ig d~er~ : i· \i .\, 
, ent ~its ( e.g.; tin~t;l_ated neurobehaviornl fun'c~ons)? _· , ' , , . · '. ·,". · ·. _ , · : . 

. . . ' .. 
. . . . . 

5: Is the corr~Iation s~cture ~e; Iistic, but sirripl~ e0nough that th~ ·analysis yi~lds 
:\i, · 1\ .. /:· , information about 'an-~f the p~rameters) eveii'in ·smaff sample~? .;.,,;-~-· ! . ; ; ; : t ., 

t/ #,, (f ~ ~ 1 i ,• j ~ :, ' I • ' 1 •, •, \ ·, '. - ,. , ':I ... • .' : \~ • i \• • ',: ~- •' .... I I ~ '• • ' : • •' \ • '~ ~ 1• ~· • ·, t } • • • l ' • -. ~ •.' • )• • ', ',: ; 

.: 6 . . .Is there prior information that can be incorporated to improve the method? 
.' ':, •• ' '. 1' ._- . . How can this information be combined 'with data from· the cui-r'.ent .. sttidy? . . 
'') I 

1 
: ', .-

0
;~• 

0 
,' ' , •,. I , , ' : 1 \ l , } ~ I . !, , ."• : 1, I , ' , ... -! ,- ~ .._ • • l .• I • , ~ ' 1, " I I,:' • ·~_•, 0 

'.! -: >:/: .':' . 7.; o~·es· the .:nethod ;cc~i.mt fbr.'diffei-e~t ~e~suremen/ ~cales for i:h.~'different .:-,,·- .. 
. •: '.•: ::!~,;_: ,. ', .' • OUtCOme~ .arid for .0Utc0JTl~S tliat do ~O·t follow Standard distributions? ,:/ •; I 

~ . . . 

8. Can· a latenfvariable or factor analytic.type approach' be ·used to simplify 
modeling and risk assessment (e.g., by _incorporat:ing the d~se effect relation­

. ship on·one latent variable underlying the obse'rved 'outcomes)? . - .. :-
• •• • " ,, I • • 

, ... 
9 .. If't.Ji~ lat~nt varialJle appro:~~h)s use'd; how ma~i l~tent' v~riabl_e"a~e -~e_r~ · . 

· · ·. · .. uriderlyirig ·the. observed otitcorries. How can- the data be used to provide 

r: 

information'. about this choice? . 

·r ' '· . 
. . . 10. Is the method robust (e.g., to· outlie~, choice of paramcitric forms: etc.) . 

, ';.,. , 11: , Is the model .identified b;·the 1ata? ·c~'n reas~nable consti:,tints ~e.·added to 
ensure identifiability and improve effide_ncy?: · ·. · 

• 12 . . Is the model easy ~nough to· implement and interpre't for non-s~tisti~ians t~ 
be used widely? ' · · · · 

: ,,.:,.·::· ~ -:~~~.;(1M0D~· p; CARCINOGENESIS .. , 

· · · Two major topics_.,were 'di~~u~;~d under this heading: '· 

• The implicatioRs for risk assessment modeling of genomic instability and webs 
of molecular pathological pathways to carcinogenesis (instead of a completely 

., _- sequential set of k ordered· stages in ·whicru'particular genetic changes are 
acquired iii a. fixed order) , · '· 1 ·' · • 

~ • ,i ~ • t • ': \ · · ' '• p • • • • ~' ' \ • • • .: ' ~' ~ :: I ,1, 

· • Th~ need t~ develop procedures (e.g. Markov chain Mori~ ·carlo analysls) to ·.., 
represent the available biological information on signaling pathways and 
cellular responses mediating carcinogenesis) 

Chao Chen highlighted some of the research opportunities related to this area 
It is now widely accepted that cancer results from the accumulation ofinutations' 

and other genetic changes in the genes that directly control cell d~vision, cell death, 
and differentiation (Bishop 1987; Weinberg 1989; Sugimura 1992; Williams et aL 
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.:.·\~ ··.1996). These include ,positive changes in growth/division signaling systems via , 
.', . ..: :-. "protooncogen~s'i a~f,,i.brogation of specific growth/ division control functions in · . 

. . '-::~W ; tumor -suppress~(genes." ·(B_arrett" il993). For some h-urilan cancer sites,'·molecular , 
•• ,, • • . • )' • ,· 1.. • . , , • . • ., :J,, ,, • · ,.·, 

, ·' · · biological_ tools ~ave been. used to elucidate the specific sequence of alterations in ' 
· ·.- ·',':'' genetically determined functions both in full-fledged tumors and in tissue where the 
·: 1 ··': • process is not yet complete (Fearon .and _Yogelstein 1990; Shi 1999; Mao et al. 1997; , 

. (· -'.\ Gi;os.srpa!1 an~ .~~f,~ll ., 1997; _?o~?,~?-~a_rdo e,t_ ~l . .J~'-1;_ s.eki1~ et al}.9~8). ·)--: ., .. ~; 
_ '.),l/f\ :.·, g~v_e,_n. th.es~ F~fe?.~ ~1va?rf~~ .1r ~~l~~~!.rr. r~s~arc:h,·,anq,mc~-~~~n.~ .~~~e~tu;i~~·. ,i 

i · J;)f ~g ~)~ : the.A1ff.~re1,1t}<lnd~ of mfluences 1 (e.g., "~ongene~<;:'. ev<;:n~ 1~uch ~ . c~,Il 1, 

i -'' !: .v ,_:. · prolif~ration) jon ;carc\nogenesis. ~at can :~e exer~ed by chemical exposures,· r;isk 1 

: • '; ! '. '. assessors' face ~ajor'challenges in adapting 'risk ass<!ssmen t models to accommodat:~ 
: · ~ ' : '.,·~'..· new. rn~.ch~nisti~ under.s_tanding: 'J<:or. ~xample TCDD, acting :in part through Ah" _'.' 

. . . . 'receptors, triggers a 'variety of biological responses that can be divide_d into two 
. 'l_' t {.· .. bro_a,d _lcategofie,s: .-.(I) _:m~.taboli(~hange,s_·. !35~-~date,4 with _llp_take. an.<;f ·s~bseq4e1J( 

.. :
1 

;_.:~ . binding 'with ,other_ prc>teins; ·an{' (2) · mtti:>genk 'j:>ro<;ess_es ·,manifested as . m,iA \ , 
·._ '. ; {\ .. replication,• cel~ _Jdivisi~n, .and alt~rations :in ;differen.tiatio11. ,Which ,.1c;,f ._thes~,are ,. · ...... 

' . relevant in· what ways' quantitatively for predicting both cancer risks and a variety of . ' 
·. . . : · .... : : : "non-<':ance'r risks? Schwari el 'at. {2000) recently review~d several proposed possible I • 

. _ ·:. _;.i\·h .in~t.ie'~c~s on signaling pathways i~ 1re~a~on to'TCDD-:i_ndtic;:fd)ntiapop_toti_c '!-~.ti~~ '._.··? 
-, , ·1 :. :·;' .ties and concl~~e<!- th_at many ~f_the_ prof>?sed_pathways are no~ pla~sible. It wquld , t ·, 

, :,~ • ·. be highly mislea~ing ,i( a pµtativ~ :causal pathway, we_i-e chos~n. for ,111odeli~g :tb.a.t 1 • • • 

: , /,.;·< t! turned out not ·to ' be relevant tl) the' endpofots of idtimate ' interest. As 'a general \ .:- . '. 
. · .. ' · : . . approach a mod~~-could ~e constr:u~~ed ~ .at inco·rporates .rate-:limiting factors'that . . ·. 
.. :),: ' 'are'known to' be in ·a· relevant sigiialirig 'pathway, and a black'box 'could be used to , ... 

, : 'represent unkI?-own or uncertain steps·. Th!s type of situation is 9est handled wlth a · 
• • ; '.' .' 1 _newly developed type of mathematical tool that can be easily used to construct: a • . . 
· -. .,! i J · stochastic model that' i~corporate·~ all ··av~ilable biological informitiori .from acti~'a.-· _._; · . 

. ·tion of signaling·pathways· to celhllar r:esponses-and tumor incidence· (Tan and Chen ''; ', ' . 
••• ' :'.~ 1 , _1998) .,Appiica!i<?~ .of ili,js kind o(tool _t~ risk assessment prpblems is a_pr~rni~ing : . , 

area for fui-i:he~ explora~on. . . . ... - . :· . . . . . . ' . . '. - ' : ; '.·. • .·. 

f •. • , I • ~ . . • I ' ' 

. ;.' COMBINING DATA OF DIFFERENT TYPES IN RISK ANALYSES . 
., , 1 : ~1.,, i} .• , \ ! ; ' 1 , , . • • • r, 1 • ' 1 1, ~ • .'. '. •• • . , _ : •1 , -· , . • ~ t • , , • ~ ••. , , • • • \ . , • ' • ., • , • ~ 

': :- ·. ·. '. '.:,:::, : :. _1}1is ~as a -~~cµ,rring }perri!'! ·e~phasized by s'ev.e~l particip~rjts in th,e _c~urse)>( ·'.; i ,' r. !'(·; ·,· 
· ·, :, . ,. the discussions." The ·main themes· were .to encourage · ·. ' n .. _:,.i : .-. . 

•,•::i,,' 11, t ·', • t' ."t • ..-,; If ,t!' • •," ,•,.:t l! > t ,, ~.•• , 1 •1 , f, ••••,(f•-\'' I 10\ ( 

· · '· • , .P~:velopm'ent of hierarchical Bayesian- frameworks for cancer risk· assessment ,_·.' ·; 1 • • 

: ': /( :.~ ,',! : ~ : •• to•. • ·,. 't ,,I • • • • i I 

·, ,. :· ... 
·.\,~··~,,.,r , .. ,•,,t,'l!;, ,/ .. ' •J,\_/.'·.',,: i1:. . .. , ,• . ' p. :•: •• !J;:.. . ."(,\ :u.· .. ~. <:!;,,,. ;.~~·,·. -~ .1~' ._· .1 .t.·i , 

••. I i 

\•\f'f :'. · ... ~ombine·-d~ta from multiple sources of a variety of -types (e.g.{data frpm : ·1 : /':. ::' 

different animal bioassays covering animals of different cancer sites; genders ·:· - ' 
. ;_': ·,_.· . 'andspeci¢s,' an°dhurrian 'epid~miology) .,·. . . ·. , : _·'.,i'_'·:·:_'; 
:··:.:1:· · .\·,·.',;·.··~·:. ·~·,·.'· .. · .. :·! ... . ·.; · ..... ,:~ :· .. ,, '1 ;·.··;l ~··.,. . :~:., . ~. · ·~ ·.,:.·:.:';:; · ;-:1.'.' -

I: ,'.',}.:',~'. ,"(::! .•;~~fotegrate'~a~ ~~: th~ •effe'~~ '?f_a-'~ingle 'c~e,riii~al )~~ 'differ~flt ' rpodes '·bf_~,:":,·\ {(~: ,;• 
-·: !·.,;: -~·,\ ·.· · .. a~tion · : ·t ...... ;, .• · · :, ... . "':·: •· ·.t'~' 

.• i ,· 
·} '/.' 

• , , •• ; ·1 
.~ - ',· • I I 

' • • •. ~ ~· • 1 l • • ' • • • • • • 

- -,-develop, probabilistic distri~utions_ of haza:d 'pote11:tial 
•' •• • '· . • .• ,• t- • . 

<'. 
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. ::. -'. ~ • · App,lkai{on' of a ~-~ntr<?l theo;.;. fi:ainew;rk to-
~ : -, : • : • I 

._. ,, 

' ' \ ~ • > \ '. :_und~rstand the influe~ces of population hete'rogeneity in : met:abohc p~th- : ' 
, · ' . '•,: I .' way clCtivitieS On SUSCeptibility and risk, ;\·~,.·,. , , . /v, I !., I(,;' • • a:, :, t I (. ' ::;~."( ::) ' , 

.. "·.,.'•,:f~ t, \ H •;:• I ~ . . • • ~ .. • . • ; ' #. • . :') : ···, I ' • : • • , ~ >~··;:::.I: ' • ~ " • ' • r , • ' .• , • : • " ! 

. . . . .~ 
, EXPLORING EVIDENCE AND MODEIS FOR COMPLEX DOSE RESPONSE 

. ~?.~~SIDP~~/!~ .~.o~·µ~:Hf>MEOS!~IS .. -:._; , , .·: .· .(.1 : 

..... Both ~11ny Ci:ump and .Ralph Kodell sul>Illitted proposals for research on the ,_.,'., . 
_: tokicological phen'timeilon called ho~esis~ whereby a substance causes deleterious , : 

effects at high doses but a stimulatory response in the opposite direction at low doses . '. ·. · .. 
,, (Calabrese et al .. 1999) : Dr. Crump's proposal

1
w~ t~ develop ·a~d·apply rigorous !:., 

~~ti~tical tools to evaluate th~ pervasiveness ,of_h'omiesis, while Dr. ~odell 's proposal _: : ~ 
, was to develop biologically plausible mathematical models that predict less-than- './ , · 

·• · '·,' background risk ~f cancer at low doses. Under Dr. Grump's prop~saI; a toxicological · · · 
data base comprised of data sets meeting a set of minimal criteria 'would be exam- · 
hied rigorously, controlling the false positive error rate while making the power to 
detect hormetic effects as large as possible. Meta-analytic procedures·would be used : ,:- .. 
to estimate the prevalence ofhormesis in the data base, such as the procedure used ... 

··. by Crump et al. (1999) to esti~~.te propojtions of _carcin.ogr;ic and:anticarcinogenic . .- '.' : 
chemicals in bioassays conducted under the National Toxicology Program. Under 
Dr. Kodell's proposal, biological data' would be collected and biomathematical 
models of hormesis wou~d be developed, to J:mild on hypotheses (Andersen and .' 
Conolly 1998; Lutz 1998) and models (Bogen 1998; Lutz and Kopp-Schneider 1999) 
that have been proposed to support U-shaped or ]-shaped dose response relation-

. ships for cancer. If, for example, toxic substances can affect homeostatic processes 
in such a way as to produce dose response relationships exhibiting less-than-back­
ground risk at low doses, then the default assumption that either genotoxicity or 
additivity to backgrouri4 will necessarily lea~ to low-dose linearity needs to be re­
evaluated. Some others in the group are skeptical that a careful and rigorous 
,analysis would lead to.this result (Hattis 1997) . 

' : . . . . . .. . ~ . . . . . 

OVERALL CONCLUSION 
. ,·:.·: •' i • 

The suggestions for research describe~ above indicate the potential for greatly 
: '. improved contributions from different fields (toxicology, _molecular epidemiology, 

>'. · ~ mathematical modeling, etc.) to improve dose_'response modeling. This can in t~rn 
· · improve the esti~atio'n of potential he~l.t!i ris~s and the cq~sequc:;nces of different , . 

