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NOTICE

This document has been reviewed in accordance with U.S. Enwronmental Protection
Agency (EPA) pohcy and approval for publication. Mention of trade names or ‘commercial
products does not constitute endorsement or recommendation for use.

' This report was prepared by Eastern Research Group, Inc. (Contract No 68-D5-0028)
as a general report of discussions during the Workshop on Relationship Between Exposure
Duratlon and Toxxclty As requested by EPA, this report captures the main pomts and highlights
of d qussxons held durmg plenary sessions. The report is not a complete record of all details
dlscussed nor does it embellish, mterpret or enlarge upon matter that were 1ncomplete or unclear.
Statements represent the individual views of each workshop participant; none of the statements
represent analyses by or positions of the National Center for Environmental Assessment or the

EPA.
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SECTION ONE

BACKGROUND

11 BACKGROUND

Current default risk assessment procedures typically define “dose” as an averaged daily exposure with an
emphasis en “chronic effects™ observed from long-term exposures or in chronic bioassays to characterize
potential lifetime risks. However, emergency response scenarios and other regulatory implementation
activities require characterizing acute exposures, and it has always been recognized that real-world exposures
constitute intermittent regimens at a variety of concentrations. Contemporary toximloé§~md recently
proposed U.S. Environmental Protection Agency (EPA) guidance are now placing emphasis on how more
mechanistic data can help to inform default approaches. Toxicity can depend on not only on the magnitude
but also on the duration, frequency, and timing of an exposure. Mechanistic determinants of chemical
disposition (absorption, distribution, metabolism, and elimination) as well as pharmacodynamic
considerations of toxicant-target tissue interaction (e.g., repair and proliferation rates) include both
concentration and time-dependent processes. An “acute” exposure duration may result in “chronic” toxicity
if the chemical or its damage accumulates. Thus, the choice of an appropriate measure of a “dose metric”
must be defined by characterizing the exposure-dose-response continuum.

EPA’s Risk Assessment Forum (RAF) is beginning to examine how dose-duration relationships are or can be
incorporated into the risk assessment process for less-than-lifetime exposures. This is an extension of efforts
within EPA, as well as collaborative work carried out with researchers from the Harvard School of Public
Health. As part of this effort, a workshop was held on August 5 and 6, 1998, in Arlington, Virginia. The
objective of the workshop was to discuss our current understanding of dose-duration relationships and their
underlying mechanistic basis, the approaches that can be used in modeling these relationships, their inclusion
in risk assessment, and future directions in this area. Appendix A presents the meeting agenda and Appendix
B presents the charge to the participants.

1.2 THE AUGUST 1998 WORKSHOP

The RAF invited scientists with expertise in toxicology, biostatistics, and risk assessment, and epidemiology
from both within and outside the Agency, to participate in the workshop (Appendix C). The workshop was
designed to identify and to discuss areas of common understanding, as well as areas of differences. Prior to
the workshop, each invited participant received an issues paper (Appendix D) intended to explore issues in
the assessment of dose-duration effects in order to identify where the current risk assessment approach may
be improved and to identify gaps in our knowledge and methodology in order to suggest areas of further
research. (The paper included in Appendix D is the original draft distributed prior to the workshop; it may be
revised in the future to reflect comments provided by the participants.) During the workshop, plenary
presentations provided specific examples of the various issues that are defined in the paper.

Louise Ryan, Professor of Biostatistics at Harvard Universityr;s School of Public Health and Dana Farber
Cancer Institute, served as the workshop facilitator. The workshop was structured as a series of alternating
plenary sessions and breakout group discussions. Each participant was assigned to one of three breakout

1-1




groups. In making the group assignments, EPA sought to ensure a mixture of expertise and Agency
reptesentation in each group. Breakout group participants are listed in Sections 8.1, 8.2, and 8.3. A group
leader helped to facilitate discussions in each group and a rapporteur captured key discussion points for the
report back to the plenary sessions. The agenda included specific times for workshop observers to contribute
comments and questions. The final workshop session addressed future directions for work on this issue over

the next 5 years and beyond.




SECTION TWO

OPENING PLENARY SESSION

2.1 INTRODUCTORY PRESENTATIONS

To open the workshop, Louise Ryan, Professor of Biostatistics at Harvard University’s School of Public
Health, welcomed the participants and observers. She explained the purpose of the meeting and EPA’s
charge to the participants. Each of the invited experts then introduced themselves briefly, mdlcatmg their
affiliations and descnbmg their interest in the topic. The experts included:

William Boyes

Chief, Neurophysiological Toxicology Branch
National Health and Environmental Effects
Research Laboratory

U.S. Environmental Protection Agency

Harvey Clewell

Senior Project Manager
K.S. Crump Division
ICF Kaiser, International

"Rory Conolly
Senior Scientist
Chemical Industry Institute of Toxicology

Dan Costa

National Health and Environmental Effects
Research Laboratory

. U.S. Environmental Protection Agency

Dale Hattis

Research Professor

Center for Technology, Environment, and
Development

Clark University

Annie Jarabek
National Center for Environmental Assessment
U.S. Environmental Protection Agency
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Gary Kimmel
National Center for Environmental Assessment
U.S. Environmental Protection Agency -

Allen Lefohn
President
ASL & Associates

James McDougal

Senior Scientist, Geo-Centers, Inc.
Operational Toxicology Branch
AF Research Laboratory

Resha Putzrath
Principal
Georgetown Risk Group

Stephen Rappaport

Professor of Occupational Health
Department of Environmental Sciences and
Engineering

School of Public Health

University of North Carolina

Lorenz Rhomberg

Assistant Professor of Risk Analysis and
Environmental Health

Harvard University

Center for Risk Analysis




Harvey Richmond ‘ Paige Williams
Office of Air Quality Planning and Standards Associate Professor of Biostatistics
U.S. Environment Protection Agency Harvard University
School of Public Health
George Rusch :
Director of Toxicology and Risk Management Ronald Wyzga
AlliedSignal, Inc. Senior Program Manager
Health Studies Program
Louise Ryan Electric Power Research Institute
Department of Biostatistical Science
Dana Farber Cancer Institute
Harvard University
School of Public Health

Appendix C contains the lists of contact information for invited and EPA partlclpanis as well as biographies
of the invited participants.

22 C x T: HISTORICAL PERSPECTIVES, CURRENT ISSUES, AND APPROACHES
' Annie Jarabek, EPA National Center for Environmental Assessment

The purpose of Dr. Jarabek’s presentation was to:

Introduce the risk assessment context

Clarify terminology

Review assumptions in current approaches

Identify conceptual commonalities and differences

Engender interdisciplinary dialogue to help improve applications

2.2.1 The Risk Assessment Context

It must first be appreciated that the topic of exposure-dose-response is embedded in an overall scheme of
regulatory risk assessment and management. This scheme includes inherent aspects of duration, notably
assumptions in characterization that must be informed by data all along its cycle, from source
characterization to transport and transformation description as it is used to define air (or water or soil)
quality, which is then evaluated by exposure-dose-response assessment. This assessment is then used to
inform health or ecological risk estimates that form the basis of regulatory standards that in turn dictate
control technologies on the source. The intent of this workshop is to focus on the dose-response assessment
aspect according to the 1983 National Academy of Sciences scheme for risk assessment versus risk
management, but the broader context must be kept in mind when discussing how this mformatlon m1ght be
communicated or used in other arenas.

The concept of scale provides a framework for both human and ecological risk assessment, since spatial and

temporal aspects are unifying concepts. Scale includes implicit issues of time as it relates to spatial
distribution, the development or degree of severity, and when observation takes place.
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A number of important exposure issues are raised when attempting to interpret the exposure-dose-response
continuum. It is important to accurately characterize activity patterns (how long a person stays in an activity,
where a person is relative to a certain concentration profile). Measurements must be defined with respect to
time (e.g., as a daily or annual average) in order to characterize exposures. Spatial representativeness must
also be considered (personal or area samples and where the sample is relative to exposure). It is also
important to consider variability in measuring concentration and time when characterizing exposures.

Underlying assumptions in risk assessment and risk management should be explored. The assumptions may
differ when the objective is dose-response assessment versus risk management and they typically dictate
derivation approaches. In particular, we should examine underlying assumptions with respect to the exposure
scenario, the effect severity, the population to be considered, the database utilized, the use of safety versus
uncertainty factors, and the use of dosimetry adjustments.

Currently, exposure scenarios (acute or chronic) direct risk characterization without regard to its interface
with toxicology or health outcome characterizations. Acute exposures that require regulation include
emergency releases or intermittent start-up/shut-down processes, periodic contaminations, or occupational
exposures. Chronic exposures are defined as “lifetime ambient,” typically 70 years (with exposures or
consumptions of 24 hr/day or 2 L/day). Types of toxicity data used to. address these exposure scenarios
include:

. Acute: 1- to 24-hour exposures, single or few oral administrations, up to 1.4-day exposures
. Chronic: 90-day studies, 2-year bioassays

However, these categories are based on chronologic time with no consideration of the toxicity mechanisms or
appropriate ways to express the dose metric.

Default equations for duration adjustment of exposure are shown in Figure 2-1 (with the exception that in
current practice these do not apply to exposures associated with developmental toxicity). The default
duration adjustments assume that the internal dose is equivalent to exposure concentration. Further, it is also
assumed that toxicity is related linearly to the C x T product so that equivalent C x T products are predicted
to cause the same toxicity. The basis for these default equations is in Haber’s Law. '

2.2.2 Haber’s Law

According to this “law,” a constant, in this case a fixed effect level (i.e., a constant severity or incidence of a
health endpoint), is related to exposure concentration and duration by the equation shown in F igure 2-2. The
relationship is described by the hyperbola and the arms converge asymptotically toward the axes of the time
and concentration coordinates. Because Haber examined only extremely short durations at relatively high
concentrations of irritant gases, a C x T relationship appeared to hold because concentration was the
dominant determinant of the observed toxicity in that limited time window. Haber’s Law was extended to
characterization of long-term exposures on the basis of considerations of potential accumulation of the
chemical or its damage so that the toxicity observed after chronic exposures was again thought to possibly be
due to the C x T product. However, Figure 2-3 illustrates how the use of this relationship might give
erroncous estimates when extrapolating from an 8-hr exposure effect level to shorter and longer durations. If
a single 8-hr experimental concentration is used as the basis of a C x T product calculation to estimate a 24-
hr equivalent level, then the use of Haber’s law results in an estimate that is conservative (presumably
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protective) relative to the one predicted if only concentration were the dominant determinant of toxicity. If
the single 8-hr experimental concentration was extrapolated to a 1-hr estimate, however, assumption of
Haber’s law (B) results in an overestimate of the effect level when compared to an estimate assuming
concentration alone (A) was the determinant.

The problem with this default, as with any other, is that it relies on a rudimentary description of a complex
and dynamic system. As illustrated in Figure 2-4, toxicity depends on the magnitude, duration, and frequency
of exposure. Thus, the choice of a metric to characterize this toxicity should depend on some knowledge of
the mechanism by which the toxic effects are induced. Current research in toxicology and modeling allows
us to now define alternative dose metrics that begin to better embody considerations of these underlying
mechanisms.

223 Dose Metrics
Altemative potential dose metrics include:

Blood concentration of parent chemical

Area under blood concentration curve (AUBC) of parent chemical
Tissue concentration of parent chemical

Area under tissue concentration curve (AUTC) of parent chemical
Tissue concentration of metabolite

AUTC stable metabolite

AUTC reactive metabolite

Toxicologists recognized early on that detoxication could occur and that expressing C x T relationships on
the basis of exposure was inadequate. Hayes restated the C x T relationship in 1975 to address dosimetry
(Figure 2-5). Likewise, the pharmaceutical industry looked at physiologic time rather than chronologic time
as a way to normalize the plasma half-life of drugs across species (Figure 2-6).

For accurate risk assessments, it is ultimately desirable to have a comprehensive biologically based dose-
response model that incorporates the mechanistic determinants of chemical disposition, toxicant-target
interactions, and tissue responses integrated into an overall model of pathogenesis (Figure 2-7).
Incorporating a comprehensive description of the exposure-dose-response continuum can allow us to be more
quantitative and to move from estimates presumed to be protective to actual predictive estimates.
Mechanistic models have been demonstrated to be particularly effective, particularly with respect to more
accurate description of chemical disposition.

Mechanistic models can account for both time- and concentration-dependent parameters and processes,
including chemical disposition (deposition, absorption, distribution, metabolism, and elimination) and
endpoint (severity, window of observation).

Along the exposure-dose-response continuum, exposure factors that govern absorption include concentration,
contact duration, frequency, dosing pattern, dosing vehicle, fed or fasted state of test species, occlusion,
release from vehicle, and transit/residence time. Factors governing absorption also include physicochemical
characteristics such as dissociation state, molecular size, molecular weight, partition coefficient, pKa,
reactivity, solubility, volatility. Portal-of-entry factors that govern absorption include the barrier capacity,
particularly as it is related to variability in species and individuals, blood flow rate, cell turnover, cell types
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and morphology, contact site, contact area, contact duration, diffusion to blood, intactness of organ,
mctabohsm, pH of portal of entry, recirculation, specialized absorption sites, and storage in cells. Factors
governing target tissue dose include metabolism/clearance rates, tissue binding, tissue blood flows,
tissue/blood partition coefficients, and tissue coefficients. Many of these aspects will be discussed in the
following plenary presentations.

It is important to remember that mechanistic inferencing is a key consideration for the choice of dose metric
and to describe it when developing any dosimetry or PBPK model. For example, the model structure and
metric will be dictated by the effect of irritants on the portal of entry, and the volume of distribution and half-
life of a chemical with remote toxicity.

EPA now uses some form of mechanistic descriptions of dosimetry in its reference concentration methods and
this is being adopted to other approaches in the Agency. It must be remembered that these approaches are
applied to a database of information on the effects of a chemical and that the objective is to evaluate the
potential for a chemical to induce toxicity at any of the critical life stages from conception through geriatrics,
including development and reproduction. This translates into data requirements. For example, the minimum
database for derivation of an RfC includes two chronic inhalation bioassays in two different species, one two-
generation reproductive study, and two dcvelopmental toxicity studies in two different species. These will
capture toxicity across the life span and species sensitivity. If interaction only occurs with the respiratory
tract, the two-generation or developmental study may not be necessary. Uncertainty in the estimate results if
these data are not available and there are no mechanistic data by which to better understand the mechanisms
of potential toxicity. Consideration of this uncertainty has an important historical component that may be
useful to the workshop.

2.2.4 Historical Perspectwe on Dose-Response Assessment

Historically, risk assessment procedures focused on uncertamty because of hmltauons in experimental design,
measurement techniques and animal models. Because of the limited understanding of underlying
mechanisms, separate approaches for cancer and noncancer endpoints were developed. But contemporary
toxicology is much more informative. Bioassays and databases are more comprehensive. Measurements are
more sophisticated. There is a growing understanding of mechanisms at the molecular level. Animal models
of susceptibility are used, and enhanced computational capacity exists to describe processes quantitatively.

‘ ‘ ‘ \
Recently, the National Research Council has emphasized the use of mechanistic data, saying that analyses
will improve as we learn more about biology, chemistry, physics, and demography. That has been reflected in
an emphasis on mechanistic information in the proposed cancer guidelines. In hazard assessment, not only
tumor data are considered, but also the mode of action, as well as structural-activity relationships,
toxicokinetic/dosimetry studies, toxicity and pathology findings, and physical chemical properties.

This hazard assessment informs the likelihood and conditions of human exposure and mode of action
conclusions to help determine how one extrapolates in the dose-response assessment. ‘Biologically based
dose-response modeling is preferable; short of that, linear and non-linear default ch01ces exist for
extrapolating in the low-dose range.

An emphasis on precursor lesions and mechanistic information in the proposed EPA cancer guidelines
mirrors some of the tenets in molecular epidemiology: that early biological effects are more prevalent than
later events in the population at risk; that later events (disease) have been of historical interest but earlier
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events may be more specific to the exposure; and that technological advances allow xenobiotics to be directly
quantified in the body or indirectly measured by identification of a dose-related biologic response.