'' .. : .. risk, control chokes. T}:te .field .is the focal point of the dynamic i~_teraction of data 
. . . and theory relevant to important social policy ' c~~cerns: . ; '! .. 
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ABSTRACT 

•') 

. )· 

.. ~. 

Efforts to mode] human exposures to chemicals are growing more sophisticated ... 
and e·ncompass increasingly complex ~xposure 'scenarios'. The scope of such analy-
ses has increased, growing from assessments of single exposure pathways to complex .' • 
evaluations of aggregate or ··cumulative chemical exposures occurring within a . 
variety of settings and scenarios. In addition·, quantitative modeling techniques have 
evolved from simple deterministic analyses using single point estimates for each· 
necessary input parameter to more detailed pr~babilistic' ~nalyses tliat can accom- ' 
modate distributions of inp1,t parameters and assessment results. As part of an 
overall eff~rt to guide development of a co~prehensive framew<?rk for modeling 

.. ' ' human exposures to chemicals, available in.formation ' resou;ces needed to derive 
i~put parameters for human' exposure assessment models were compiled and criti­
cally reviewed. Ori going research in the area of exposure assessment parameters ·was 
also identified. The results of these effo'rts are summarized and other relevant 
information that will be needed to apply the available data in a comprehensive 
exposure· model is discussed. Critical data gaps in the available information are also, 

•'. . ,• 

. _identified. Exposure assessment modeling and associ~ted research would benefit 
· from the collection of additional data as well as by enhancing the accessibility of 

existing and evolving inform<J,tion resources. 

Key Words: exposure assess·ment, exposure modeling, input parameters, inforro"ation 
resourc~s, prob~bilistic, review. . . . 

' · .. 
• I • ~ 

BACKGROUND 

Efforts to model human exposures to chemicals and consequent health risks are 
growing more sophisticated 'and encompass increasingly compl~x exposure see-
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narios. The applications and goals of quantitative exposure models have grown in 
compl~xity. In addition, the scope of such analyse~ has increased, growing from 
assessments of single exposure pathways to complex evaluations of aggregate or 
cumulative chemical exposures occurring within a variety of settings and scenarios. 
For example, as a result of passage of the Food Quality Protection Act (FQPA) in 
1996, •a number of models have been developed to assess aggregate exposures to 
pesticides through use on food crops and from home applications and other 
_exposure sources (see, e.g., Price et _al. 2000, 2001; Shurdut et al. 1998; ILSI 1998). 
Models have also been used to examine cumulative exposures to multiple chemicals 
that may have a similar mode of action (see, e.g., USEPA 1997c). 

The passage of this act, as well as the current or upcoming public availability of 
substantial amounts of screening level toxicity and exposure data, has raised interest 
in developing methods for conducting comprehensive exposure assessments for 
non-pesticide chemicals as well. Initiatives in these areas include the Toxics Release 
Inventory and associated efforts to evaluate the potential exposure posed by the 
listed emissions ( e.g., Hertwich et al 1999; Scorecard 2000), the toxicity data that will . 
be generated as part of the High Production Volume chemical testing program and 
associated efforts to provide some exposure-related context (e.g., ACA 2000), the 
Children's Chemical Evaluation Program (BNA 2000), the National Exposure Re­
port Card summarizing exposures of the U.S. pop~lation to a variety of chemicals 
based .on biomonitoring data collected by the Centers for. Disease. Control and 
Prevention (CDC) (CDC 2001b; Fox 2000), and environmental justice evaluations · 
( e.g., Waller et al. 1999; Sexton and Adgate 1999). 

These changes in the scope of quantitative exposure models have been accom­
panied by enhancements in the tools used to model exposures. Quantitative mod­
eling techniques have evolved from simple deterministic analyses that use single 
point estimates for each input factor to more detailed probabilistic analyses that can 
accommodate distributions of input factors and assessment results. Use of probabi­
listic techniques, such as Monte Carlo analyses, in conducting exposure and risk 
analyses has become more prevalent, as has the sophistication of such analyses. By 
using distributions of values for various input factors, rather than se.lecting single 
values as is done in deterministic analyses, probabilistic techniques can more easily 
incorporate a broader range of the available data needed for exposure and risk 
analyses. In addition, by _generating a distribution of exposure or risk estimates, 
probabilistic analyses provide a more direct means of quantitatively assessing uncer­
tainties and the degree to which the results of the analyses are applicable to specific 
segments of the potentially exposed populations (e.g., Whitmyre et al. 1992a). 
Growth in the use of probabilistic techniques has been driven in part by the interests . 
of risk assessment practitioners in developing such techniques (see e.g., Cullen and 
Frey 1999). The U.S. Environmental Protection Agency (USEPA) and other regu­
latory agencies have also encouraged the use of such .techniques through guidance, 
policy statements, and other efforts supporting development of such techniques 
(e.g., USEPA 1992c, 1995b, 1996c; 1997b/1999d; ODEQ 1998) . 

To date, such efforts have focused primarily on developing _more refined esti­
mates of exposure, rather than incorporating distributions for assessing toxicity. 
Although some techniques for developing distributions of toxicity factors have been 
applied,-and other potential methods exist (see, e.g., Petito Boyce 1998; Baird et al. 
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1996), various elements of exposure assessment have proven more amenable to 
distribution development. Thus, exposure assessment has been the primary focus of 
probabilistic applications in risk assessment. , 

. Paralleling·. the growthi in application of probabilistic techniques is increasing 
interest in defining technically sound distributions of values for use in such analyses 
and in understanding the types of information reflected in such distributions. Some 
distributjons are designed to reflect actual interindividual variability in the potential 

· values for specific input parameters (e.g., natural variations in body weight among 
, individuals). Intraindividual variability is alsci being increasingly recognized, e.g., an 
individual's fish ingestion rate may \,ary over time, and at different stages in life (e.g., 
Harrington et al. 1995; Price et al. 1996). Some distributions also reflect uncertainty 
regarding the true·value ofan input parameter, or some.combination of uncertainty 

. and variability. Probabilistic approaches and interpretation, including the use of 
·. tw0-0imensional techniques that explicitly segregate sour~es of variation in results, 
can distinguish among these influences on the results of the analyses. 

PROJECT APPROACH 

As one component of an overall. effort to develop a comprehensive framework for 
· modeling human exposures to chemicals, available information resources needed 

to derive input factors for human exposure assessment models were identified and 
compiled, including existing default exposure factors. The factors evaluated in this 
study were grouped into the following five categories: individual: physical and 
physiological factors, intake rates and related factors, behavioral factors related to 
activity patterns, demographic factors, and environmental modeling factors. This 

· information was critically reviewed, including ·evaluating the adequacy of the avail­
able data to assess uncertainty and variability and assessing the degree to which 
available default values are representative of the overall data sets. Ongoing research 

· in the area of exposure factors was also identified. These efforts focused on expo­
sure factors that would be of interest for non-pesticide chemicals. The results of 
these efforts are summarized;and other relevant information that will be needed to 
apply the available data in a ~omprehensive exposure model is .discussed. Critical 
gaps in the available information are also identified. 

This work focused primarily on the most relevant data for assessing exposures to 
individuals in the United States, on exposures to the general population, and on 
parameters of general applicability (rather than parameters that are chemical­
specific or situation-specific). Some elements of this focus reflect, in part, limitations 
in currently available information. For example, altl10ugh an extensive amount of . 

· information is available regarding occupational exposures, these data historically 
have focused primarily on monitoring measurements of specific workplace chemi­
cals and on inhalation exposures. Frequently, supplemental information is lacking 
to more specifically characterize the nature of the exposures or to support evalua­
tions of other exposure pathways ( e.g., the activities workers were engaged in when 
the monitoring occurred, the duration of the exposures, or the presence ofprotec-

This work was conducted with support from the American Chemistry Council (ACC). 
Copies of the full report upon which this article is based are available through the authors. 
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tive eq ui pmen t that would modify exposures). As reflected in the proceedings of the 
November 1999 Occupational Exposure Database Symposium and reports in the Febru­
ary 2001 issue of Applied Occupational and Environmental Hygiene, efforts are underway 
both in the U.S. and abroad to develop more consistent, complete, and readily 
accessible databases of occupational exposure information to support health and 
safety monitoring and research; however, such information is not broadly available 
at this time (see, e.g., ACGIH 2001; Morgan 2001; Boiano and Hull 2001; Van Dyke 
et al. 2001; Marquart el al. 2001; and Abell el al. 2001). 

This research effort began with'a review of compilations of those factors forwhich 
default parameters are available {e.g., the USEPA Exposure Factors Handbook 1997a). 
Additional information resources were identified through searches of peer-reviewed 
scientific journals and gray literature, Interr:i,et searches of information regarding 
exposure assessment modeling, and research, being conducted by regulatory agen­
cies and other enthies,' and a can for information regarding unpublished and 
ongoing studies issued through a relevant Internet list server. In addition, approxi- . 
mately .45 exposure assessment researchers and other practitioners in the academic, 
government, trade association, and private sectors were directly contacted to iden­
tify ongoing or planned research that is relevant to exposure assessment and model 
development.' These .individuals were also polled regarding their perceptions of 
important gaps in· the available information to supplement the data gap review 
conducted. in. ,this project. · · 

OVERVIEW OF RESEARCH RESULTS . 

Resources Reviewed 

Relevant information was identified from a number of sources. First, numerous 
secondary sources 'exist that corripile a wealth of ·exposure-related information. 
Primary among these are USEPA's Exposure Factors Handbook (USEPA 1997a, 2001d); 
.USEPA's draft Child-Sp~cific Exposure Factors Handbook (USEPA 2000a), and the 
American Industrial Healtl1 Council's (AIHC) Exj1osure Factors Sozm:ebook (AIHC 
1994). These sources are particularly useful because tl1ey were specifically designed 
to support exposure assessment. Guidance prepared by various regulatory agencies 
(e.g., ODEQ 1998) and .articles in the scientific literature (e.g., Finley el al. 1994a; 
Gephart et al. 1994; Paustenb.ach 2QOO) also provide useful compilations of available 
information, in some cases including recommended point estimates or d/stributions 
of values for selected exposure parameters. The Society for Ri~k Analysis has also 
sponsored a textbook compiling information relevant for assessing exposures in 
residential settings :(Baker , et al . . 2001; Driver ,2001) . .The USEPA has also issued 
guidance on methods for deriving probability distributions based on the informa­
. tion available in .the Exposure Factors Handbook (USEPA 20001). Other resource 
compilations include a listing of federally sponsored databases that have been, or 
could be, used to support exposure assessment tl1anvas prepared in the early 1990s 
(Sexton '.el til. J 994) : · ., , , 

In addition to these sources, which focus on· U.S. populations, efforts have also 
been undertaken to compile information for condu,:ting exposure assessments for 
European populations, i.e.; the Exposure Factors Sou:-cebook for European Populations; 
With Focus on UK Data (ExxonMobil 2000). This document includes a listing of· 

1448 Hum. Ecol. Risk Assess. Vol. 8, No. 6, 2002 



Information Resources for Exposure Assessment Models . / 

. . . . 
additional data sources that could be researched for exposure factor information 
tailored to specific regioris of Europe. The European Centre for Ecotoxicology and 

.-Toxicology of Chemicals (ECETOC) has also compiled exposure assessment re- · · 
.soun;:e~ .focusing .on Europe::an. popul~ti~~s. p1ese efforts .i.r:iclud~ a s.oftware pro­
gram· (HAZCOM) i:o assess indirect exposures to chemicals and guidance regarding : 
conducting expo_sure as5.essments for a wide variety of ~onsumer products (ECETOC 
1994). The Netherlands National Institute for Public Health and Environmental 
Protection ~as also developed a general framework for estimating human exposures · 
to chemicals associated with consumer products (van Veen 1996) and has evaluated 
probabilistic_' appi-oaches,for assessing consumer exposures (van Veen et al. 2001). 
An initial evaluation of data needs for conducting probabilistic exposure assess-

' ments for German populations has also been prepared (Mekel and Fehr 2001). As 
. ,nec~ssan,7, information presented in these ·u.s. and other sources regarding specific 
. factors was updated by using recent articles obtained from the scientific literature 
and oth"er information sources. 

Comprehensive exposure assessment studies and exposure modeling software 
packages also include relevant information for determining exposure parameters of 
interest in this study. For example, USEPA's National Human Exposure Assessment 
Survey (NHEXAS) is a comprehensive multi-site study of exposures to metals, 
pesticides, volatile organic chemicals, and polycyclic aromatic hydrocarbons that 
includes monitoring and biomarker data combined in some cases with activity 
pattern data from study participants (e.g., Echols et al. 1999; Freeman et al. 1999; 
Gordon et al. 1999; MacIntosh et al. 2001; Pellizzari et al. 1995; Robertson et al. 1999; 
Scanlon et al 1999; Sexton et al 1995a,b; USEPA 2000j,k). The USEPA is also a 
collaborating agency in _the National Health and Nutrition Examination Survey 

· (NHANES), a comprehensive health study that is conducted by the National Center 
for Health Statistics, partofth~ Centers for.Disease Control and Prevention (CDC). 
Conducted periodically since 1971, data collected through NHANES include de~ 
scriptive and demographic i~formation (e.g., height, weight, race, and socioeco­
nomic status), information regarding various behavioral practices that might influ­
ence exposure ((3.g., smoking, physical activity, environmental exposures, and eating 
habits), and biochemic~l measurements or'health status or environm~ntal expo-

. sures to specific agents (CDC 2001a; Perlin 2000) . · · 
The California Air Resources Board (GARB) has also conducted extensive studies 

of activity patterns in California populations (e.g., breathing rates associated with 
various activities and driving patterns) (GARB 2000a), as well as other studies 
relevant to assessing human exposures (e.g., monitoring studies focused on specific 
·chemi~als. and emissions· sources). Some of these resources are summarized in 
CARB's · Technical· Support· Document for Exposure Assessment and Stochastic Analysis 
(CA.RB 2000b). A number of'other recently completed and ongoing surveys by the · 
USEPA (e.g. , surveys of children's_ exposures and factors influencing their expo­
sures; Cohen Huba) et al 2000a, USEPA 2000m), the U.S. Department of Energy 
(e.g., statistical data on residential and commercial building characteristics, USDOE 
1995), and the U.S. Department of Agriculture (e.g., market basket or food con­
sumption surveys, USDA 2000) also provide relevant information. 