As in molecular epidemiology, construction of characterization of the exposure-dose-response continuum
involves the following progression: exposure, internal dose, biologically effective dose, biological effect,
altered structure or function, clinical disease, prognostic significance. A marker can be of exposure and effect
or susceptibility, depending on how the dynamic relationship plays out. One-to-one sequential linkage
between each biological markers does not need to exist; correlations are useful for dose-response assessment
even if the mechanistic underpinnings are unknown (Figure 2-8). These linkages can be informative for risk
assessment and should be explored. They are also useful to frame future research.

It is possible to extend dose-rate models by adding parameters (e.g., duration, gestational days, means of
responses, severity categories). The key question is where these approaches interact with respect to levels of
biological organization (i.¢., biochemical/molecular, subcellular/organelle, cellular, tissue or organ, whole
organism, population) and how this influences the choice of the dose metric as well as the endpoint.

225 Harmonization of Noncancer and Cancer Endpoints

Focusing on mode-of-action information might provide a means whereby approaches to noncancer and cancer
assessments begin to converge since some of the same cellular events (e.g., erosion and atrophy with
subsequent cellular proliferation) may be underlying events to various lesions in common. As an example,
EPA has participated in a public-private partnership with the Vinyl Acetate Task Group to look at how
mechanistic information might harmonize cancer and noncancer approaches and change the dose metric for
the inhalatiorrrisk assessment for vinyl acetate.

In a 2-year bioassay for vinyl acetate, tumors were observed only at last sacrifice at highest concentration

(600 ppm); “noncancer” toxicity endpoints included olfactory degeneration, basal cell hyperplasia (strong
dose-response above 50 ppm, sometimes at interim sacrifices ). Metabolism by carboxylesterase of vinyl
acetate to acetaldehyde and acetic acid is thought to be the underlying mechanism of its cytotoxicity.

The default dosimetry model for a Category 1 gas, one that interacts intimately with the respiratory tract,
describes parent uptake in the entire upper respiratory tract region as a function of the overall mass transfer
coefficient. Although species-specific, this mass transfer approach currently does not provide localized
description of dose to, for example, in this case, the olfactory tissues. The default model also does not
provide for description of other dose metrics such as the amount of acid formed or the resultant change in
intracellular pH. A PBPK model was developed by researchers at DuPont Haskell laboratory that describes
species-specific airflow and then metabolism in the olfactory tissue compartments. This model allowed full
description of the exposure-dose-response continuum for vinyl acetate as shown in Figure 2-9, and shows the
relationship between the “noncancer” cytotoxic events and subsequent tumor formation. The dose-response
can now be constructed using alternative dose metrics such as tissue concentration of acid and the biological
responses can include loss of pH control or some other precursor lesion such as degeneration or cell
proliferation. Development of such a model is consistent with the Agency’s hierarchy scheme shown in
Figure 2-10. The models differ in their ability to characterize dominant determinants of the disposition (e.g.,
localized versus regional compartment; mass transfer versus tissue concentration; parent versus metabolite)
and endpoint. These more comprehensive descriptions must be accommodated in how uncertainty factors are
currently applied with a change to consideration of the degree of confidence in the description to capture
critical events along the exposure-dose-response continuum.
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2.2.6 Variability and Uncertainty

Variability (heterogeneity in time and space) and uncertainty (lack of knowledge) are important to consider
for human health dose-response assessment. Currently, uncertainty factors are not mechanistically motivated;
- they are derived looking across chemicals and across species. One of the challenges is to see how mechanistic
modeling might improve the framework for uncertainty analysis.

Mechanistic models explicitly identify sources of variability and uncertainty (e.g., airflow patterns, partition
coefficients, and tissue-specific clearance rates) and illuminate data gaps. Model validation reduces
uncertainty about processes governing toxicokinetics.

EPA is developing mode of action motivated dosimetry. This includes approaches for inhalation, oral, and
dermal uptake and disposition. It addresses toxicity (i.e., harmonizes “noncancer” and “cancer” approaches).
It includes structures to address temporal and spatial oonsxderatxons It provxdes a framework for considering
mechanistic data and uncertainty more explicitly.

Updating risk assessment with the state of the science will take time, and will involve the following;

. Expanding the role of mechanistic information
. Emphasizing full characterization
. Developing more sophisticated (semi-empirical and mechanistic) models for dose-response analysis
. Acknowledging a lag time before the new science is accepted in regulatory application
. Enhancing computational capacity to describe processes quantitatively

The challenge is that the quality of a prediction is a function of several things: the data, an understandmg of
the biology, the modeling assumptions, and the modeling methods.

2.2.7 Discussion Questions

Key discussion issues to address this framework include the following: |

. ‘What biological level can or should be assessed in establishing a toxic exposure?

. Is it necessary to have an understanding of the mechanism of toxicity?

. How do such tissue and cellular functions as metabolism, repair, and bioaccumulation factor into
defining the relationship?

. Is it possible to adequately describe a concentration-duration relationship without measurmg effects

at biologic levels below the whole animal-systemic?

2-17




Many of the guidelines reflecting the endpoints in Table 1 of the discussion pai)er (Appendix D, page
7) are based on exposures of different durations than the guideline, and have used Haber’s law for
extrapolation purposes. Are these guidelines reliable? How can development of these guidelines be
improved?

Are the models developed for assessing the joint effects of exposure level and duration reliable
enough to allow extrapolation to doses not considered in fitting the models? How can these models
be verified? How can we summarize uncertainty when extrapolating a model beyond the range of
duration included in the data to which it was fit? ‘

How can mechanistic information and exposure metrics derived from PBPK. models be better
incorporated into models that evaluate dose-rate effects?

How can study designs be improved to use information from previous exposures within the same or
other studies to determine the most efficient subsequent exposure?

‘What is the appropriate metric to use for reflecting exposure levels and durations in dose-rate
studies? How can the type of endpoint and the mechanism of action be utilized to choose the
appropriate metric?

What are the most important areas that require strengthening in the assessment of dose-rate effects?




SECTION THREE

PLENARY PRESENTATIONS: ENDPOINTS OF TOXICITY

31 DEVELOPMENTAL TOXICITY: THE EFFECTS OF TEMPERATURE AND EXPOSURE
ON IN VITRO DEVELOPMENT AND RESPONSE-SURFACE MODELING OF THEIR
INTERACTION
Gery Kimmel, EPA National Center for Environmental Assessment

Dr. Kimmel described a study carried out in collaboration with Harvard University School of Public Health
Department of Biostatistics and the U.S. Food and Drug Administration’s Center for Devices and Radiologic
Health. The environmental exposure used to study C x T was hyperthermia. Effects were observed that could
not be accounted for only by the temperature, so duration of exposure was examined as well. This work
relates to a very specific aspect of developmental toxicity within a limited range of what is considered
developmental toxicity. Developmental toxicity is not a system-related event, but a time of exposure-related
event. Many endpoints in development are examined.

The in vitro model is a useful tool for looking at C x T relationships in development. The embryo is taken
out of the mother, isolating the individual unit, takmg it out of any metabolic system, and allowing exposure
of the embryo to clear “blocks™ of exposure (i.c., raising temperature within 2 minutes to any level and
lowering it back to the control level).

In this experimental design, embryos are explanted, equilibrated at 37° C, allowed to develop over 4 hours,
then exposed to a variety of temperatures (up to 42:0) and exposure time (up to 60 minutes). They are then
cultured overnight at 37° C and evaluated for viability, growth, and morphology. Only at a discrete period of
development (day 10 of gestation in the rat) is considered. Table 3-1 shows the number of embryos cultured
in each temperature-duration combination.

Moving from the more extensive to more subtle exposures, it is important to consider whether data can best
be obtained by using a balanced design, in which all combinations have an identical number of animals, or by
not using a balanced design.

The percent of affected animals (showing changes in growth, morphology, or viability) is shown in Table 3-2.
The data show a relationship between effects and the combination of temperature and duration. Figure 3-1 is
a plot based on Haber’s law to constrict the model of these data—an equal response for any similar
combination of the C x T multiple. Figure 3-2 is an expanded model, looking not only at the combination of
concentration and times, but the additional effect of time or concentration individually on the model. It shows
that shorter durations at higher concentrations (temperatures) produce greater effects than comparable lower
temperatures at longer durations of exposure. The same relationship holds for non-viability (Figure 3-3).
Growth parameters and morphologic parameters examined generally showed the same effect.