Two large database programs developed by USEPA's National Exposure Re­
search Laboratory (NERL) provide access to much of the raw data from some of 
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the studies reviewed in this report, including data from the National Human 
Activity Pattern Survey (NHAPS; USEPA 1996a) and from studies conducted by 
CARB (Wiley et al. 1991; Clayton and Perritt 1993),"The Total Human Exposure 
Risk Database and Advanced Simulation Environment (THERdbASE; USEPA 
2000b) is an integrated database and modeling software system including data 
on hum·an activity patterns, U.S. Census data, and other data relevant to mod­
eling human exposure. The USEPA is currently developing a new database and 
mod~li~g system (th~ ~um~n E_xpos~_re Assessme.nt,Database System or HEAPS) , t .'· • 

that will r_eplace THERdbASE ·_(Engelmaim 2001). This riew system is designed · /: 
to be more flexible ~nd t~ _take advantage o_f capabilities offere~ by Internet : 

· access ( e.g., allowing users to more readily download or upload data into HEADS). 
· Industry is also developing similar systems for coordinating exposure data and 
models, e.g., the Cumulative and Aggregate Risk Evaluation System or CARES 
(Driver 2001). . , . . ' · , · , , , , . 

"· .' · .In addition to the. NHAPS, .. California,'and" U.S. CenstlS data, NERL's Consoli­
dated Human Activities Database (CHAD) includes activity pattern and other ·data , ' , 
from studies c~nducted in B~itjmore, Washington, DC, Ci~cinnati, and_DenveLThe 
consolidated database and the raw data from individual studies can be· downloaded 
or acce·ss~d. on line (McCurdy/et aL . 2000; USE~ i\ · 2000d) .' .Development of thi~ .. ; , , 
~atabase i_s ongoing. C~ ·~I.so i_ncludes data fro~ the University 'of Michigan's 
Child Development Supplement studies (University of Michigan 2000). These stud-. 
ies include activity pattern and time use data from approximately 2500 children and 
their caregivers. The raw data and the data collection tools are downloadable from 

_: the Institute for Social Research website (UM 2000). . . . . . , .. 
USEPA's Office of Pollution Prevention and Toxics (OPPT) has also developed 

several specialized exposure database's and software tools capable of evaluating . 

.. , ., 

· expostire to chemicals in the environnieri t and/ or in consumer products (USEPA • ..,_ : . · · 
2000c). These tools 'typically include physiological, intake·, activity ·pattern; demo- . ' . 
graphic, and_environme':1~1 mod~ling data from some of the ~~d~es.summarize~_in . 
this report. Four applications developed by OPPT assess consumer product expo-
sure in some form, i.e., the Multi-Chamber Concentration and Exposure Model 
(MCCEM)' the Wall Paint E~posure Assessment Model (WPEM)' the' Exposure-Fate 

,. · . . Assessment Screening ,Tool -(E-FAST) ,· and. the Source Ranking .Database .(SRO) .· .. : . 
.. ··. MCCEM and E-FAST:are currei:itly availa~le to download.from OPPT'.s website, and t .'; 

: ,~EM arid SRD can,b~ oJJta,in~? fro_m-~¢ U_SEP,:\ ' (US~P~-~900c) .. {!SEPA's .R1SK ' :: : ' 
software can calculate exposure .to and risks from _indoor air ppllutants and allows . 

I , •• for consideration of t~e effects of ro.o_m-to~room • a~rflows/a~r excha~ge with the '. :. .. : 
· · ·' · ! :/, . · '.outdoors, and air clea~ers on _the concentra':ion'...timfhistory,ofpollu~nts (USEPA ·,: , ·. 
, '. 2000c). ~o!fi.er r~l~van,t U_SEPA expos~re model that drc:i~s upon some o~ ~ .e, data_, .. , .. 

sources reviewed in this report is the Dietary Exposure· and Evaluation ' Model 
(DEEM), which can combine ·dietary' intake data with data regarding chemical 

: , . ! , . : . rf:Sigues inJ~od or drinking·wate~ to _ptpvide esti~ates of chemical i~take via ~ood .. 
• · ':·: t ·::. , ingestion· •(Tomerli1.)' :et aL' .. 1997;'Novigeri'·2000; USEPA'2000i) :· The-USEPAkalso ." : , · 

·.•.. . providing ,integr:atei:l 'ac~ess _to.'a wide 'variety of da~bases, .models~ _and other· re- . 
sources at its Environnien'tal Infor~ation Management System (EIMS) web site 
(USEPA 2000e) . . ·. · : · ·.. . : .. · . · · . ' 

i ~ 1 • I ,' • , I , • ' 1 ' . ' ~ ... 
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• I ' • ••• '. Review of Availa~le Expo~e Data' . : > • 

J • ' ~ I • • ' ~ • • 

I i • \ 

· • The available data for each of the five categories of exposure factors considered· 
i •. ·,.'\. in this re-0ew, were compiled.and critically reviewed:·1J:ie first step in tljis process '. ' .. : :.' 

':• 't' •. i' Y,.r included_jd~ntifying wlieth;€:i-'ch_e~i.cal-speciF~ or. S!aru;l~r~ clefault value_s are' av~il- .. :iv.-: • i.: 
. ' able for these factors and the general scope of the information :available for each .. ,'• . 

. type of factor. Table 1 summarizes ~e general nature_ of the av~_ilable information 
.... : ... ; .f~r.~ach identified _factor .. :n~1s tab)~ re.fleets the primary,objectives _ofthjs project, 

r<' • "> · I ·, r i.e., to' identify.- information re'S0UfCeS, to' provide• an'· ()VCMew' Of the nature and 
·.-:;t:, , ' ,Ii extent of'the ava'ilable infomiation,l 'and to·. provide references to ' more 'detailed 

• '.;' ·.? ; . information source's. ' .... . . . . . ' .· > ' • : 
/ I > J •' ~ ' • • 

. , · · The second stej> of the data revieV{ process included c~nsidering the adequacy of 

j I 

.{·· ''' .', the available data for each· exposur,e ·factor to supp~rt 'ttie development of a'distri- .• 
· ' ... . bi.Irion of values reflecting uncertainty, interindividuaI'variability,' intraindividuaI"- · · · 

'variability, and various combin·ations of these elements. Conclusions regarding the · 
overall adequacy of the data for each type of exposure factor are . summarized in 
Table 2 using qualitative ratings of data adequacy (i.e., high, medium, and low 
adequacy). _In d~veloping these ratings, published _ratings of .data _quality (e.g., 
Gephart et aL 1994; USEPA 1997a, 2000a) and the p'erspectives of experts consulted 

. , during . this project were considered. with the findings of this review. , The data 
adequacy ratings were also assigned considering the adequacy of the data relative to 
that available for other parameters. Specifically, although envisioning additional 
data needs or refinements is almost always possible, the adequacy of an available 
data set was assigned a high rating ifit was judged to have high ~dequacy relative to 
the data available for other factors. 

. During this stage of the review, information regarding potential correlation& 
'·. among factors was also identified. Certain correlations . (e.g., between body weight ' · . 
. and skin' surface . area) are so well dtaracterized that joint distributions have been 

esta,blisheci (e.g.; Burmaster and Murray 1998). Many other correlations have been 
. qualitatively identified but not extensively quantified (e.g., the correlations between 

body,_ weight and water intake or food intake). Other correlations such as the 
· autocorrelation among an individual's activities or intake rates over time are recog­
nized (e.g.;_ McCm:dy 2000a) but not ~~.ll .und€:rstood. The quantitative implications 
of correlations have also been examined. in' hypothetical modeling studies, most 
notably Smith et al. (1992) and Bukowski et al. (1995). In general, these studies have 
concluded that the quantitative impacts associated with combining factors from two 

.. correlated distributions are relatively small. However, the effects of assuming differ­
i ent distribution shapes can yield greater differences in the model results. 

J. · .. : !he t~ir~ step ?.f the -~~view pro<;e~s su~IT!ar!zed'. th~ qmmtit:atiye in~orm~tion,'' , , . 
available regarding the exposure factors, including available ~efault values and 
potential distributions of values. The' amount of data available for commonly used 
exposure factors is far from consistent. Some exposure factors have been extensively 
studied, resulting in substantial available data. For example, a number of studies of 
fish consumption rates have been conducted and yielded data that allow exposure 

· assessors to distinguish among various sizes of water body where fishing may occur, 
· different categories of consumers (e.g., subsistence fishermen), or different catego­

ries offish (e.g., fin fish versus shellfish). In some cases, sufficient data are available 
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-~ Table 1. .. Summary of available exposure data. 
N) 

E.y,osure Factor Available lnfonnation 

Indlvlduel PbJslcnl/Pbyslolo&fml F1cmrs 

Bodywcigbt 

Skin surfiwe area 

Life expectancy 

Gastrointestinal absorption 

Absorption via iohalalion 

Dermal absorption 

Fact~ influencing intcmnl 
dose, including gcnttic 
physiologicaJ faclorn and 
chomii:ol-,;pccific foclors 

Dctiwl13, moens, percentiles, Md distribulions. 

DefW1lts, predictiv• equations, means, percentil«, 
nnd distributions. 

Avemge values for oxpec:t.11ion oflifo. 

Varies by chemical. 

Varies by chemical. 

VIUle.!l by exposure sc.ennrio 311d chemical. 

General data regatding dimcmims. oomposition, 
and-clislribution of various anatomical tissiic& an .. 
n:fercncc informlllion for , ·arious physiological 
processes in hummis. Chemical-specific d.ala 
re!lllfding human variability in oontact rates. uptake 
or absorption, systemic dilution. climinruinn, hnlf­
lives, active site availabilily, and functional rescevc 
capacity. Avrulablc deJa vary by cbcmicol mid 
ammeter. 

Rusis 

Lai;."', IIH1ionnl dutnbascs. 

Primarily on~ meBS11rement study. 
Assumption.• n:gmding the amount of 
aposed skin surface area associated wllh 
various activities un: typically ha<ed on 
professional judgment. 

Census clala. 

AIHC' (1994); Bwmaster und Crouch (1997); Runnasl<f and 
Mumiy (1998); ExxonMobil (2000): Finley et al. (19941}; Gq,hart 
ei al. (1994); L~ighlon (2001); ODEQ (1998); USEPA (1985, 
1989a,1989b, 1991b, 1997a, 200011, 2001b. 2001c). 

AIHC (1994); Bummsler (1998a); ExxonMobil (2000); Finley er 
al. (1994a); 0..'Phurteta/. (1994); Leiglrton(2001); USEPA(l985, 
l9S9a. 19928, 1997a.2000a, 2001c). 

JixxooMohil (2000); U.S. Ban:au of the Cc115115 (1995): USEPA 
(199lb, 1997a,2000a). 

In vilro and In ,ivo studies, cvidcoce from Multiple, including Owen l)990): USEPA(l989c, 1992b). 
toxicological and epidemiological studies or 
hwnan obscmitions. 

ln vitro III1d in viwJ studies, evid,:nce liom Multiple, including Owen {1990); USEPA (1989c, 1992b). 
toxicological and epidemiological studies or 
human obsi:rvmions. 

Default diffusion assumptions, lalKm!lory Multiple, including Durkin er al. (1995); USEPA (l989c, 19'na, 
and field stlldies. 1992b, 19'JSa, 1997b). 

Anlllomicol W1cl physiological sludio:s; 
swoies from i>hannacanical 811d othtr 
scientific lilcrallac reflecting hwnan 
variability in response to specific subs1TU1ccs. 

Multiple, including Brown er ul. (19'17); Burin 1111d SIIUl1ders 
l 1999); Ginsberg (2000j; Hettis (1996, 2000a, 2000b ); 
Hatti& er al. (1987, 19990, 1999b); Hollis Md Silvc,-(1994); 
ICRP {1975); USEPA(l988. 200011'). 
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.... t Table 1. (continued) 
~ 

Exposure Factor . 

lnhalalion 

Soil adhen!llce to skin 

Avaiiebie 1nromia1ion 

Defaults: memis, percentiles, and diruihulions for 
loog-l.onn exposwe for adults 211d children and for 
short-term exposure associnred with Vlltious 
lll:livitics. -: · - . 

Mean and geometric standanl doviation by activity 
und body region, Distn1mtions. 

TTltll!lfer factors of chemicals to Formulas an~ experimental dnla for estimating 
skin from various surfaces transfer rates of dislodgeable residues to skin from 

~cgctllliou 1111d other surfaces. 

B,havioral Flll'.tors Rdated to Acd,·ily Palttrlll _. · 
Populalion mobility-midcntial · Al'1:T11gC, percentiles, and distributions for U.S. 

populotion und various subpopulAtions. 

Occupatioolll teuure 

Ti:ne spc:111 fauoors/ outdoo1s 

Time spent engaged in specific . 
oclivities 

time 6J)lmt smoking 

Time spent bstbing OT 

showering 

Medians lorvarimis categories (e.g .• age, gender, 
nicc, occUJ1ati1>11, and eumings). Distribution. 

Means, sUllldani deviations, 1111d distributions. 

Means, stmulmd w,villlions, some distributions for 
typical daJ1y activities. 

Mc:ans, slBlldnrd deviations, ood Jl"runtiles. 

Means, stnndurd deviations, percentiles, a:nd 
disllibutill!IS.-:-

Busis 

· Long-tcnn expooure rates: primarily one 
large U.S. study. Sbon-tenn C'Xl)OSUre rates: 
primarily a few smal~ Lus Angeles-based 
studies using ohscrvelion~ and predktive 
equations. · 

One $mall =nt study used field 
measurements clltegorized by octi>'ity, 
gender, age, field COflditions, arul clolhing. 
Historical dntaftom labora!of)I and field 
studies of adbm:ncc1o hands. 

Experimentnl studies of hwnnn volunlecrs 
- for multiple pesticides and other chemicals. 

Priauuily U.S. Census dllla. 

Two studies using ccasus diila. 

L.uge nalional studies using dimy 
techniques (e.g., the National Human 
Activity Pattern Survey [NHAPS]). · 

Si:veral natiolllll stlldics using diary 
techniques (t.g., the NHAPS). Studies in 
several states (including Califomin) u.sing 
recnll surYey and other teclmiques. Surve}~ 
of activities of speci6c workplace 
populalions, e.g., janitor.i. 

Several national studies using diary 
techniques (e.g., the NHAPS). 

Several nBlional studies using diary 
techniques (e.g., the NHAPS). 

AIHC ( 1994); ExxonMobil i.2000); Finley et al. ( 199.ia): la)1on 
( 1993): Lcigbton (2001); ODEQ ('l998); RLISconi <rt al. (1994); 
USEPA (1989b, 1991 b, 1997a. 2000a. 2001c). 

Multiple, including faxonMobil (2000); Finley el a/. 
(1994a,1994b); Holmese1al. (1999); Kissel etal. (1996); 
ODEQ (1998); USEPA (1992a, 199711, 2000a). 

Multiple. including Dt.trldn el a/. 1995; Brouwer et,al. (19,99); 
USEPA (1997d, 1999b). 

A!HC ( 1994); ExxonMobil (2000); Field el al. (1998); Finley et 
al. (1994a); Gq)hai1 el al. (1994); Israeli and.Nelson (1992); 
Johnson Md Capel (1992); ODEQ (1998); Sedman et al. (1998); 
U.S. Bureau of the C<mS!ls (1993); USEPA (1997a, 2000b). 

All-IC (1994): Cmcy (19118. 1990). as summarized in USEPA 
(1997n); ExxonMobil (2000); Finley •I al. (19948); Gephart et al. 
(1994}; ODEQ (1998). 

AIHC (1994); ExxonMobil (2000); ODF.Q (1'998); USF,PA 
(19963, 1996b, 1997a, 1999b, 2000a, 2000b). 

AIHC (1994); Clayton lllld Perritt{l993); CMI (2001); 
ExxonMobil (2000); Gephart eta/. (1994); Hill (1985); JATIJR 
{2000); Klepeis et al. (2001); McCurdy {2000a); McCurdy et a/. 
(2000); ODEQ (1998); Robinson and Thorrnis (1991); Silvers etal. 
(1994): nnd others, as summ[llized in USEPA (1997a); Timmcr et 
a/. (1985): UNSD (2000); USEPA (1996a, 1996b, l997a, 1999b, 
2000a. 200Gb, 2000d); Wiley er al. (1991); Woog el al. (2000); 
UM (2000); Woog et aJ. (2000). · 

USEPA (1996a, 1996b, 1997a, 2000b). 

AJIIC (1994); Bunna.slef (1998b); EXXDJ1MobiJ (2000); Finley et 
al. (1994a): J111m5 and Knuimau (1987); USEPA (1996a, 1996b, 
1997a, 2000a, 2000b). 
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.,. 
..... "- . . .. _..,..._ ,. __ ..... 

---·--- .... ... 1 •, 

~1aarc. -.. · .. : :::..:· . ... . 

AIHC {1994); CARD ( l99h, 199 lb), a..y!on and Perritt'(l!l93)', , • • 
ExxonMobD (2000); field~ ai (19.98); Funk Bl al. (1998); 
Oli<bnaJi (1986); Klcpeis .r aL (WOl); Robillsoow 111c,misJ." 
{l991 ); USaP A(199qa, 1996b, 1?971, 2000b); Wilty ct. al.· ·• 
(1991). . . .•. ,. 

• ~ -- '- • ,.. - • r ~ ....... ::: • 

Abl ( l992); Admm(2QOl);Apl(2000);Drivor .~.,, . 
(2000); ECE1-0C (1994); l'djtel al al. (2000): FEMA (2000); ' 
H:lkkincll (1993); H3klcinon er oL (1991); Lor«t (2000J-, . . . 
MocPhmon(2000); MQl\l.lllblno (2001), RIFM (2000); Riley el 
aL (2001); Schcriog•ur aJ. (2001); SDA(2000); Thoma• (2001): 
us1-;rA (19961, 199611, 19971, 20001;, van Veen (1996};. .­
Wocpi. om1 van Voc,p (2001); Wallll (19117a, 1111171>, 19870);. • · · 
WWianul {2000): . . . ~· · • :, ~-< · 

Reed"' aL (1999)~ ·: 
·-~-: 

• - .,._ "'"I, - :.~ 
·. - - -- - - -· -· ....,._ -· ---....... .,.. .. _ .. . .--' ..... ,. 

f,...,ru,u / o/. (1!197); Rw,;I ff a( (1999); S11111ok., aZ: (1998); : 
USEPA ( 19!17d, l!l!l!k, lOOOa); Zlltariaa (1!19!1)'. Zul.orian et a/. 
(1997bt, l.aitarianQd.Lcddo (mt!). · 

- .• 

.. 
•, 

';· 

- --~·... .~: 
. ·~ . .... ,.... 

' ~ \- . ';, .. 
U.S. Bureau oftboCfDINll(Hlll5.)j_U SEPA(lWll•l, : _ • 

... _ ... · ,-

US£PA ( l!199a). 
.· .... 

USEPA (1_999a) .. 

USEP A {l!l99a). 

...v. • ~ •. 
•"Po . -~ .. ,~ 

~ . • ' . 



-~ Table L (continued) 
Q'l 

Exposure factor · Available lnlbmmtion 

Behavioral and cultural practices Numerical data to sgpport idcntifiC31ion of 
pop1!alions participating in various behavioral or 
cultural practices that can influence e,q,ruure and 
characteristics of those populations. 

Drinking waler and food sources Numericcl dBla lO support idcn1ilication ofwaier 
and food sources for various populations and 
characteristics of those populations. 

Socioeconomics Numerical data 10 support identificalion of 
socioeconomic factors that may influence tl<posure 
potential for various populations end chH111cteristics 
of tlmsc po pulalions. 

Environmenbll ~t°odeling Factors 

Up!Dkc/UunSfer fnctors 

Residential sir exchange rates, 
air flow nru:s. and volumes. 

Chemical trancfonnntbn rates 

Mclcorulogical factors 

Chemical dislriblltioo 

Vories by chemical. 

Means, stsndard devialions. percentiles, and 
distributions. Raw data ar.e n,11i)ahle. Other relcwnt 
information available io individual studies, e.g., 
Clohes era/. (!992) and Kllfl!ere/ al. <2000). 

V:!rles by d1<ll!!ic!ll. 

Vnries by site. 

Varies bnitc. 

Basis 

Census and olher survey WJla collected by 
fedclBI agencies and other entities. 

Census and other survey data collected by 
federal agencies and other entities. 

Census and olher survey data collected by 
federal agimcics and other entities. 

Pmlictivc equstions based on physical :md 
chemical 'J)rup,:rties; chemical-specific and 
si1e-spctilic studies. 

Primarily two lnrge srudies of iesidentiol 
ch81llcteristies. 

?n-Aictive equati,,ns bMe<i on physical Rnd 
chemical properties; chemicol-specific lllld 
site-specific srudics. 

National d01a collection network. 

Site-specific and sccnlllio-specific studies. 

Selected Sources 

·Multiple including CARB {1991a, 1991b); USEPA (199611, 19961,, 
1999a). 

USEPA (1996a, 1999a). 

USEPA (1999a). 

Specific values and techniqu.es for estimming some values for 
environmental modeling provided in mourccs such as Lymun et 
al. ( 1990), SRC (2001). and Amis ( 1988), Verschueren 
( 1996). EPA' s Health Assessment Documents. A TSDR 
Toxicological Profiles, and chemlcnl-spccific studies. 

CCHT (2001); Koontz and Rcclu( (1995); Murray (1997); Murray 
and Buanaster(l99S);TIIE(2001); U.S. DOE (1995); USEPA 
(1997a, 2000b, 2000c. 20011>); VERSAR (1990). 

Specific values and tcdmiques for estimating some values For 
environmental modeling provided in rcsoun:es sucli os Lymun et 
al. (1990), SRC (2001), Vcrschucteo (1996), EPA's Health 
ASscssment Documents, ATSDR Toxicological Profiks, and 
chemical-sp1:cific studies. 

National Weather Servi"", U.S. Department of Commerce. 
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Table 2~ S~ ~f ~~~~--of ~verall chiti ~d~q~.a :_ - :: 
. - .......... - .... ' - - -- . '-"""•'" ' .. .. .. - .. 

~sure Factor- .. 

Physical/ 
physiological factors - . 

~ . -- . 
Intake rates and related factors 

Behavioral factors related to 
activity patterns 

Demogm~c factors 

-

Body weight · 

. · . Life expectancy 

Water ingestion 

Inhalation -

Sociodemographic 
characteristics 

Environmental modeling factors 

Notes: 

· Overall Data Adequacy 
. Medium 

Skin surface area+ 

.1• .... 

Dietary ingestion 

Breast milk ingestion 

Population mobility 
. ' 

Occupational tenure 

Time use 

Residential and nonresidential 
_. settings 

- . 
Residential modeling data 

Meteorological data* 

•' 
•' 

. ... - .... . - ..,. 

. . . .-

. . . . . . ' .. ~-. 
.. 

·-: .· ~-- :.. - .: .. ~- :1: ·.-: .. 

....- ... . . .,. . - . ... . ..._~ ..... .. . 

- - .. ,·Low 

........ ... ..... -. -~ . ~~ -. 
· .. :-... ~... :. 

"' 

Ab~rpti~n fa?.o~• : · .~··· 

Facto~ influenciiig ~nm1 dose•: · 
Soil ~d ~u~ ing~~o!l* 

Soil a~ce t~-skin• 
ciieinicai ~i:~~ ~ · · 

. - ~. 
Children's band and mouthing 
activities• - _ . · . 

- -
Adiv_ities ~tin~ exposm:e* 

" ·- .., ,,.., r-.'" 

Water and food sources"' 

Socioeconomics•. . 
:.. , i.. .. 

Uptakr:/transfer factors* 
. . . 

. ~. 

... : ... 

Chemical uansformation rates* :: 

.. .~- ... -· 

• The data adequacy ~gs were assigned. co~idering published ratings of data quality, the perspectives of ~perts co~ulted during this project, 
and the adequacy of the data relative to that available for other parameters . . 

. ~ - . 

• An asterisk indicates that the adequacy of the data for the indicated factor was assigned a hybrid rating consisting .of the rating category that 
the factor is listed under and the next hight:f category. For example, the data adequacy fo.r skin surface area was assign~ a ~gh ~g. 

~ 
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Boyce and Garry 

to support distributions of factor values. By contrast, data for factors such as chemi­
cal uptake rates into beef or dairy cattle are so limited that only point estimates are 
typically available. · , 

Regulatory agencies and others have recommended default deterministic values 
for many exposure factors and, in some cases (e.g., ODEQ 1998; AIHC 1994; 
ExxonMobil 2000), have recommended default distributions. Factors for which . 
default values exist include general factors (e.g., body weight), intake rates (e.g., soil. 
or food ingestion r;ates), absorption factors (e.g., from the gastrointestinal system), 
and te~poral factors (e.g., exposi1;e duration or fr:equency). Distribution informa­
tion is available for many of these factors, reflecting a broader perspective on the 
real variations that exist in these factors than can be accounted for by single point 
estimates. This step of the critical review included an assessment of the degree to 
which the available default values represent the probable actual values of the 
specific exposure factor when the available distribution information is considered. 

Specific fi.-;_dings for each category of exposure factor are discussed below. 
Individual Physical/Physiological Factors - Parameters in this category include 

physical parameters that describe receptor size (i.e., body weight and skin surface 
area); life expectancy; absorption factors associated with gastrointestinal, inhala-.· 
tion, and dermal exposures,;· ·and pharmacokinetic and pharmacodynamic factors , 
that influence the internal dose. that reaches target tissues (e.g.; metabolic rate 
constants and partition coefficients). Data for the first three factors listed in Table 
l (i.e., body weight, skin surface area, and life expectancy) are q'uite extensive and 
have benefitedfrom data collection efforts conducted in areas other than environ­
mental risk assessment (e.g., medical and insurance-related research on body weights 
and life expectancy). Large national databases have been used to generate default 
values, summary statistics, and distributions for these parameters. For each of these 
factors, the available default values are likely to be adequate for general exposure. 
scei:tarios: Evahta·tions of specific 'scenarios or subpopulations may merit analyses of 
the underlying data, !'Jowever, _. to derive values that better reflect the exposed 
population of interest. The adequacy of these data is generally judged to be high. 
For these parameters· (as well as virtually all the others), the data are .least adequate 
for assessing intraindividual variability, where applicable. In general, any ongoing or 
proposed research regarding .these parameters con&ists primarily of fine-tuning to 
update the existing valuts to reflect more recently collected data.· 

For skin surface area, a related fac,tor is the amount of exposed skin through 
which absorpti~n may .ocrn~ during various activ:ities. Little data exist to support 
values for this factor. Instead,· assumptions· for this· factor are generally based on 
professional judgment. The adequacy of these data· i~ assign·ed a lower rating. These ·. 
data raise particular concerns regarding,how well generic values apply to specific 
exposure situations. The degree to which differing !>kin areas are exposed and the 
types of exposures that occur can vary widely depending on many factors, including 
the types of activities engaged ii), seasonal fac.;tors, and intraindividual variations 
from exposure ~vent to'exposure everit (e.g:, what types of activities are 'engaged in. 
each ti.me, the intensity of the activity, or the time lapse between tl1e event.and 
cleanup activities). Inter-relation.ships between tl1e 'various factors influencing der­
mal exposure are also poorly understood (e.g., activity type, exposed skin surface 
area, and soil adherence), which presents additional concerns regardi~1g the appli-
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cation of default values. Research is ongoing as of efforts to better characterize 
dermal exposure. 

The remaining factors in this category include chemical-specific elements. Data 
for these factors are more. limited and va,ry,widely.d~pending .on the chemical. .For 

'· th~., absorption. parameters, default, values: have typically been set to reflect 
· maximum possible absorption (i.e., 100% absorption in many cases; see, e.g., USEPA 

1999b). In some cases, alternative assumptions have been derived for specific 
', ··, . chemicals or groups of chemicals based on theoretkal · Observations in 

, humans, in vivo animal studi.es, and in vitro test systems have also be~n used to derive 
chemical-specific absorption values in some cases; however, data for most chemicals 
are limited.· Even for the best-studied chemicals and exposure routes, data are 

· typically insufficient to suppm:t development of distributions of potential absorption 
· values· in general exposed population or specific subpopulations; 

however, the potential range ofabsorption values is limited by definition to between 
0 and 100%. 

Chemical-specific studies have shown that absorption values can differ substan­
tially from default values depending on such factors as the chemical or 
physical form, the matrix in which exposure occurs, and the characteristics of the 
receptor (e.g., age or .health status). As a result, evaluations of 
absorption typically are merited when absorption assumptions may substantially 

· affect exposure-modeling results. Research into both generic and chemical-specific 
elements of these factors is particularly for certain chemicals and exposure 
routes, e.g., gastrointestinal absorption of various types of metals (see, e.g., Ruby et 

· al. and dermal absorption of persistent organic chemicals found in soil at 
contaminated sites such as pentachlorophenol (see, e.g., Qiao et al. 1997). 

The final set of factors listed in this category (i.e., factors influencing internal 
dose} encompasses a wide range of physiological factors and chemical­
specific factors that describe the uptake and disposition of chemicals in humans. For 
these factors, general data are available describing the dimensions, composition, 
and distribution of various anatomical tissues and critical aspects of various physi­
ological processes in humans. Chemical-specific information is also available rp,cr:o:,,·(1_ 

ing uptake, elimination, and other aspects of chemical disposition in 
humans. For some chemicals, e.g., certain volatile chemicals such as chloroform and 
trichloroethylene, extensive data have been collected and applied in detailed phar­
macokinetic and pharmacodynamic models. For most chemicals, however, few data 
have been collected, and little in the way of default values, summary statistics, or 
distributions is available. Efforts have been ongoing for many years to compile 

· chemical-specific data reflecting interindividual variability in these parameters from 
'· literature reflecting environmental chemicals as well as pharmaceuticals. These data 

are being used to assess appropriate values for specific chemicals as well as to 
evaluate generic issues (e.g., the general magnitude of variability in ttiese param­
eters, or whether the default uncertainty factors used in deriving toxicity factors for 
noncancer health effects are adequate). Research is actively ongoing in this area, 
and the compiled data are being to reflect data specific for children. The 
compiled data are available through the Internet. 