Objectives addressed in the study included:

o To develop dose-response models that reflect the mterrelatlonshlp between exposure intensity,
duration, and effect, incorporating multiple outcomes.

3-1




0 01 01 01 01 01 01 0°Ty

0 I 4! 01 01 01 01 . 4 4

0 01 4! 4 I 01 Il 0’1y

01 01 £l Il 01 01 01 |} 4

4! 01 T 01 4! 11 (4! 0'op

4 61 (4} £l (4! 4] I 0°LE
Jo

09 sy 0¢ 0¢ S1 01 S SUlA

*‘UOIyBUIqUIOd

uoneanp-a.anjerddurd) Youa ul paany[nd soLiquia jo Jaquin) :udisa(q [eyusmLddxgy

———— - ———

1-0Iq8L;

3-2




09
89
LI

09

08
8

06

0
0
I

S

06

85

s

- 9p
LT

0¢

ei

0p
SL

. 6§
©0g

e

0¢

08
,3,

oy
€€

ST

0L

0S
0€
08

o¢

01

oy

0S
9¢

o€

L1

S

sui

0y
4 4
0’1y
S0y
0'op
0°LE

Jo

4\

"uonEuIquIod uopvAnp-arnjerdduwd) Yaes e  pajodjye,, soAIquIa Jo JuaId J

c-e9lqe],




o
e
8
E
Ll
o
D
5
=
<L
G
o
=
B
<
Ie
o)
) —
o
-
o
e
S
o)
-
o

2
[¢34
i
2y
-y
]
—{
=3
=
=l
*®

=
=~
o
“ud
[«3)
w
=
o
je B
w2
[¢3)
(=
e
=
<3
<
w2
=1
o
<

Duration -

Figure 3-1




T-€ 93y

uotTIRINg t (0) dudy,

61 8
| . R W e
X a///z///z///////«/////«//%/,// ////////////// D N Q
Miint
N
L 8° 0
L 0" T
(e}qoxd

19POK popusixg xapun j074 9suodsay aoejIng

oliquiz pawayy Jo Algedoid pajpipald

3.5




Surface Response Plot under Extended Hodel

B
w
L
>
|
‘5‘
[y
(®)
p
[
©
D
O
D)
R W
Q.

N
\\\\\x\\\\\
)
I IS

N
\\~\

N
\\\E\\\\




J To assess whether response depends only on the multiple of “dose” and duration. (None of the
responses seen in this study fit Haber’s law exactly; all are affected by the extra factors of dose and
time. )

Additional long-term objectives include:
. To develop methods for extrapolating to untested exposure intensities or durations

) To apply the models to evaluation of experimental designs

3.2 C x T AND DERMAL TOXICITY
- James McDougal, Geo-Centers, Inc., Wright-Patterson Air Force Base

This presentation focuses on the impact of C x T on the dermal route. Two types of dermal toxicity exist:
skin as a target organ (local toxicity: irritation, sensitization, corrosion) and skin as a barrier (systemic
"+ toxicity). ’ ’

The skin is the largest organ in the body, made up of the epidermal layers (including the tightly packed
stratum corneum, thought to be the barrier) and the dermal layers.

Flux (milligrams per surface area exposed per time) is

DK
FLUX = —2 (Cy, - Cy)

where

D is diffusivity (cm?hr)

K, is membrane partition coefficient (unitless)
0 is membrane thickness (cm)

C is concentration (mg/cm®)

P is permeability coefficient (cm/hr)

Experimentally, skin is isolated in a diffusion cell (Figure 3-4). The cumulative mass absorbed over time is
shown in Figure 3-5, showing that linear absorption occurs after a lag time of 30 to 45 minutes before any of
the chemical comes through the skin in to the receptor solution.

How is Haber’s law used in the risk assessment? For systemic toxicity,’if we look at mass that comes across
the skin, the fixed law relationship is:

3-7
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Mp,=PACt
where

My, is total absorbed (mg)

P is permeability coefficient (cm/hr)
A is area exposed (cm?)

C is exposure concentration (mg/hr)
t is exposure time (hr)

However, this does not take lag time into account. EPA has recommended the followiﬁg approach, which
includes the chemical in the skin as well as the chemical that comes through the skin:

MIN = AC 4(Kmd)Pt (For exposure <4 lag time)
T

where  Km = membrane (skin) partition coefficient
O = thickness of skin
. |
For systemic toxicity, C x T ignores lag time and may be very inaccurate (Figure 3-6).“ For local toxicity, we
‘assume that the toxicity is related to the concentration of chemical in the skin (Figure 3-7). Lag time is not as
1mportant C x T would be inaccurate if the skin is saturated. The way to address toxicity from the dermal
routeistouse a mechamstlc approach, such as PBPK modeling.

With C x T, we always focus on the external concentration, the time of exposure (mmutes to years), and some
constant toxicity related to the product of the two. But many nonlinear processes occur between external
concentration and the response, as shown in Figure 3-8, making C x T inaccurate. W

b

33 NEUROTOXIC EFFECTS OF TRICHLOROETHYLENE INHALATION AS A FUNCTION
OF EXPOSURE CONCENTRATION, DURATION, AND TARGET TISSUE DOSE
William Boyes, EPA National Health and Environmental Effects Researclz Laboratory
i

This project examined concentration-duration relationships for inhalation exposure to Htric:hloroethylene
(TCE) as a model volatile organic solvent, and examined the tissue dosimetry as a better predictor of the
outcome.

The study looked at three different outcome measures of neurotoxicity: hearing loss (a permanent effect, due
to damage to the cochlea, following exposure to high concentrations for an extended duration) as well as two
acute, reversible effects: visual function and signal detection behavior. Tissue dose was estimated using a
classically based PBPK model.

Figure 3-9 shows some of the results. These data show that Haber’s rule is underprotective when going from
long- to short-duration exposures and overprotective when going from short- to long-duration exposures.

3-10
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Tissue dosimetry might allow better predictions. Figure 3-10 shows the four exposure situations in the
experimental design, which allows evaluation of what the proper dose metric is for evaluating outcomes (area
under the curve, peak concentration, or C x T).

Visual effects showed poor relationship to area under the curve (AUC arterial [TCE]) but a good relationship
to peak concentration (Figure 3-11). Figure 3-12 shows that it doesn’t matter what concentration or duration
is used; the magnitude of effect in the brain can be predicted as a function of the blood concentration. This
shows that the momentary or peak concentration of the compound is the critical determinant of the effect.

Figure 3-13 shows predictions of PBPK model; concentrations in blood versus brain (target tissue); and brain
concentration versus outcome. One can go from any combination of atmospheric data through a series of
mathematical relationships to predict quantitatively the magnitude of effect in the brain. Figure 3-14 is a
simplified version that could be used for risk assessment to see when effects on brain function are likely to
occur. This figure is based on values determined in rats, and would have to be converted into equivalent
human values before being used for risk assessment.

The study concluded that:

. The linear form of Haber’s rule led to inaccurate extrapolations across durations.

. The tissue dose estimated from the PBPK model predicted well across exposure conditions.
. Peak tissue concentration was an appropriate measure for acute TCE effects.

. Other mechanisms of action may require other tissue-dose metrics.

34 RESPIRATORY TOXICITY: COHERENT RESPONSE MODELS OF OZONE INJURY IN
HUMANS AND ANIMALS
Dan Costa, EPA National Health and Environmental Effects Research Laboratory

Haber’s law as we use it is probably somewhat of a misrepresentation; Haber used it specifically for lethality
resulting from pulmonary effects, and he said it was only useful when comparing two toxicants but not when
looking within a toxicant for C x T relationships.

For ozone, percent mortality versus concentration of ozone shows a reasonable C x T relationship. Ozone
reacts with lung tissue immediately. In inhalation toxicology studies, we are limited in design, and are
generally dealing with a square wave type of exposure. In environments such as Los Angeles, ozone
concentrations go up and down along with other toxicants. A year ago the ozone standard was reconsidered.
It was historically established using a 1-hour peak concentration, but concern exists about possible
cumulative effects from an 8-hour exposure. )

This study looked at a direct measure of toxicity: protein leakage from the vascular side to the pulmonary
side. Inlooking at a number of species, modeling the pulmonary tissue dose using the Miller-Overton model,
a linear response exists. A C x T matrix exposure was done with animals. For the rat and guinea pig, an
exponential model fit the data pretty well:
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F-344 Rat
In BALP = 4.59 + 0.47¢%147°T

Guinea pig
In BALP = 4.59 + 0.94¢™147CT

R*=0.86

This was applied to other endpoints where human as well as animal data were available. A major database
exists on reduction of forced vital capacity, from which the 1-hour ambient standard for ozone was
established. The FVC falls with increasing concentrations of ozone (Figure 3-15). Three primary human
models describe this data set (Figure 3-16).