For both the absorption factors and those factors influencing internal the 
adequacy of the available data varies with the specific factor and chemical under 
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· ~p~rsi ~or c~~c.teriii;g s~il ~nd du~<(i;i~~~ i.ri :; 1u1!8 and ·!~di~~~·als ~ith pica.or ::· 
' for distmgmshmg between soil and dust mtake. . , ·, · . . , ; 

:· ·,t·· .' ;•The default·vah1,es·for
0 

dietary .intake·· and; breast ~i,k in~ke; are. likely to b~ ·~./: 
• , • ~ • \ • ' I ' ' • ' ~ • V • " ' _ ' r ~ f ~ 

, ~; ~ .:~·-. , . .,. .. } .. ,J1~~~~r..f?-r, gen~.~l. e_~P~~ur.~,. sc~n1~~,i_parti5~~~rty. ~-e.: ~entral: .. te~?~ncy_ ·val~e~. ,W.f~-
, i:;.: ... , i"d~i:-ived from these d_ata: Questlo_ns ex1st:1,however, regarding the degree to which , ' . 

-_" '· · the. uppe~-~ound values deriveq from. ·~ese data reflect .actu~I exposure patterns '. _-
. • : , and• the degree to which data based On short~teflll observations adeq Ua(ely reflect ; I ', \ 

,,.; ... , .. ,... long-term .e:xposur~ patterns ~d current exposu~~ pta·ctices;· sp~tific: populaiioi:ts ; ~ .,. 
; I.,_! , · :" ... o~. exposur~ .. sc~narjos· of concern may: also merit tailor~·d analyse·sJ For all ~f the: .' \,: 

~ \ ' { ' I • • I • I • ' , ' 

... · : ·:, ', .. factors considered in _this s~ction, ~ata.are consi~~red m~st adequate for character- _; J ', ., 

, ',r• i: · i~ing central tenden0' ·estimates and less adequate for ch~~cteri~ing,upp~_r-end : . 
• 
' I ' ; •. ' • : ',\ 1 11 ~ • l • I • , · 

1 
• ' : • , ' _ .... , " estimates. . · . , \ .,· ~, , .. . -- ... 

. . .'·. · .. ·: .. ': _; The ··ad~quacy of. .tlie. available default valu~s' fo; ~~i ~nd 'dust ingestion :and . · : . : 

.. :: ... :·, dermal.contact factors raises the most"questi~ns. Interpretation 'ofthe currently "' 

. •: . 

. '/ 

available data is subject to considerable debate. Moreover, these parameters can vary 
significantly depending on the specific exposed populati~n ~nd the types of activi­
ties engaged in. However, the magnitude and mechanisms of such variations are 
poorly. understood. Limitations in the available ··data .. for :;)X!cific a'spects ·or these· 
fact~rs also _raise que~tions re~rcl.ing_ ~ow _well, ,the standard default values reflect 

·· actualexposures. "· . . -··.·::: __ -,\'.','.--· ;;·: ·_.;·-',·: . ' 
. 'Additional data collection on all· of these factors has been proposed or is ongoing. 

BehavioraJ Factors Related to Activity Patterns _:_ This category includes factors 
;, related to the duration of time spent at specific residei:ices or in specific occupa­

tions, the amount of time spent in' specific locations or engaged in specific activities, 
and :sp~cific _behaviors that influence the magnitud-~ of exposure· (e.g., children's · 

. han<,l, and mouthing activities) : D~ta are av~lable for 'the g~rieral U.S. pripulatfon on 
most of the factors based on1 large national studies. Default values have been 

·, developed for certain of these factors, and stimrriary,s'tatistics and distributions have · ·' 
/ .::_-~:,:. ~ also' been compiled. In' 'addition, many of the large databases are also available 

' ,, through the Internet either directly or linked with environmental models. Thus, 
_tailored analyses of specific subgroups of the populations included in the studies·are 
also'jmssible. Data are also available on certain factors through smaller-scale studies 

· .- · or studies focused on specific · aspects of the fa:.;to;. Thlis, availability of da"ta for· · 
· specific activities, products, exposed subpopulations, or chemicals is highly variable. 
In addition, some of the information is. highly dispersed or is not readily available 
in a 'public format. For example, product use surveys conducted by private com pa­

. · : nies or trade associations may b'e kept as confidential business information or may 
. , . , ' ·. only be accessible to members of the trade associa~on. ' ' ·. · ' ; · ·. · . ' ' 

. · .- , ) ·,, For almost all of the factors included ·in this category, the ·overall data adequacy 
is assigned a medium rating. Factors enhancing the data adequacy include the large 
size and national basis of much of the data underlying these parameter values. 
However, these positive factors are tempered by questions regarding the applicabil­
ity of these data, that were collected over a short time frame, for assessing potential 
exposures occurring over longer periods 'of time. In addition, · other limitations in 
the available data include questions regarding whether the data are dated or 
whether they accurately reflect current and potential future exposure patterns. 
Questions also exist regarding how well the available data reflect the full range of 
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variability in activity patterns that may exist in the population and, in particular, how 
well individuals at the upper and lower ends of the distribution of activity pattern 
behavior are reflected in the available data. 

Currently available data on more detailed aspects of behavioral factors influenc­
ing exposure (e.g., children's hand and mouthing behaviors) typically are derived 

· from small-scale studies. Some summary statistics are available for factors such as the 
number of contacts per hour of children's hands with objects, mouth, or surfaces; 
however, these data are generally obtained from a small number of observations 
(e.g., only a few children) . Work is ongoing to incorporate these types of factors in 
exposure assessment models; however, additional data are needed to better charac­
terize associated exposure parameters (e.g., chemical transfer rates associated with 
various types of contacts). The adequacy of the data for assessing children's hand 
and mouthing activities is assigned a low to medium overall rating. This rating 
reflects the generally small size of the studies of these factors, the preliminary nature 
of investigations into these factors, and limitations in the availability of modeling 
approaches and associated exposure data required to incorporate these factors in 
exposure modeling. Research in this area is ongoing. 

Default values are available for selected factors included in this category. In 
general, the available default values are likely to be suitable .for use in general 
exposure assessments. For many exposure evaluation:;, however, more specific analy­
ses focusing on specific subpopulations or exposure scenarios of interest a,re likely 
to be warranted. Questions also exist regarding the application of sorrie~of the 
available default factors and data. For example, the data underlying estimates of 
time spent at a specific residence or in a specific occupation generally reflect the 
time spent to date at that location or type of work and may not adequately account 
for the additional time that will be spent after the survey information is collected. 
Concerns have also been raised regarding whether the use of these factors ad­
equately accounts for similar exposures that may occur even after an individual 
changes residences or occupations. For those factors for which default values are not 
yet available, the available data need to be carefolly evaluated to ensure their 
applicability to specific exposure scenarios of interest. 

Demographic Factors - This category includes a variety of types of data to 
support evaluations of the prevalence of sensitive populations and demographic 
factors and other population characteristics affecting .exposure. Most of the data . 
available to support such evalua6ons are. not readily summariied as default values 
and distributions. Instead, the available data consist largely of numerical and listing 
data that can be used to assess the overall prevalence of specific populations of · 
interest or the likelihood of the presence of such populations at specific sites. Most :. 
of the available data are derived from large national surveys, such as the U.S. Census, 
and from other surveys, listings, databases, maps, and reports prepared by federal 
agencies and other entities. Some of these data sources are periodically updated 
(e.g., the U.S. Census). . . . 

With respect to the adequacy of the available data, the factors included in this · , ·. · · 
category fall into three subgroups. The overal.l adequacy of the data supporting 
evaluations of sociodemographic factors, such as race or household composition, is 
assigned a high rating because these factors parallel the types of data collected in 
the national Census, the goal of which is to provide a comprehensive enumeration 
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. . :of the entire U.S. population. The adequacy, of data stipporting evaluations of . 

. . residence and nonresidence locations and associated characteristics is assigned a .. 
; , .medium rating overall. This rating reflects the fact that components of these data '., . 

. . : i) ~~e -~eterm_in~d in pa~} ,frow c .en~us data ~n1 . in. p~rt fro"?- . ?ili.~r. so1,1r~~~ .. t:tiat n;iay_ , . 
·. ,_not be as comprehensive as _Census data. ·. . · .:_ .: · . '. . . ' .' : · . · · .. 

The adequacy of the data supporting the remaining factors included in this ' 
. category is assigned a low/medium overall rating. This rating-~eflects, the wide ·.· 

. ,variation in the am~unt and
1
type:9fdata available to support specific ~act~rs; Fo~ · 

.. • ,example,data. regarding parti,cipatip~ in. ct;i:tain activities or, ,beh.avioral1 practices 
• / has beencollected by organization~ supportin'g tho~e activities, wherea~ no 'data ire 
.) available for other activities or practices. For. those activities fo.r which d~ta have • 

· \ · been collected,' the degree, to which: the data are com.prehensive· or represent the,·, 
. : activity levt;ls of all ,lndivid~a!s w.ho pa~ti~ipat~ in the, a<;:tivity rpay be unclear. No .· 
. default values are available for any qf the factors in this category. 

Environmental Modeling Factors·- This category includes uptake/ transfer fac- . · . 
. tors, characteristics. of the s_etting or building that influence exposure, chemical 
·. transfer rates, meteorological factors, and chemical distribution data. Many of these 
: factors are either chemical-specific (e.g.; uptake. factors and chemical transforma-
tion rates) or are highly dependent on the specific site or situation of interest 
· (including building or setting characteristics [e.g., Kerger et aL 2000) or chemical · · · 
'distribution in the envirnnment) . These factors and associated exposures can also 

· · be influenced by specific human activity patterns such as the use of air conditioning· 
. or of specific chemical-containing consumer products (e.g., Clobes et al. 1992). 

Data relevant for assessing some of these factors may be avaiiable or ~ould be 
developed from studies conducted in test houses. _For example, test houses are 

. currently maintained by the USEPA (USEPA 200.lb) and the Canadian Center for .· 
; Housi~g Technology (CCHT 2001), These houses are· used to conduct studies . 
: assessing the residential fate and transport or'consumei: products (e.g., Sparks et al . . 

, · 1999; Sparks et al. 1991, Guo et al.i 1992) ahd the influen~e of new residential 
~ i building materials and designs on residential air quality. The Texas .Institute for the 

.. ,., . 

. ,Indoor Environment at the. University ofTex~s is. also developing a test ho.use system 
, (TIIE 2001) . . . . . . 

: ; . . Default values, su~mary, statistics,1 and distributions, are _available' for some of 
: these factors (e.g., residential air exchange rates). For other parameters, default 
values may be available from various compilations or may be estimated by using 

. · various predictive equations .. Defaulf v_alues or. approaches are also provided in 
. •. various exposure inodels. In general; 'little information is available regarding how 

' s~n;ie of these facto.rs may vary under 'pifferi~g. site-specific condition~ :(e.g., ho~ . 
·,/plant uptake , of, chemicals·, varies depending on; soil1 conditions, on the , ~pecifiC' ; 

; chemical or plant species ofiriterest). Soine updating of these vahies oc~ui-s'periodi- . 
cally; however, this information typically is widely dispersed and may not be directly 

· applicable in specific situations. · · · · · · 
In this category, t11e data supporting meteorological factors are·a~sig~ed a me-

. dium/high overall rating. This rating reflects the extens.ive network of supporting 
data tempered by limitations in data that may exist for ~pecific 'sites: Questions also ·, 
exist regarding the implications of meteorological conditions for other exposure 
parameters (e.g., how weather conditions influence exp.osures to soii and dust) . The 
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adequacy of the data supporting certain modeling factors (e.g., residential air . , 
exchange rates, air flow rates, and volumes) is assigned a medium overall rating. . 
This rating reflects the large national database. that underlies evaluations for these :'. 1 

factors; however, some questions remain regarding the degree to which the avail~ · 
able data represent conditions in specific exposure situations. The adequacy of data 
suppoI'ting various chemical-specific uptake and transfer factors is assigned a low/ · 
medium rating overall. This rating reflects the wide ,ariation in tht; amo.unt of data .. 
a~ilabl~ . for specific factors and specific che~icals. In general, avail~~le data ar~ '. ': 

. sufficient to derive point'estimates of these values but provide litde irifonnation o·n , _'. 
the disttib~tio~ o~ possible values. , · · : · - , ,,, 

Generic default values are not available for most of these parameters. In those few·· 
cases in which default data are available, they may not represent specific geographic;· ; 
seasonal, or other differences reflected in exposure scenarios of interest. Therefore, 
the underlying d~ta for these factors should be carefully reyi~wed before they ar~ . · 
applied hi 'specific exposure modeling exercises. - : . - ' - '-' - - . : · .. ' .', -

.·· , 
APPLICATION OF RESULTS 

I .'1 

This review focuses primarily on the data available for developing point estimates , •. 
and distributions of specific factors required as inputs for modeling human expo~ . 
sures to nonpesticide chemicals in a variety o~ set~ngs: As ~uc,h exposure models are · · 
developed and refined using these input parameter daia, other aspects of the.: . 
broader realm of research into exposure assessment will direcdy influ~nce model -
development and will provide valuab_le context for modeling efforts. These broader .;·: 
contexts also provide additional perspective on the relative importance .of various 
exposure factors and the priority for filling identified data gaps. These additional 
areas include the following: 

• Deveioping ' a more detailed understanding of chemical disposition in the 
body and the biological mechanisms by which specific chemicals exert effects _ _. 

• Evaluating whether model predictions are reasonable in light of monitoring 
data, data fr~m animal studies, and other data sources 

• Evaluating ~ltema_tiv~ me~1od~-fo~ esri:~a~ng ov,~~11-~~po_sures. . .·· ···· 
'These· areas are briefly discussed b'elow. :> '·.' . ; ·.;:' . . :. '.. ·. \ 
Biological Mechanisms of Action....,;. Among the fa"<;to~s Jn.cl ~de<;l in this review ar~ ; 

· · . those influencing ,internal 'dose, such as nietabolic ,.rate constants and.·.par titiori ,;_· 
. '' .. ' ~oeffici~nts. The re~arch ~ff~rts incl'udecl in this rev°ie; invol;e :co·m-piling availabl~ ... 