The exponential model (Response = Ae*T) is preferable because it is simple, yet fits the data well. In
addition, it:

Describes first-order chemical processes conceptually similar to O, substrate reaction
Describes many concentration-related events (e.g., uptake, elimination in PK models)
Describes population responses (e.g., growth)
Utilizes C x T as simple exposure parameters

* & o »

- The application of the exponential model to animal and human data is illustrated by the relationships
expressed in Figure 3-17 and shown graphically with human data from previously published studies in Figure
3-18. The one place where the exponential model begins to fail is at high concentrations and high levels of
exercise where one might assume high doses. In chronic studies looking at thickening of distal airways, a
simple C x T relationship works pretty well when a dosimetry model is incorporated that accounts for losses
of ozone down the airways.

The study concluded that in the case of ozone:

. C x T appears to be a reasonable approximation for dose, especially at lower concentrations. ‘
. For a single-day exposure, the exponential relatlonshlp of response for C x T appears to describe
adequately across species.
e The adequacy of the C x T dose metric may be endpoint dependent.
. Where the endpoint can be mechanistically linked to a cumulative injury/stimulus, C x T may be

appropriate for chronic outcomes.

For a particularly corrosive inhalant such as phosgene (or one with diverse mechanisms/responses),
concentration may overshadow the impact of exposure duration on the magnitude of response.

3-21




G[-¢ aIngyy

€661 “I¢ 12 Jaddoy, (udd) suozQ

(Al 80
T

NSNS
RS>

(e350D)
W U8 1S9y ey

NSNS
SRR
SRR

9%

(e150D)
E UL sy 9ey

=

(e150D)
[1 Ub sy ey

(eyonzey))
Yz ‘AAeof AI9A ‘uBmIngy
KIS

Yz y3ry ‘uewnyy

(fouo) jo %) Aypede)) [BIIA pIdio]

sjey 2 suewing ut saguey)) DA pIdnpuy- O




91-¢ oinyg
DU[TOTT + LUIIT16°0 + SLT0-=Z
31008 Z 0) :.cqu.Smm:w.z YV \ 10J9q - |
(T661 “I8 39 uosaery) :cmmme._wu._ 307 ()
(3SIIIXA AABIY) DOLI'T - = 9NV / 2I0Jog
- (9S1019X9 JYBI]) (DYLE( -T = PPV / d10J3g
(L861 “eyonzey]) ppouwtdneipeny (7)

(oD a0 e EH
199- B
Aemmuuuxuﬁuwam@cz_ozc Gwﬂnwnﬂﬂ.lxwmmqma

3-23

(L6¢ ‘€6 ‘€861 “T& 19 [[PUUOOIA) SPPOIA d1IsIS0 (T)

S[OPOJA UBWINE AXCWILIJ d.IY ],




L1-€ 903y

potes-zsizsro-ponsheo-9( S E3) = ”>mu_
1o 0-9Gbeh = P>m..._

1ousr0-9C0bY = A3d

wover09C61 = 10Hd

wouero@05C (Wdd g0 o/m)
oonrs@6v2 = LOHd

(wdd 52°0 > 9)
1on098°06 = 10Hd

108000-969°6 = QA
vovero®b09L = LOHd
100e1096¥ 1 = 1LOHd

(88) eaqsujjod
(06) uBWISIOH

(16) ulaeQg
uBwinyy

(16) IBYBIH
Bid eauiny

(68) Inoquioy
ey Jeisim

Coosm) (16) tedday
(16) npubiy
1y vt o

sjeg-eleq °0 pejoejes uo
|apoy jepuauodx3ue jo uopeoddy




{(W-wdd 19

Sl 0¥l 9Tt 00l S0 050 STO 1]

T™ T T T T Y T T LAAMLES
. [enusuodxy 1

]

]

| Y
2'F oR't 921 ov'k sS40 05'G STO ]

L L] bl J L] qiluintuuun‘cu-l
w neipen()
i Y | k
[ %, ]
r.h Pore

*0

80

(87} amwodxy sayy ‘AZ3 wopsesy

0

(/v sansodxg sayy ‘A3 uopomsy

81-¢ 2in3ig

{tuxid)so
2% 08t SZL Q00 SLD 050 S0 0
r-4< -. T yygrrrt LAMAAAA ) A Y.D‘
i nsidor]
- 490
[
. loo
[ -3
n
: 2
; i
& 1
A W | PP WP  IPOPOPUPE W AT J
{y-udd) 1o Q
8L 08 s 0L SL0 080 920 0 h
T e ————y
. uoIssa.a3aa oy
5 4
- 30
- 4 o0 m
M ]
; 5
- v 4 w0
v m
- -4 80 .w
" P
- 49
: ]
- 4
Laoasalasnaloncalaseasla 1 1 ]

UeWINH ) J0J BJe(f SNSIIA [PPOJA]




OBSERVER COMMENTS

Dr. Chen from OSHA discussed the importance of having a description of rate (what are the
circumstances and assumptions?). Clearly communicating the end result of risk assessment to the
public is critical. With regard to gaining more transparency in the risk assessment, it is has been
stated that it is important to conduct more research on metabolism and mechanism. Good examples
are butadlencand methylene chloride, for which this research has been done in the last few years but
the risk assessment is not better. :

| | o |
Dr. Strickland from NCEA presented categorical regression as a way to look at C x T. The
soﬁivarc(glocqmcptaﬁon for the CatReg model is available from EPA (EPA/600/R-98/052 and
EPA/600/R-98/053). 1
. ;\ -
Ernest Falke noted that when doing C* x T =K, one should consider the impact on risk assessment.
The higher the value of n, the flatter the dose-response curve. Ifn = 1, an interpretation could be that
there is no repair. Finally, some acute studies present data in terms of CT products; this is
transformed data that is difficult to look at. :

Carol Kimmel raised a question about the models presented iri which the effect of duration at low
doses is much less than at higher doses. Since we are using the lowest dose or NOEL for
extrapolation to lower levels; correction on a C x T basis will result in overcorrection. This should
be taken into account in default situations.




SECTION FOUR

PLENARY PRESENTATIONS: STATISTICAL APPROACHES

4.1 WHAT CAN MECHANISMS TELL US ABOUT MODELING DOSE TIME RESPONSE
RELATIONSHIPS?
Dale Hattis, Clark University

Mechanistic models are important and potentially helpful because:

. They are potentially true (capture some real, albeit simplified aspect of the toxic system), allowing
projection to unmeasured circumstances of dose, time, etc.

. They are productive of experimental studies/hypotheses in the form of measurable intermediate
parameters between external dose and effect.

. When they fail, the way they fail can yleld useful mechanistic insights for revising the theory, and for
further experimental study.

Using the example of chlorine, the story of the Michaelis-Menten enzyme equation illustrates mechanistic
reasoning. The basic Michaelis-Menten framework for saturation of either activation or detoxification
processes is:

Ve [C

Reaction Rate = —IE;—-;-[_C]

This is not an empirical equation, but is derived from fundamental mechanical principles. This is a reaction
catalyzed by a few large molecules. At the limit of low doses, the reaction rate is governed by rare chance
meetings between the substrate and the active site of the enzyme, so at low doses C in the denominator
becomes low relative to K, and the reaction becomes first order. At high doses, C becomes high relative to
K, and the reaction proceeds at a maximum rate. This can influence dose-time relationships in different
ways, depending on whether the damage or the effect depends on C at some relevant receptor site or the
integral of C x T (area under the curve).

How would different levels of administration affect the C x T product where you have a Michaelis-Menten
detoxification process? Figure 4-1 shows Michaelis-Menten metabolism starting either well below K
(Haber’s law applies, repair is first order) or well above (concentration declines at rate of V,_, linear over
time, leading to a C? dependence for the area under the curve).