I • • l ;•". , • , • • I • • , • , I I ', 1 /. / , , t • • , / • , ~, • 

data on these factors, examining ·general trends in variability in these factors, and , · 
assessing their general implications for exposure and risk assessment (e.g., Hattis et ,,, 

, al 1999a,b; Burin and Saunders 1999): In addition to these efforts, researchers are . 
. ; '''.·,' also applying thes~ factors in'. the co~ text of a variety .of types of exposure' inforqia~ . . : 't 

• ·1 tion to develop detailed physiologically based pharmacoki~etic (PBPK) _models of ,· 
... ' '. the disposition arid mech anisms of action 'of spedfic chemicals ( e.g., ·wu and ; ' 

Schaum ·2000). The degree of development of tht;se models varies wid~ly; some . · · . 
chemicals (such as several volatile :solvents) have been the ·subject of extensive :· 1 • 

,. 
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, 'resea;ch (e.g.; Barton et al 1996;},.ll~n _et at;)996); ~1,1.t many ~tpers hav~ yet ti>. be .· 
,. . -... : . studied'. \ I I I : •. ~ .:-, • ... t ~ I • • -. • 1 • - l I • ~ ,· • •• ) : \' 

,• ·~ ~ ,,·1 •. _~ ..... ~ .. ·. ··~ · .: .~( . ~ : ~ · • . , ·. 
• . · ! ·• :. -. • · · Res~;u:chers are_ also working to develop a better understandi~g of the underlying 
•. ;, ;! 1:, ': 't. t',,:i •:> f'.a~tor~; .tJ:t.~t. innu~i:ice.,v~ri~p.i~ity ir ,~es.~ .~~mf~ .~n~taffect ~u~c~pti~~~(ty., ·~9 ,a~x~f.s~. i. ; );.,, 
-;: / .;''.'1 '} health effects (e.g., Chance and.HannsenHQ98; Cohen Hubal'e(al 2000a; Graeter , ;:~: 
· · . : . . · and . Mortensen· 1996; weaver it at:' i 998; G~ssm~'n i 996 J. These· eft~·rts ·includi . 

, , : ,,', I O • • • ' r • l o • .. , , , .' > , • I • , • I 1 • • • I • 1 • • 1 • • • ~ ; f 1 , • •\ 

: ' · work to develo'p· consistent frameworks fo define susceptibility. (e.g.,( Parkin: and · . . 
\ : 1 ·; ~ -~ ':\1 Balbus ~()00; Pas~no et al 2000), particula~ly as regulatory co'~c·~rris for, sU.sceptibl~;': ', / ,, 
i}·,' ·, >i\ .-.:,·; SI subpo~iilation~,~ucJ.~ .. c~~!9:ren· ~ave.~n.cr~ased (e.g.( ~lint?n_\_~.Q97;· Bf'IA 20.00) t,';1; .· i·l I i' 
·:: ;·, . ., :'; .. :' .. , , A n~mber oftechnique.s ar~ beirg used to.explore issues of.how thes~ factors.vary· . ;, i: 
·: '.': :_, ,.i.? and h~w they influence susceptibi!ity):~ ~_d.v~f-se.he~I~ effe~ts~ These ett;orts i~clu_~~ : 
.· .. ' i,i,-~: I ShldieS Of Cellu]aJ: processes that ITl<l}' influence SUSC:eptibilit.y ·and anima) tests· USing , 
.. I' '. ~.: ',:· ) \'inh~~~~tly' sen'~itiv~ populations:. Pr~b~bilis_ti~, modd~ng te~~~iqi'..es' and sensitivity.;\'· ·, .. 
' '. '.· !,).'.; <(,-analys~s have be~n· 'appli~d iri dose-resporise.'evaluati<>'ns 'to,explore the impacts·of'. : ~ . : 

assumptions regarding variability in PBPK modeling· parameters on pre'dicted toxic 
: : effects (e.g.; Ku·empel et al 2001; Sweeney elal. 200l;'Allen et al 1996; Cronin el al . ·· ·. 
· · , 1995; and other studies reviewed ·in Petito Boyce 1998). Data linking variability in 

, . . . . : · · . l PBPK parameters and changes in adverse effects are limited, as are data regarding · ' 
· · .. the pharmacodyn.amics of adverse health responses (Barton el al 1996). :t· ,:i:lie interplay,·be~~·~·11 'exposure· timing .. <l!1d effe~ts. is anqther .are~ 'in which :. 

· I , ' researchers are seeking a more detailed Understanding of bo·th the fundamen.~i ' 
workings of toxicological p~ocesses and the mechanisms determining dose-'.-response :, · 

., , , \. ·:: ·, ,_ relations~ips for. ,specific d,1emical_s ( e.g., B~ye~ e~ a[ .. 2000; Witschi and Hakkirien . . .. .­
... '. 1984) : ~esearch of~is type h~s highlighted l!Je iinp~itance.~f«:1et:3,iled infomiatl'c;m': . . 
, ... · regarding_ m.echanism of action iri more a~curately modeling' potential_ exposures ::_·: : · 

:;: , , :::·(,.:., and risks. It alsd indicates a need for 'more'detailed mechanistic'toxicity data as an: ,\:.'r' 
·::," . .' adjunct to the types or'exposure modeling d~ta explo~ed in this review . . · · i • .' . ·• '· ' ' . , - - . . •. . . . . . . ~ :,,. . ' . 

;t ''i./' ·, /,\ · Developments• in each 0£ these areas of.model refinement will enhance · and :. ';:,, 
• • \ 1 • • ., l t • • • • \ , • • • • • ' . , I ~· I,, , • , • • • • I • • t - I I• • • I• 

: , ·. · •. ,: ;com.pleme~t the e,fforts directed at more generic developments. ii:t exposure asses~-; · • 
:' :. · .. ment mo<!,eling that ar~ the focus of this report. To the ~xteni: that any of these areas ' 
, , , ..... , :; ·.;, b~com,es more commonly applied in exposure assessm,~nt or b~.comes important for. ·.·,.: . ·.\•1 

: , • , '•.:,>a specific chemical, it will also direct additional dat..t collection needs. I .. ' , :: : \ • 

:1, .,_.:,:',/!,·,;··.) Comparing Model Predictions with Empirical Observations .. : .. '.;, Anothe·r irri~r.:.'. '"" · ,, , 
. ; : tant co"ntext to be' considered in applying the 'exposure fa~to~ d~ta'and determinin'g . ·':. ·,·.· 

. , , ,.. addi~onal data __ nee~s is. the issue of evaluating n:iod~I predic~oris_ i_n th~ .~onte.xt ~~ '-. ·:, ·>:, 
... , relevant empirical observations (e.g., monitoring or biomarker data).·This context , ·. ., 

, •Ii', t· ' • ·, . . ' ' • 1 , , . , . , ' • 1 1 '. ( , 1 • . • _? •• J/ • 'I 

, .;,..· 1 .:.i;, ; \ l;>econl:es ~~rticularly impo~~~t. as ,exp~su~ a~~ess':°ei;it ~odels ~efo~.~ more co~.-·:; ') Ii l j 
.:.,, .. ·,: .. ' , : > plex. and mclude1 greater numbers of exposu.re pathways; sce~anos, and· assµm~;.• / i'(F~ 
. '/·:\:/!I ( pons/ Iri a regulatory framework,' iri put assi.:iiriptions·. are,. typid.1.lly'_i;nack ionserva-'.< .:_ t,~: .':\ 
• • •• '' I tively tO yield health-protecth;e results. As the number ofronservative· a·SSUmption.s'. .. :; ::: ';,' 
, , , , . increases, however, model _results may increasingly diverge from a reflection of · 

plausible results. Comparing model predictions with relevant empirical · observa- · 
tions can p~ovide a benchmark' for as~essing the 'degree to :which' the ex'posure 

I • • '• : j; ~Q~el p~edic~Ofl_S are reason~~le. 'such. compariso~.s:~. a!s?ifi~~~.' in~ights regard-
' i ing data collection needs for improving model predictions: · t_,: 

' Existing data sources may provide a basis for evaluating predictive exposure 
models. For example, several researchers have used activity pattern data collected 

c'; 
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in Denver, CO, and several other communities to develop probabilistic models of 
microenvironmental and total exposure to carbon monoxide (Law et al. 1997; Ott 
et al. 1988). Studies of exposures to pesticides and spray pain°ts have also compared , 
monitoring and modeling results (Krieger et al. 2001; Brouwer et al. 2001). Other 
resources that might provide data that could support similar studies include the 
ongeing data collection activities of the NHEXAS program (which includes per­
sonal monitoring data and biomarker data for certain chemicals, as well as data on 

. certain exposure modeling factors such as activity patterns; see, e.g., Sexton et al. 
1995a), data collected as part of the TEAM study (see, e.g., Wallace 1993), monitor­
ing data collected in. a number ofregulatory contexts (e.g., as compiled in USEPA's · 
Envirofacts· database; USEPA 2001a), and data contained within tfiie f:itposure data­
bases reviewed in Sexton et al. (1994). Alternatively, to conduct some types of 
comparative studies, it may be necessary to design and implement new research 
combining collection of relevant monitoring da~ and data regarding specific expo­
sure factors of interest. Duan and Mage ( 1997) review issues in combining monitor­
ing and modeling data. 

Alternative Exposure Assessment Methods -A final area of context to consider 
is the overall framework being used to model exposures. Commonly used exposure 
modeling efforts and the factors reviewed in this report primarily focus on using 
contact with various media and duration of time spent in various locations as the 
measure of overall exposure. Other bases for modeling exposure are also under · 
investigation. In addition, researchers are also working to ensure a clear and 
consistent set of definitions to guide exposure analyses, including consideration of 
physical components of steps in exposure and concepts related to exposure in time 
and space (see, e.g., Zartarian et al. 1997a). 

One alternative approach to modeling exposure uses metabolism, specifically 
energy expenditures, as the basis for assessing overall exposure (e.g., McCurdy 
2000a). Activity pattern data are evaluated not only in terms of the time spent in 
specific locations and activities but also in terms of the amount of energy expended 
in each activity. Total energy expenditures and patterns of energy expenditure can 
then be related to required inhalation rates, food a'1d fluid intake, .and associated 
exposures. Dermal exposure assessment is not readily addressed through this ap­
proach. For other exposure pathways, however;such an apprnach may provide .a . : 
more biologically accurate and integrated perspective on aggregate exposures asso- • 1 

dated with multiple exposure routes. Moreover, this approach can account for the 
actual time pattern of exposure, rather than' aggregating exposure data in ways' that 
can obscure information critical to an ac.;curate assessment ·of potential health . 
impacts:This approach is being appli.ed in°'the CHAD ·databa~e (McCurdy 2000b) .1 

that compiles both activity pattern data and associat~? energy expenditure estimates . 
drawn from sources of such data (e.g., Ainsworth et al 1993). Again, to the extent 
that this approach becomes widespread in ·exposure assessment or becomes impor-
tant in assessments of specific chemicals, a different category of exp<>sure data will 
need :to be .collected;. compil~d; and analyzed> . · · 

In .addition to applying alternative measures to .assess overall exposures, alterna- . 
tive techniques exist for quantitatively addressing distributional data. To date, the 
types of exposu~e factor data reviewed in this report have typically been applied in 
exposure and risk assessment models by using deterministic approaches or proba-
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bilistic approaches relying ori Monte Carlo techniqu~s. Alternative approaches are 
being explored: For example, Petersen et al. (1994), presents a joint distributional 
analysis approach for assessing exposures occ_urring through ingestion of chemical 
residues_ in food. This. approacl1 allows intake through all dietary sources to· be 
a11alyzed simultaneously; without'the repeated simulations r~quired iri Monte 9arto 
analyses. The use of such alternative approaches._may also modify future data 
requirements, or how data are applied in exposure models. 

' : REVIEW OF DATA GAPS . · , 

, Overview of Review 

This data compilation and review' process _also induded id<::ntification or"gaps in 
the available information to support developme~t of exposure factors:· S1.1ch gaps 
exist o~ several levels. First, in some cases; informati~ri regarding a certain exposure 
factor simply may not exist. For example, physiological parameters· of the type 
applied in PBPKmodels have not been studied for many chemicals. In other cases, 
data may exist for a certain type of exposure factor, but the degree to which those 
data are applicable to a variety of exposure scenarios may be uncertain . For ex­
ample, the data regarding children's incidental ingestion of soil tha t are commonly 

· applied in risk assessments are derived from observations from _a limited number of 
yo~ng children within only a few exposure settings, Questions exist rega~dir{g how 
representative these results are for children in other locations who take part in other 
types of activities or con tact different types of soil. The implications of these data for 
other age ranges, for which soil ingestion data are even• m.ore limited,. are. also 
uncertain. 

In other ca_ses, data exist,' but may. not be weH compiled. For example; a few 
sources of information regarding exposures of the gerier~I popufati.on. to consumer 
products are available. While USEPA's Exposure Factors Handbook (USEPA 1997a) 
contains a limited amount of information regarding freqti~ncy and '.duration of use 
of certain consumer products (e.g., spray paint and cleaning products), similar 

. existing information fe>r other products is more dispersed. Moreover, information 
regarding consumer use of specific products· is often compiled by individual com­

' panies or affiliated researchers for marketing or other; purposes, but this informa­
tion is not always published, compiled in a central database, or m~de ~ideiy ·avail­

' able. >'-. The data gap evaluati~n considered both existing gaps and the relative impor­
. tance and , priority of the gaps (i.e., . which gaps would. be most worthwhile to 
\;tddress) : The priority offilling_'the gaps was assessed in part on the basis of the· types 
of analyses for which the data may be required. For exan:ip,Ie, aggregate r!sk asse_ss- · 
n:ients are increasingly being conducted according to the mandates of the FQPA. · 
Such analyses require an understanding of a broader spectrum of exposures that · 
might be encountered in everyday life. The relative priority of identified data gaps 
also depends on the implications of the missing or inadequate data on exposure 
assessments. In identifying existing data gaps, this review process drew upon per­
spectives on existing data gaps presented in published sources (e.g. , USEPA 1997a, 
2000a; Cohen Huba! et aL 2000a,b; ExxonMobil 2000; Whitmyre et al. 1992b) and 
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on perspectives provided by exposure assessment experts contacted during the 
course of this project . 
. . In assessing the relative priority for filling the data gaps, this review considered 
the relative extent of the identified data gaps, the relative impact of the exposure 
factor on exposure modeling, and the general applicability and use of the param­
eter on modeling. In particular, factors that entail chemical-spe~ifi6 :research rather 
than research supporting general exposure-modeling efforts fb)- all chemicals or 
broad categories of chemicals were assigned a lower priority ran'king. The relative . 
timing of .research on specific factors was also ;coi1sidered in assignirig

1

,priority , 
rankings. That is, identified research that might benefit from the results of addi­
tional research efforts in other areas was assigned a lower priority ranking. 

In addition to considering limitations in the spe~iflc types of data included in this 
work, this review also considered limitations in the accessibility of the available 
information. These issues are also discussed below. · 

General Research Needs 

Several general research areas were identified both in published assessments of 
data gaps and by numerous individuals contacted during this project. These in-
cluded the following: ' ' ' ' ' ' 

• Increasing our understanding of children's exposures to environmental chemi­
cals, including developing better exposure factor estimates focused specifically · 
on children,.better methods for monitoring and modeling children's expo­
sures, and better information regarding the relationship between children's 
activity patterns and exposures 

• Designing and conducting exposure assessment studies that better reflect 
long-term variations, trends, and correlations in exposure, and developing · 
better methods for extrapolating long-term exposure patterns from data col-
lected in short-term studies1-2 . . . . 