If linear repair of damage occurs, Haber’s law fails at lower doses at the high time end. The rate of effect
reversal is critical in understanding these dynamics. Figure 4-2 shows the effects of pulses of exposure
building up to C,,,. Spacing the pulses far apart and compressing the dosing increases C,,, significantly.
Spacing the pulses closer together relative to the biological half-life of the damage or the toxicant does not
have the same effect, and C,,, is proportional to C x T. (Figure 4-3). Therefore, knowing something about
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Michaelis-Menten Metabolism Starting Elther Well
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Effects of Pulses Spaced At Intervals of 3 Half-Lives
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Figure 4-2
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Effects of Pulses Spaced At Intervals of 1 Half-Life
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the dynamics of reversal for reversible processes help in predicting when Haber’s law will apply and how
much adjustment is needed.

It is important to know the biological mechanisms, and they need to work at multiple levels of biological

organization, depending on where the important dynamic processes are occurring. This is not a statistical

problem, but a problem of understanding biology quantitatively. At the biochemical/molecular level,

examples include:

¢ - Enzyme inhibition or unproductive reactant yielding too much or too little of some vital function.
This can be irreversible (e.g., phosphate anticholinesterase) or reversible (e.g., uncoupling of
oxidative phosphorylation by arsenic). ,

. Receptor agonism, i.e., too much of a signal at a key developmental point.

. Receptor antagonism, i.., too little of a signal at a key developmental point.

At the organelle or cellular level, examples include:

. Depletion of a key cofactor (e.g., glutathione) or energy resource (ATP) leading to temporary loss of
function (such as neurotransmission) or cell death
T e Death of nonreplicating cells (e.g., neurons) as opposed to loss of cells with a normal replacement
cycle
J Disturbance of appropriate differentiation pathways
. Inappropriate triggering of apopstosis (or fnappropriate inhibition of programmed cell death, which

may be involved in producing teratogenic effects)
At the tissue/organ level, long-term adaptive responses can occur, including:
. Proliferation of goblet cells leading to chronic bronchitis

. Irrevers1ble loss of neurons in the substantia nigra, leading to inadequate internal concentratlons of
dopamine and loss of control function

. Irreversible loss of lung support structural proteins and alveolar septa, leading to
emphysema/decreased lung function

At the systemic level, problems include:

. Inadequate oxygen transport by carbon monoxide inhibition of oxygen binding tored cells, leading to
impaired function and death of the brain and other organs

J Dynamic consequences of enzyme induction, including enzymes that induce activation or inactivation
of the inducing toxicant itself, and enzymes that repair or corapensate for various types of damage
caused by the toxicant
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4.2 C x T ISSUES RELATED TO NATIONAL AMBIENT AIR QUALITY STANDARDS (ECO

EFFECTS) .

Allen Lefohn, ASL & Associates

[

In 1981, in discussing EPA’s proposal to use long-term average concentration as the form of a standard to
protect vegetation from the effects of ozone, a question arose about why all concentrations should be treated
the same, as opposed to weighting differentially the higher, mid-level, and lower hourly average
concentration. No evidence was cited in the literature to support this regarding growth reduction for crops.
This began an area of research that has continued to the present.

One of the first questions was what types of ambient exposures are actually occurring? f‘igure 4-4 shows

different types of exposure for ozone (same average and different distributions). If higher concentrations

should be given greater weight than mid-level and lower, one has to be concerned about the episodic

exposures and can’t use average concentrations over time.

In 1996, EPA’s concluéions concerning exposure indices for vegetation eﬁ'ects included‘the following:

H

. ~ Exposure indices that weight the hourly ozone concentrations differentially appear to be the best
candidates for relating exposure with predicted plant response.

. Pcak-wcxghted, cumulative indices appear to have major advantages over the mean (e g., 7-hr
seasonal mean), peak indices (e.g., 2HDM) and the index that cumulates all hourly average
concentrations (i.e., SUMO00).

. OAQPS continues to believe that the selection of an appropriate mtegratlon time of interest should
take into account the cumulat:we impact from repeated peaks over an entire growmg season.

In 1982, another group performed an experiment assessing the importance of peaks (amblent versus

umfom) They examined two exposure profiles: a 6-hr episodic profile of varying peak frequency,

concentration, and duratlon, and a 6-hr profile of equivalent peak concentration and duration but constant
concentration. They found that bean plants exposed to ozone with a simulated episodic ambient
concentration distribution showed significantly more injury, less growth, and lower yield than those exposed
to an equivalent dose of ozone with a uniform concentration distribution (Musselman et al. 1983. J. Amer.

Hort. Sci. 108:347-351).

The EPA Corvallis group (Hogsett et al. 1985. Atmos. Env1ron 19:1135-1 145) compared a 30-day ep1sod1c -
profile of varying peak frequency, concentration, and duration, and a daily peak profile of equivalent peak
concentration and duration each day. They found that with regard to expression of ozone exposure, the 7-hr
means for these two profiles did not reflect the observed growth response. The episodic profile has the

smaller seasonal means, yet caused greater yield reduction.

With regard to the SUMO7 (the sum of all hourly average concentrations greater than or equal to 0.07 ppm)
this group concluded that the same SUMO7 exposure values for the two profiles did not reflect the observed
growth response. The episodic profile caused greater yield reduction.

Given the problem that the higher concentrations elicited more of an adverse effect than the mid-level or
lower concentration, over an ozone season (April-October), how does one cumulate the ozone exposure to
come up with a metric that represents the potential impact? Figure 4-5 shows a sigmoidal weighting function. ‘
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Figure 4-4
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This W126 exposure index focuses on the higher hourly average concentrations, while retaining the mid- and
lower-level values. To determine the W126 index, the sigmoidal weighting value at a specific concentration
is multiplied by the concentration and then summed over all concentrations:

W, = 1/[1 + M x e )]
where M and A are arbitrary positive constants (4403 and 126 ppm rwpectwely)
W, = weighting factor for concentration C,

C, = concentration 1 in ppm

The design of the weighting function was based on:

. Truncating hourly average concentrations below 0.4 ppm

. Having an inflection point near 0.065 ppm

. Providing equal weighting of 1 for hourly average concentrations at approximately 0.10 ppm and
above B

Figure 4-6 shows how this index differs on an accumulation basis from the SUMO0O, which is. directly linked
to the average. The SUMOO spent too much time accumulating at the lower end of the distribution, and is not
welghtmg the area of interest biologically (peaks).

On the health side, Hazucha et al. (1992, Am. Rev. Respir. Dis. 146: 1487-493) found a greater effect for the
triangular shape compared to the square wave (Figure 4-7), showing the relevance of the mathematics and
developmental work on differential weighting. Hazucha et al.’s work illustrates the importance of the high
concentrations with respect to the mid- and lower lével values.

4.3 STATISTICAL MODELS FOR ASSESSING DOSE-RATE EFFECTS
Paige Williams, Harvard School of Public Health

This presentation addresses the following question: If we have data for different combinations of exposure
duration and exposure levels, how do we extend the concept of a benchmark dose to account for duration of
exposure?

431 Background

Use of a benchmark dose approach has become popular in risk assessment for non-cancer endpoints. The
_idea is to chose a dose-response model that reflects the probability of a toxic endpoint as a function of dose.

Because these models have been adapted from cancer risk assessment, they are usually just a function of

dose. For many non-cancer endpoints (e.g., in developmental toxicity studies), however, both the timing and -

the duration of exposure are crucial to the levels and even types of outcomes. Because regulatory agencies

want to set exposure standards for varying lengths of exposure, the benchmark dose approach needs to be

extended to incorporate duration and possibly timing of exposure.
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43.2 Ethylene Oxide Study

The goals of this study were to:

. Assess effects of EtO on developmental toxicity

. ~ Evaluate apphcabihty of Haber’s Law

. Develop risk assessment methods for dose-rate studies
. - Improve approaches for dwlgmng dose-rate studles

) j ; " \h o
The study desxgn included three muluples of C xT; wnhm these three multxples (control“ 2100 ppm hours,
and 2700 ppm hours) the researchers looked at various combinations of C x T that gave the same overall
cumulative exposure. This allowed an assessment of any departures from Haber’s law, e.g., the percentage of
deaths was much hlgher for short acute than longer chronic exposures for the same C x T value.

Figure 4-8 shows the four steps usually used for calculatmg a benchmark dose (without regard to duratlon)
The two methods for computing the lower confidence limit are shown in Figure 4-9. Figure 4-10 shows the
four steps for extendmg these models with mformatron on combinations of dose levels and duration of

exposure.

 The extended models fit better than Haber’s model; the coefficients for time were alWays negative, indicating
that short acute exposures were causing more damage than longer chronic exposures (Figures 4-11 to 4-13).

Calculating the effective dose/duration contour is described in Figure 4-14. Figure 4-15 ‘shows that the
extended model allows for extra effects of duration in addition to cumulative exposure. At very high levels of
exposure, the allowable duration is much shorter for the same level of toxicity than under Haber’s model.

To calculate the lower confidence contours, either the lower effective dose or benchmark dose approach can
be extended to account for duration of exposure (Figures 4-16 and 4-17). One problem w1th this is the
simultaneous inference problem, described in Figure 4-18.

A final topic is accounting for multiple outcomes found in many non-cancer studies. Figures 4-19 and 4-20
outline an approach that takes into account fetal death and fetal malformation and extending that to a
situation where both dose and duration information is available. With multiple outcomes and multiple
covariates, one has to solve for the effective dose iteratively by computer. The extended dose/duration
contours (Figure 4-21) show the need to be much more conservative in the risk assessment than just choosing
the most sensitive endpoint.

Other applications have included ordinal outcomes, contmuous outcomes, and jomt assessment of discrete
and continuous outcomes. Further research needs include deriving lower confidence contours on EDDC and
issues of optimal study desxgn.
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‘August 1098 C x T Workstiop

Risk Assessment for Non-Cancer Endploints
| Benchmark Dose Approach

* (1) Choose a dose-response model

Logit: P(D) = 1+e:cp[-—1(a+ﬁD)]
Probit: P(D)=%(a+ (D)
‘In General: P(D)= F(a+ D)

e (2) Fit model, using GEE’s if necessary to account for litter effect
and/or correlation between multiple responses

* (3) Estimate effective dose-(ED) - the dose which results in a
specified increase in risk  over background.

Excess Risk Functions:
Additive: r(D) = P(D)— P(0)

P(D) — P(0)
1— P(0)

Relative: r(D) =

Ex: For a 5% excess risk of an adverse response (EDg;), r(D) = 0.05.

%

. (4) Compute lower confidence limit on effective dose to get the
benchmark dose (also referred to as BMDL)

Figure 4-8
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August 1998 - C x T Workshop

Computing the Lower Confidence Limit

Proportion of
prenatal death

P(0) + .05

-~ P(d): fitted dose-response

60 90

LED BMD ED Dose (mg/kg)
05 05 05

Two Methods:

e LED - Lower Effectlve Dose
estimate the varlablhty of the predicted dose—response function to cal-
culate upper confidence hmlt on the entire curve, then find dose on
upper confidence limit curve corresponding to the excess risk.

e BMD - Benchmark Dose
estimate the variability of the predicted dose ED (eg ED10), and
calculate a lower confidence limit (proposed by Crump, 1984). One

potential problem is that it is poss1b1e to get negatlve values for the
BMD. '

Figure 4-9




August 1998 C x T Workshop

Dose Response Models for Dose-rate Studies

e (1) Dose-response models - a function of exposure level (D) and
- duration of exposure (T).

Haber’s Model:
logit(P(D,T)) = Bo+ B DT

Extended Model:| |
logit(P(D,T)) = Bo+BiD+BT+Ps DT

e (2) Fit models to get “response surface”:
If necessary, use GEEs to account for litter effects

e (3) Effective dose/duration contour -
all possible combinations of D and T that jointly lead to a certain

increase in risk over background.

Additive Excess Risk Function:
r(D,T) = P(D,T)— P(0,0)

e (4) Calculate the “lower confidence contour” -i.e., the lower
confidence limit on the effective dose-duration contour

Figure 4-10
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August 1998 | | | ! C xT Workshop

o Example Ethylene Ox1de Study
Dose Response Models estimated usmg ‘GEEs:

* “ ii
RN RTALITY: |

e Haber S Model
logzt[ (D,“T)] = —2.02+403104D*«T -

e Extended Model .
logit[P(D, T)] = —1.08 + —0.36 T' + 5. 97X10 *D x T

e Constrained Model |
logit[P(D,T)] = —1.99 + —0.48T8p + 11.6x107* D * T

® Haber’s‘ Model
logit[P(D,T)] = —1.99 4+ 3.88x107*D % T
o Extended Model |
logit[P(D,T)] = —1.18 + —0.31 T + 5.64x107 D = T

) Constrained Model
logit|P(D, T)] = —1.99 + —0.48 T6p + 11.6x107* D + T
Figurg 4-11 ;%

!
I




August 1998 C x T Workshop

Ex: Ethylene Oxide Study
Fitted Response Surfaces for Fetal Death
under Haber’s Model and Extended Model

Habers Model
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100

80
60
0
20

(
1800

\
Nk
Nk
it
TR R’
NN\

N
N
™

4.5
Duration {hrs

§ Patal Deatd
100

ol
60

0.0

0
Dose {poa) 600 pLa Duration {hrs}
Figure 4-12
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Ex: Ethylene Oxide Study
Fitted Response Surfaces for Fetal Malformation
under Haber’s Model and Extended Model

Habers Model
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Figure 4-13
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August 1998 C x T Workshop

Calculating the Effective Dose/Duration Contour

In general, the excess risk function is
T(DaT) = P(DaT) _P(an)
F(Bo + 51D + BT + 53D * T) — F(Bo)

and the effective dose/duration contour is the set of all |
points (D, T) in the design space such that (D, T) =«

C:{(D,T):r(D,T)=v, D>0,T >0}

By ﬁ)dng one of the two variables, we can solve for the other to get all
points on this contour (isobol); i.e., for a given T

_ FMy + F(Bo) — (Bo+ 6T)
Bi+ BsT ’

D(T) (D,T) € R*

~

True contour: D(T, B,v) Estimated contour: D(T,,7)

Figure 4-14
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Effective Dose-Duration Contours for Fetal Death
iinder Haber’s Model and Extended Model

Effective Exposure/Duration Contour
Excess Risk=0.05 |

— Habers Mode%
--=-Bxtended Node!

2
- Q-
&
n.
-2
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H.
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]

1 ] T

500 1000 1500
Exposure Level (ppm)

Figure 4-15
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Calculation of Lower Conﬁdence Contours
for Combinations of Dose and Duration

Both the LED and the BMD approaches can be extended to account for .
duration of exposure.

I. Extending the LED approach:

Find the upper 95% limit on the dose-duration response surface, and then
determine where this surface intersects the ~y-level increase in risk.

II. Extending the Benchmark Dose approach:

Fix D, and calculate the standard error of the estimated time point T on
the contour using the delta method

. (oT(D, B, )\ « (8T(D,B,7)
or = 8,3 Zﬁ 6,3

p=p

Repeat this for many values of D to get the lower contour:

LCgy p : {(D,T): T(D,B,v) = 261}

(Or fix time, and calculate the standard error of the estimated dose D on
effective dose/duration contour.)

Figure 4-16
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"
. Lower Effective Contours (LEC’ s)

~ using “fixed tlme” approach

Lower Effective Contours (LEC) | |
(Rabers Hodel)

Ijuration (hours)

,o 500 1001 1500 2001
Exposure Level (ppm)

Contour — Death: ED05 - Death LEC
-~ Malf: BDOS Malf: LEC

Figure 4-17
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Simultaneous Inference Problem

Usually we set z=1.645 for a one-sided 95% confidence interval.

However, the coverage probability of the lower confidence contour must
correspond to the entire true contour, and not just to -a single point.

Using z=1.645 will give coverage probabilities under 95%.
This was confirmed in simulation studies:

Type of Lower Mean Standard
Confidence Contour Crossing Rate  Error
Lower Effective Contour 19.2% 0.7%
Benchmark Fixed-Dose | = 14.6% 0.7%
Benchmark Fixed-Time 5.1% 0.4%

How do we choose the correct critical value, z?