• Conducting formal analyses (e.g., using value of information and other deci-
. sion analysis methodologies) or more quaJitative analyses (e.g., identifying . 

sou~ces of 1,1ncertai,nty associated,'.with higl~:..Cost or high-consequence deci­
sions) to determine priorities for.collecting additional data or more detailed 
data to support·expostire modeling ' 

• Conducting conf1dence-b~ilding studies of existing or newly developed expo­
. s~re asse~srrient models 'tiy' u·;i~g e~isti1\g da~ or data from spedally de~ign~d 
' s'tudies to determine whether reasonable ~esults are ~btained f~om predictive 
models under a variety of exposure conditions 

, • Developjng Jmprpved ,teihniques for ,combii'iing data when multip~estudies · 
exist for a specific factor. ' ' ' 

Issues in study design and extrapolating long-term exposure estimates from short-term 
· data are presented in Buck et al. ( 1997) ; Price et al (1998), ·and Wallace et al. '( 1994) . 
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· _Another gene~1.data gap issue that was.identified was the need to update certain 
. default exposure_ parameter values and distributi1:ms' (e.t: for food c~nsumption 

.. ' ' . ' ' rates or co'nsumer product us~) either by colJec,ting,ad<!iti,ona1'daGI; (?f by analyzing 
~;,)£i .. ~; c/ ~~~~ntlr, :co11ec~~-·.1-~~ to .,~erive · 1:1p_da_ted_. val_u~si (fNs: i~~u,e, i~ .. ~i.ss1;1ss«::~ ,.in,. µi~ } • t ·/,~ 
. :': -;,") .-.. context of specific exposure param~ters"_in the next~~~c~on·of~is'i-~pprt. \ ' ;' . .''· .. 
• 

1 

• • • • The first three data gaps in the preceding 1isting w~re assigned a high 'pri~rity for .. 
, .. _. . '. ; '· being fil1ed. This ranking re~t;~ts th(_! ~xtent of~e data gap, the·p~rvasive ne~d for , ·. 

·• -_', ~ ; :- 1 ; such 'data in.the types of exposure and risk analyses that are'curi-ently of regu1atory ; ,_. · ·.-
• \ 1, i: 'l ;;,. i_",,, a~~- .othe_r'. i_n ter:est;: al!~- th,e, ._~esir~--to, _p~ovide-, c:t,·. strong/?undation: for· directing · 1: <; . 
·, , . _' '.'. addition.a] · exposure :assess':"ent research. : The · need to . compare, the results ' of·' . . · · 
. . ' ·. '·.: ·. exposu~e assessmeri. t mo'de Is with empirical observations was assign~d a iii~dium . : 
I' t I ;j' ' ':'ranking after consideration 'of relative ~ming (i.e.;• research in this area shtiuld'be ',~'. :_,;, 
.-. .'. -.' .. 'conducted 'aftei-'~dditionalexp~'sure ass<issmerit 'inodel 'development.has occuried). . ..... 
, · '>. ~ \ · ,; : T~e need for additional approaches for combining available' data sets \vas assigned : · ._. · 

a low ranking because some meta-analysis techniques exist and the need to develop 
additional data in certain key areas was accorded a higher priority than' needs . 
associated with analysis of existing data. 

:' ·\~ ~ •I: ; . • ·. t. ': . • I •• ~ 

· Research Requirements for Specific Exposure Factors 
; ,: I 

1 
,

1
~ , l• 1 , ~ , ~ I • , • • r •. • • • ~ • • = ' ' • r, '. \ ~ l I I ' 

'. ~,; , . ·. · An overview of the results c:>f the data gap review for specific exposure factors is . 
; summarized in Table 3. These identified data gaps are discussed as f~llows based on 
· the five general categories used as the fra~ework for this review. · 

1 , · , , : , • • , Individual Physical/Physiological J!ac~ors - Data gaps identified. in. this ~ategory · 
. .. · .. ·. ~~re associated with four specific exposure parameter areas. The first two ( i.e., body · . 
. ' . · . ;, \. weight and skin surface area) are related (i.e., existing default assumptions for ~ody · · · 
/ ,\:, ,: >. :weight need 'to be updated to reflect 'moi-e rece~t data)_. ~his updating wijl ~ect ' · .,. · 

, . 'ass~ptions for skin surface area. These two data gaps were assigned a low ranking 
. . .: ; . : . . b_e<.~_se. ~hese _mod~fications were seeri primarily, as fine-tuning of the existing data 

· : , set. ·t-n ~ddition, better information is needf;d characterizing actual skin surface 
. . . . .. areas subject to exposure during various activities. This data gap was ~igned a high 

· priority ~ecause of its substantial influenc;e on estimates of dermal exposures. 
The third data gap identifit:d f(?r ~is category is. a general g~p for .the broad 

•''. . . .. group of factors associated w'ith gastrointestinal, inhalation, and dei-~al absorption. 

',• 

Substantial data gaps exist in this area regarding the absorption of specific chemicals 
via specific exposure routes as well as the general processes governing absorption, 
particularly for derm~l absorption. Ele~ents of this data gap that address generic 
processes of absorption were assigned a high-priority ranking, whereas those asso­

. ·, .' · ci?tted with specific ~emicals were assigned. ~-?1e~iu~ ran~ng. ~he~e ran)<lngs 
• 

1

' .-,;: ••• reflect a balance between· the importance of this factor in exposure 'assessment and 
the chemical-specific nature of much of the required research. 

The final data gap identified for this category is for factors influencing internal• 
dose, including both generic physiological factors (e.g., blood flow rates and tissue 
volumes) and chemical-specific factors (e.g., metabolic rate constants and partition 
coefficients). Such parameters have not been researched or are poorly understood 
for many chemicals and chemical groups. Moreover, additional research is required 
to understand trends in variability reflected in these parameters and to develop 
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Table 3. ~ummary of factor-specific data gaps. 

Exposure Factor 

Physical/ 
physiological factors 

Intake rates nnd related factors 

Behavioral factors related to activity 
patterns · · 

Demographic factors 

Environmenta!-inodeling fat:to~ 

. Note: 

High 

Skin -surface area-amounts exposed 
during specific activities 

Absorption factors (generic elements) 

Worker activities 

Time use 

Consumer products 

Children's hand and mouthing 
activities 

Priority for Filling Data Gaps• 

Medium 

Absorption factors (chemical-specific 
elements) 

Factors influencing internal dose 
(generic elen1ents) 

Ingestion factors 

Inhalation 

Denna) contact factors 

Uptake 1md traJLC,fer f11cton: 

Room- and activity-specific factors 
influencing residential air exposures 

Indoor dust factors 

Meteorological factors 

Low 

Bodyweight 

Skin surface area-general 

Factors influencing internal dose 
(chemical-specific elements) 

Population mobility 

Demographic factors 

Residenti•d a.ir exch:mge rates, flow 
rates, and volumes 

• Priority rankings reflect consideration of the influence of the factor on exposure and risk assessment results, the priority accorded 
to the factor by published data gap listings and contacted experts, and the general applicability of the filctor .( i.e.; factors that will entail 
chemicaJ:specific i:ese·ari.:h i:aili.er than research supporting general exposure modeling efforts for all chemicals or broad categories 
of chemicals were assigned a lower priority ranking). Relative timing of research intc:i specific factors was also considered (i.e., 
identified research that migh·t benefit from input from other identified research was assigned a lower priority ranking). Additional 
di~~u~~on of the pri~~ty ran~ing~ for each data group is presented in the text · · · · ·· 
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fufonnation ~.our~ f~; Exposure Assessm~~t 
1

Models 

: I : • 1 ( J • I • _f • ._ .~ i t . l ( .'-, } 0 , I • • ' i • • • • >: • \_' • • • ' ~ • j • • 

.. , ; ·_ ·/.: ch_il<;[-specific data .r~g~ding,~~~se pa~m.~ters. The_generic aspects of this ·d~ta gap, . · 
. ' : ·; - ' : .. ·were assigned 'a moderate rarildng, ~he:reas the chemical-specific aspects of thi~ data -' 

· tr • · · ·. : , gap were assigned a low ran king. Tllis fanking· reflects ~e chemical:.Specific' nature · · . 

:·;{,\\\I:;_;-:•>• ~r .rp ~Ct <>,f)h~ req~~fe~. (~~o/<;~;}P,! ,ad,dj tj~t1;.~~he. ,typ~S 0,; ph~t1,~qkii:i~tiC . .J,~d , ;f i \ •. 
\:T: t.~:;-ff1{:khaJ'.macodynamic ~ode_lii:igi ~apir~ :associa~ct,:wiµi_·the~e.fact«;>rs ~ere seen as.a ··; .. :·: , ·. :. : ~ :;t·. ·:', che~ica!~sp~t~fic. r~fi~em~?.t -~~ , the )~,~re generic:, exp(?Slll:e , ass~·s!ment rnodeJ~ng 
.. 1 . . that 1s the focus of,th1s _reV1ew, . · .. i, , , , . , • • 

; : '1, ;·/(_,..:,' :_ . '. Intake Rates and Related Fact~rs ~ ,Qaps were identified throtighout the -data : -· .; 
/,;, \;:;<;;r .. ~ tip~erly!ng: ~he·, e~po.sur:e: P~f~~eters, i~.) .t~isi~tt;gOiy._~ .. f p~1_ bo~I d~inki~g· ~ter.· '. ;i ih\ 
·' ·\: ,. 1.ct. ?ingestion an,<i inhalation; additional da,ta are r~quired to characterize these factors ;·, ' · 
!;'.-

1 
i [(,:'.·.(~or; specific·' su~popul~tions)1'nd acti~ty. patterns. ' Iri addition, . the eii~ting·.-·data 

• > • .'.;;_:,?):'-!::: characterizirig'drinkingwate'r intake sh~uld be updated t'o,r~flect,o'ngoirig changes •, '/ 
·~·· · ~_,\ ' · :. •. ·i·-·' ~- .,., • . • . \,.';·~ .. . ·: , ,.: ,·,,' .· - .• .. ~ .. . 

. ',(,, ;;/,}>.~,~ in .. · ~md con~1,.i/npt~o~, patterri~.1 .F?r ~ml ~nd dust ingestion, numerous limitations 
,::·:. ·.: ..' (,:1. i :{ ~~ist in the cu~~ently available'1.ata.\Th~se Iimitati1?ns i~dudC:; the sc'a~-ceness o~ data 
· · · • · · · . regarding so.i1 .and dust intake in ~dults and in~ividual~ wi~· pica; data addressing 
·. :: ·:· · · ; the influence of factors such as season; activity, ahd region on intake; and research . 

, distinguishing between the contributions of soil .rod those of dust to total intake. 
, } ·.-.-·. , For dietary intake, a general need exists for updated d·ata, more· extensive'datit · 
: , .:' ·. · for children, an~ data that better characterize long-term intake, patterns. Sp~cific ' :'' :,. t::t·· ::~~eds ' also· :exis,t' f~!: .b~ttir inform_ati~n.' rega~dii;ig. geo&~phic soi;~es _ of food for 

' : ' ·. - .. ' '. ''specific subpopulation's and for better. data or compilations of data characterizing 
... -. :·<·:,. intake patt~rns in specific subpopulations (e.g., agricultural populations and people 

. , .... ; ; , participating_in recreation.at or_ subsistence fishing). Additional data are also re-
.'. .. ·i '. -': - quired to characterize' ·the preklen~e ~nd. magnitude of breastfeeding. ' . 
·,. 1.: ., ·:···,;· In the aria of cie,rmal ~ol?ta.ct factors (inch,1ding soil. adlierence to skin. and 
.' t.'·'-·.'. i '.:\ \ transfer factors); additio.nal researc~ !s ·~eeded to, develop .ove~II soil con tact. ~tes 
:, \ : . ' ·: ,", from activity~s'pecifi.~ · soil adh t/~~ce . <::stimates,' data regarding. activity frequency, 
:h ;~·1/f. and data regarding"tJ-ie degree to which chemicals can be dislodged from various 
/:' ~ ).\ s~rfut.~s a:nd. ~r:isfe~~ed to sl,li~1 pai-.~cµl~Iy· fo~' n?np~sticid~ chemicals. In addi­
' · ' :.' ·-, · tiori, the existi'ng data need to be expanded to reflect additional types of activities. 

' ' I • .• . , ' 

; ~ . ,-,J- , .. ,.·,; '. :-/In all cas'7s, ,th~se gaps wer€ assigne1 ~ .. ~edium .ranking .. ~is ranking reflects the 
· .· ': :.i\' 1 importance of tht;se factors i..1 'determining exposure estimates, which is balan~~d, 
f:·'_'.,:::.:.;f,-_,:l,.lJy the substantial foundatfon'·'6f information 'that. exists for many of these~~~ 

!• \ I ', ! eters. ' ;,, . ' . ' •,', , , '•_,. . c ,, 

·, ,:. , Behavi~ral Factors Related .to Activity Patterns-Significant gaps were identified 
: . :e: .. . in the information _underlying most of the factors )n this category. In particulat, in 

·· '.} .(', .'i µ1ai:1y of t!1,e ca~eg~ries, the currently'available data are substantially limited, ·:ancf: 
.... ''. .) //, 'questions exist: re~ding whether the, available data adequately charactetp.e -all 
:ii ;·,Si\'~//rele_vant .a~pe<;ti of .~xposure.' F~r example, for workers, infoi:ination. is ge9~~ 
; .. · · .. :,·'_:', available on the numbers of,vorkers that participate in various ~dus~es Qf,~_. _ · 

_ cal concentrations measured in various workplaces. However, little mfo .•:• ~~ 
. . available to characte"rize the specific activities that workers engage in, the ,rr-

. i and duratio~ of activities, the types of microenvironments they enco nte • 
· ' ·, : i; : , degree of exposure ~at actually occurs, or how measur.ed workplace cone,. 
· Y•:, ···:~ maybe influenced by'these component<; ofexposur.e. . . . :J· J.~)-~" · 

' .. , . Similarly, considerable information has been collected regarding actJVIty:~ .. · 
· for the general population (e.g., the amount of time spent in various 1ocatron~). · 
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Nevertheless, questions remain regarding whether all relevant factors influencing 
exposure are reflected in the available data (e.g., the specific types of activities or 
c_ontacts that occur during the time spent in various locations) . Children's hand and ' 
mo tithing activities and children's activity patternt; in general · are of particular 
interest. Similar issues exist for available data regarding use of specific consumer 
products. In all cases, questions exist regarding the. degree to which the available 
data reflect current or long-term exposure patterns. 

The final gap identified for factors in this category is associa~ed with data avail- · 
.. ' able for assessing population mobility. In this case, questions· exist regar1ing whether . 

the currently available. data .appropriately -reflect the duration ,of exposures in . 
residential settings and whether the data have been appropriately interpreted. 

Because of the magnitude of the data gaps identified for factors in this category, 
almost all of the gaps were assigned a high ranking. The only exception is the 
ranking for the data gap associated with the population mobility exposure factor . . 
This data gap \vas assigned a low ra:nking because it is viewed as a fine-tuning effort 
rather than substantial new data collection. · · 

Demographic Factors - In general, the data underlying the factors included in 
this category could be updated and made more comprehensive. For example, those 
factors that are characte_rized using .Census data should be updated as new data 
become available. Similarly, additional data could be located or collected to char~ 
acterize other factors that may.influence expqsure. For example, expanded surveys · . . 
could be conducted to identifyindividuals participating in some of the activities that . 
are currently identified in existing data compilations using surveys of individuals 
belonging to organized groups supporting such activities. In addition, surveys could 
be conducted to characterize participation in other activities that may not be 
included in existing data compilations. This general data gap was assigned a low 
ranking because of the high degree to which the necessary research depends on · 
specific · exposure stenarios and chemicals of interest. 

Environmental Mod.eling Factors- Five broad groups of data gaps were identi­
fied.in the factors included in this category. The first data gap is associated with the 
available data for chemical uptake factors (e.g., from soil into plants and other biota) 
and transfer factors (e.g., from outdoor soil to indoor dust). Data for these factors 

· ~ave many of tl1e sam_e limitations as those identified for absorption factors, i.e., the 
. , ;data are limited for many specific chemicals as well as for understanding· the general . 
· .. processes determining uptake arid transfer in specific environmental se~tings. This. 

• ' , . • ' , - ,, · . 1 1' · • ' • • . . · 

· · data gap was assigned a medium ranking, reflecting a balance between the impor-. 
. . . tance of these parameters' and the chemical-specific nature of much of the required . 
. . . information. . . ' .. ,' .; . " •,.. . . .. . ; 

To address the. second data gap ·in this category, the data regarding residential air . 
exchange rates, air flow i-a:tes, and volumes could be updated by using data collected 
triennially in the U.S. Department ·of Energy's Residentia l Energy Consumption 
Survey (RECS). The RECS study rnuld also be expanded to include more types of 

· . :. , buildings (e.g., daycare centers) :·This data gap was assigned· a low ranking _because ·· 
· · it primarily reflects fine-tuning of the existing database and additional. data needs 

depend on specific exposure settings of interest. · 
The third data gap is the limited information regarding· room- and activity­

-specific parameters influencing exposures via residential air. These include data on 
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lnfonnatia"n Resour~es f~r E,q,osure Ass~~e'rtt Models , . 
' ,• . '.. '. . •! r • 

,• .. 
. ro?m-to:roon:i <!-Il~ .0~m-t~11td?o~s a.fr e-,_c~hang~ dit~s,. ir(~~~si.~ei:ice: v~riation in · . 10 •.\ . 

. • ' air exchange ra~e~; variati?nS in room sizes ·a~d, volu~es;.'jmd' impacts Qf fans;· ,•I• • 

: \':./'.·; heating and cooling systems, and other ventilation elements on airflow:· Efforts to·- .. ; · .. · 

. · :,;,,, ~~ .. ,( .\·a?~ff:~S -~~/'.1.f1~ .m':P )i;i~,11.4~ ~<:~~~.r c~-~ -JJ_H~tj~n. 8.te~i_~~i.~i _iD~<?.~~1~e>~ _.as ,~~ii-~.\:-'/.::: , : 
·: ·': .. , :-~, developm~?~ of n.~~.·da_ta .. This d~ta gap_ ~.as ra~k~d -~ ~ ~??~ra.t~_'pp~rity, r~fl~ct~ ·;',-.; i. 

ing the importance of these data in asSe!\Sing exposures to airborne, chemicals. in I :•: 

. " . residential settfogs' .. . ' . . . ' . . ·: . ; :- ' , . ' ' . . . . .. . .,- ·, . . . . .. . : "; ... ' 

.i ! .•· .. ·, ; ~ iTh~ fourth data: ~P in th~s. c~tegoiy. ~as 'idei:itified for i~irrmatio'ri ·suppo~ting :·:·:- .. Y ;: , 
. ,i(. '. \. < , '. ~lu3;~o~s, 0£. ~e!, (~~tC?rs d<;:te~i~:ing. ~o~.s~ <;l~~t .g~ner~R~n •. , ~i;i~p·o~,· ~.nd .·c~n~ ·,. 1 '.At\'.:,: 
"·. · ,' , centr,auons. ,:r~u_s ~~pi_gap ~~ . .i~s1gned ,a·.r:n,e4~um.~nking~:-r,C~~e;.~~g ~e ,impor- .,i·./:.{ 

:;:, · · · ~ce, ?f tJ:ie.se factors. m certam .1~~oor exposur~ settings:;~ ... , ·. ' '. ·, \· . • . · ·, ·. ·,, ·. 
: .. ,, . •' · · 1The1 final ' data· gap· identified· for this: categorjuis, assodated1 with· the use,• of' W '.' ) 11 l 

• ~--. }/0 >rieteoi-ol9gi~1 ·d~tf·.Alth.ougti .substar1ti~f rr1ete<>:~>logi~~I da~ ::i,re: ,typ~c~ly. ~¥,.1~'.- i /;· ~ · ·_: 
. ::, ; ..... able for a wide range of geographi~ loq1tiqns and time frames, ~ubstantial limita- .. . ~-.1

:'-': 

. . . ; . ' tions exist in the uriderstanding of how the~e . data influence expo.sure-related '. ' 
' .. activities (e.g.; _time·_spent outdoors, soil ingestion rates, dermal contact with soil, or 

soil transfer into buildings). This data gap was assigned a moderate priority reflect­
.:- 1·.,. ing the importance .of these data for modeling cer~n exposure scen~rios; ' •,. 

. ' 
• • I ( ; • 

I • • • 

·-·\·') RequiredEffortsto:Improv~·nata'A~cessibility ·. ' 'r'.\·:··'.:;_':'_'··' /{'-;' .,,.\ 
• •• , L ii I, , • •• -~ ; ~r 1 ,

1
•• • • '. r '~ I .j · ... ~ • ~ \.1. • • ' • •• J ~l'· !:"/" · . ":,-~ l ·11 :··. 1, -(~ ... i'I• ':• 

1 
, ••• , As note~ a~mve, ~.is review also ~on.side_r~d limitations in ~e.acces~ibility of the . ; , 

available information .. Data for certain categories of exposure factors have been 
' .. ,• ' extensively compiled)nto databases, or reference resources that are 'readily acces- ' . .''' 
. . sible _and widely use<l" (e:g.: the conipilatiC>ff ~f e~pos1;1re f.u::t9~:commonly applied . ·, .- ' , : 
>':. ~-·. in ri

1
sk assessrrif:~ts for.' contamin<1;ted sites' in. USEPJ).'s E~poiure Factors Handbook). . :';r. 

:< .:·~::) Many of thesti: res~~rces also.' ~eflec_t ... e'x.tei:i~ive 'organizati~n arid,:ar\alysis of the ' .. '.Ht· . 
. : avail~ble data,· e.g.; to ~e.rive poirit estima~s or·d_istributions.~f~alues _for exposure ', '·:;,·;:, : 

; : ) : : ; , , param,eters ~.a:t arf r~p-~esentative. of specific: P?Piil~tion' @'Oups/ In:. ~th":r : c~ses, /-: .:·;}, i ' 
:' , , ; ; ." exposure factor data are more widely dispersed, and syn theses of the data are either ' · . S ': ·!. ' 
.\ \·.'.' not available or diffi~~it to· obtain (e.g.; data regarding iis~ 'of varibus consumer', • >-( 
: '::-l:, '".; pr<?ducts) ., As, a r~sult.; researchers- conduc~ng ~riaJyses, u~ing,.µie_~, fuctors,_face .· .. , 'i :, '.:, 

.. :.(', _ substantial challenges in locating the appropriate . data and, c:aimot, readily build .:. ·. i . 

. . ·:"' ,,/ u'pon previous'effoi-ts that have 'used the available data.:': . '. ,';.)-','; ·1::/· > ,'·, : '' t: :".\,;' ,,•; 'J•'\t ·:.: 
• ~ ' _l • . ' • ' • • ' ~ ' ' l l '•. -t .,. • I ' ' • I ' ' • I • \ ~) \ 

I • Similar limitations in building on previous efforts exist ~en for those data 'sets '· 
. '. · · · · ·. · ~ <1;t have been, relatiyely well d~c~i:nentt;d a~d compiled.- I11 -~~diti_o_~J the. acce~si~;, . , , 

... , : '. biljty and usefuln~s~. o( some C!f ~e~ data could ~e. impr~ve_d,_ if1, tl?,e, ~ata w~~e- , ·. ·. ( 1: i, 

. '; .. ,, ' available in formats that are' more interactive and dynamic: Sihce the completion of ,' . : ,·. '~I' 
.'· ',.'· ~:,i :; ; th~ pri~ary· eff~rt.of thi; ;eview: th~ USEPA ha~ begun m~vin1/i'n_this'directi~n by• ./,1_i) , .' 
:· 'H;: , . .'sup'p]eili.enti'rig the .hhd copfversi~n of the· Exposure Fai:tor.f Han'dbook \\litll ··a·co~-·: ;·,r;t) 
· ' .',,··,· ROM version (USEPA 1999e) and an on-line· e·lectronic,versi.on that wil1 hicorporat~ , .: ·. ,l ... '. 

updated data and new data analyses as they become available (USEPA 200 Id) ~· \,':., , . . 
Thus, in addition t~ _filling the data gaps identified ,above, exposui-~ an~lys~·s 

could '?e improyed by e~hancem~nts in t_he _acces.sib~lity of t~e _a_v~!~able. ~a~: _Such 
; . ! ;{ \~· e~ha[!,ceme~ ~ -<:=0~11 c~nsist of modifications to . the for111:at ~~.ex.i~~i.ng. <;Ia,ra:. c·ompi­

]ations. More importantly, such enhancements could include the <l;evelopment ofa 
central resource to consult to identify exposure assessment resources.: ! his resource 

· ·;·Li·.· 
I • ,: • O f •t { ,j. .' 
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could consist of a database that directly incorporates available information or a 
clearinghouse that could provide pointers to avaihble information. Among the 
types of information that could be organized in this resource are existing databases · 
of exposure parameters needed for exposure inoc!eling, databases of exposure 
monitoring data, exposure models, and publications and other documentation of · 
exposure assessment data, approaches, and applications. Models for such an effort 
include USEPA's Environmental Information Management System (EIMS), which 

· is a tool that provides access to the agency's environmental resources, the biblio- . 
graphic databases maintained by th~ National Librar.r of Medicine to provide access· . . 
to the scientific literature regarding health (e.g., Medline and Toxline), and the 
compilation of exposure assessment resources currently being developed by the · · 
Alliance for Chemical Awareness. The USEPA has begun to compile such a resource :· 
in its Exposure Factors Program, which provides links to a variety of types of 
exposure information that the USEPA has generated (USEPA 200le) . 

CONCLUSIONS · 

The results of this review demonstrate that a rich, although incomplete, database ;. 
is available to support development of input factors for exposure assessment mod- · 
eling. Values for some factors (such as body weight, life expectancy, and general , 
demographic factors) can be developed based on extensive data_ sets, including . 
substantial amounts of data that have been collected and dociimented 'in other',' 
contexts, such as the medical and insurance literature, and tl1rough comprehensive 
censuses._ For other factors (such_ as those required to develop detailed models of :. 
children's activity patterns), exposure assessment researchers are exploring new · 
aFeas and developing new data collection techniques for adequately reflecting 
variability in these factors and for identifying which aspects of these factors are most · ·. 
crucial for .determining exposures. · 

As discussed above, the data available to support exposure factors vary widely in 
their quality and their adequacy to 'support detailed analyses of the variability and \ 
uncertainty inherent in specific exposure factors and scenarios. In general, the data. 
are most adequate for characterizing average or "typical" exposures and less ad-' 

. ~quate for assessing exposures for individu.als that. most diffe_r from . the norm. : 
· Similarly, the available data most commonly are weakest in reflecting intraindividual',':. . ... . 
~ariabflity in factors (i.e., 'how an individual's ~x,posur~· ~ay v~ry from expos~re, , . : · .. 
event to exposure event) and in reflecting long-term exposure patterns: In many · 
cases, me uncertainty inherent in the available data is not well bounded :(e.g.; for :c 
many factors for characterizing the frequency with which individuals participate in'1. 
various activities); hcnvever, in some cases, factors have been weli ~haracterized (ei, 

' body weight) or the range of potential valu,es for a factor has' be~n defined by . 
biological or other considerations (e.g., for absorption values) . · 

As is true of every scientific research ':'-rea, additional .data are desirable in , 
nurrierous areas . .These.,include broad needs, such as more data _sp,ecifically reflect-·", . 

· ing children's exposures and data reflecting long-term exposure trends. Data needs:· · · 
associated with specific factors also exist, most prominently including data regard- ' 
ing soil and dust ingestion rates, dermal exposure, occupational activity patterns, , 
and activity patterns for the general population reflecting a broader spectrum of.. . · · 
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: activities and more:: cietail_ed ·i~formatio~ regarding th~se aspecrii\f activities that 
. ITIOSt influence exposiire. . . \ . 
: -'-':) In working toward· filling the identified 'data gaps, _enhancing_ IllfC_han_isms for 

.... '. ; ~9~pjlipg_ ~re df~~~?-P~_ci,, 1~~;, a.n~,--.m..~king, it· .. 9.1pre, .~ea,q~ly: ac~~:s;~ible:,~an:. be: as.'.::·/ 
· 1 valuable to 1mprovmg efforts m_ the field of exposure assessment as ts new research . 

. ._.and data colfection: J:'or exam''ple, e~~bli~hing a cleari~'gho,use for ~om piling expo- . 
. sure data related to the {1se of corisuriler p'rociucts and other industry-generated data' . 

. ,,wquid provide a useful resoui:c(: 'to support pro'duct~ and chemical-specific e'xposttre '. ·: . 
. . ;·, .. ., t_~s~essments: _Df vel~p~ent of? c~ntr~lized_ database or cle~ringh?u~.e for a ~roader'. . 

, 1 • ; spectrum of exposure 3:ssessment resources would offer <;orrespond_mgly expa11ded: . 
' ' ' , •, ''• ' I' • \• ) I ' • I ,, • ' I' 

• > benefits .to exposu~e assessment research and·applications.' Evaluating model_ pre-. 
; ,-diction's in'. the con text of e~_pi~ical, ~ata i!3 ~l~?; criti~al/ n , assessing: the adequacy_ 'of 

. · , existing ·datc,t and in identifying· additional research needs3 Moreover, the value of 
, ~dditional research can be enhanced by'. identifying res~arch 'priorities th~o~1gh a 
"big-picture''. persp'ective that explicitly· recognizes the value of specific research 
elements for improving overall exposure assessment modeling methods. · 
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