An approximation has been developed using Hotellings’ Theorem on the
volume of tubes (Johansen and Johnstone, 1990):

o~ [7 [M (1 - 52>1/2 + —;—Pr (Beta(%, 1) > <3>2ﬂ - Pr(|/x} € dw)

27 w w

This approximation can be used to:

e estimate z for a particular dataset
_e estimate true Type [ error () for a given z

Figure 4-18
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Accountlng for Dose—rate Effects
on Multiple Developmental Outcomes |

August 1998 | C x T Workshop

Ryan (92) considered the hierarchical endpoints:

o fetal death

R ¢ fetal malformatlon

If we define prob‘abilitﬂies as a function of dose, D:

Prp(D) = Pr(fetal death)

PI}M(D) Pr (malformatlon]no fetal death)

‘\ ‘
' then Ryan showed that the overall probability of an abnormal event can
be written as: |

Pun(D) = 1—[1 — Pry(D)] tl _ PFD(D)]

This same prmcnple can be apphed to assess dose-rate effec;ts on abnorma,l
outcomes, as follows |

Pun(D,T) = 1=[1 = Pras(D, T} 1 = Pep(D, T)

Figure 4—19 |
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Effective Dose-DuratiOn Contours
with Multiple Developmental Outcomes

Single Outcome, Single Covariate:
P(d) = F(a+ 4d)

r(d) = P(d) - P(0) = F(a+pd) — F(o)
Flo+F@)-a

ED., =
! g

Single Outcome, Multiple Covariates:
P{d,t) = Fla+Fit+Fadxt)

r(d,t) = P(d,t) = P(0,0) = Fla+pbit+ fod*t) — F(a)

£D,() — Tt ZGl- G iy

Multiple Outcomes, Multiple Covariates:
P(d, t) = 1— [l — PFM(CZ, t)] [1 — PFD(CZ, 2',')]

r(d,t) = P(d,t) — P(0,0) |
= [Fplag+ Biat + Pead * t) — Fplay)]
+ [Far(om + Bimt + Bom d * t) — Far(oum)]
— [Fp(ad + Brat + Bag d % t) Fpr(oum + Bimt + Bom d * 1)
— Fplaq) Farlam)]

Effective dose cannot be expressed analytically, but can be calculated using an
iterative approach. »
Figure 4-20
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' Ethylene Oxide Study

Effective Dose/Duration Contours: Habers Model

/-
1.
1

Developnental Outcome — Petal Death ~alforsation —  Apnormal

Figure 4-21 |




SECTION FIVE
PLENARY PRESENTATIONS:
DOSIMETRY AND MECHANISTIC MODELING

5.1 DOSIMETRY: MECHANISTIC DETERMINANTS OF EXPOSURE-DOSE-RESPONSE
Annie Jarabek, EPA National Center for Environmental Assessment

Often we don’t have the database on the anatomical, physiological, and biochemical parameters needed to do
a truly comprehensive and mechanistically based dosimetry model, so we are often looking at correlations or
empirical descriptions of processes we think are important. The dosimetry model is central (Figure 5-1) toin
informing the dose-response model. This dosimetry modeling approach is iterative and often points to
additional data that might be needed and thus can be used for experimental design. Case studies with
particles and gases will be presented to illustrate the approach.

Figure 5-2 presents another way to look at the exposure-dose-response schema, as presented in Section Two,
and identifies parameters and processes familiar to experimentalist. Note that defense mechanisms are
described at various levels of organization from molecular to whole organ. The pharmacokinetics component
needs to be linked to the pharmacodynamic component. With respect to the vinyl acetate model discussed
previously, it was generally accepted that acetic acid was the important metabolic product of metabolism, but
one could say that the pH could be the response or a dosimeter; clearly more insight is needed in the
pharmacodynamic arena.

Figure 5-3 shows the HEC default approach for particles. The fractional deposition is important because the
same aerosol distribution will deposit in a human versus a rat in a much different fashion (Figure 5-4). The
deposited fraction is an integration of deposition efficiency and inhalability. In rats, the deposition fraction is
about .45 whereas it is almost 1.0 in humans. This has important implications for interspecies extrapolation
and biologic plausibility. For example, rats may have to be exposed to much higher concentrations in order
to get an inhaled dose sufficient to manifest toxicity. The model currently used for upper respiratory tract
model in the rat is empirical, as is the International Commission on Radiation Protection dosimetry model for
-humans. '

Figures 5-5 through 5-7 show how mechanistic models can start to impart important nonlinearities (eg.,
nonlinear pattern of the deposition fraction) that might not be considered when Just looking at the exposure.
Note the influence of activity pattern on ventilation rate or differences in environmental aerosol particle
distributions (Phoenix versus Philadelphia) on the resultant mass deposition fraction in each region. Mass
deposition fraction may be an appropriate metric to characterize acute effects, but differences can be
introduced by how it is normalized. Figures 5-8 and 5-9 show mass of particles deposited per surface area or
mass normalized to lung tissue. Figure 5-10 shows particle number fraction deposited versus aerodynamic
diameter, a different relationship than shown with mass. Mechanistic insight needs to help inform the choice
of these various dose metrics. For chronic endpoints, we need to incorporate additional parameters in the
model, i.e. those that characterize clearance, to characterize retained dose (Figure 5-11). The simulation
showed the importance of getting a handle on the clearance parameters, and that one of the key uncertainties
of the model is the dissolution-absorption rate. ‘

5-1




1-6 Sy

uopezyajoeleyd ysiy

A

(6861 ‘2861) "|e 10 491 :924n0g

A)191x0}] uewIng uamz.hzmm

—

sjuawiadxg ubisaq pue
sdeg yoteasay Ayuap]

™~ 7

Aianisueg

sdiysuoijejay asuodsay-asoq

<«

sajoadg

sigjaweled
jeaisAyd pue ‘jesjwayosolg
‘lesibojoisAyd ‘|jesiojeuy
10} aseq eje(]

A

jopo Aljawisoq /

S)09)j3 pue sainsodxg
1o} aseg ejeq

ysiy Buiziie)oeaey Joy yoeosddy
Buijepoy Answisoq pejeibojuj




(9861) JoINN *p usuoiely :uo paseg ¢-g By

aseasi( £19n000Yy
yomtm\stEmo/

S955920.4d
€| eday

mESQﬁ asuaja(

Y v N\

uebio onssiL |]on  9nosjon
asoqg
saiuadoid »
jeolways091sAyd //r .
: : Awojeu
. . < mo_ouoam\
suJoped _—r :
Kioyejpuap

UOJRIJUIIUCD BUIOGIIY

sdiysuone|ay asuodsay-ainsodx3g uo
S3duUaNnjju| oly109dg-jeolwayH pue -svjoads

5-3




€-G aIngig

ajowial Jo} AM\g pue s)o8y)s joed) Alojeldidsal 1o} S 10)08-] BuizijewioN = 4N
- "uonjejodenxa Joj (TV.LOL ‘HL ‘Nd ‘gl ‘13) Aoxo) paatesqo jo uolbey =y

(HY'4 7 ()4 x (H)AA / (V)AA X (V)AN / (H) AN

=(H)aay / (v)4aay = “yaay
"yaay x (rav)13voN = (03H) 13VON

5.4

sopied
~yoeouddy jnejoq 203H




wrl Jsjewe|q ojweuhpolay

-6 aIngiq

wrl ‘isjawielq swueukposay

0’004 001 o._?_.: L 004 0t 1o
N T T Y Y | I _.______ | L 00 I | _.______ L 1 T O | 00
-2°0 -20
~$¥'0 - -0 .
. ~ @ Tn
[ e} Q vy
UONISOUBT LU e | UONSOdR0 JUN e | - -
) - B
AOUBOYT M e |90 AoUBOWT (M e | 90
Amgeleyuy; « « |- Angeieyyy  « o« |
» * » . — .
. . \ - 80" - 80
. . i .
: .t - .\”..
- 'Y * -
u — \ -0t — .. "% 2 s n s enaon o s a s & LIO—
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To illustrate similar considerations for gases, a simulation exercise was conducted exploring C x T
relationships for dichloromethane (DCM ) and perchloroethylene (PERC). These two were chosen because
they differ in both key physicochemical parameters (e.g., fat-blood partition coefficients of 6.19 versus 121.0
for DCM versus PERC) and metabolic parameters (e.g., V. of 11.54 versus 0.18 for DCM versus PERC)
that would likely influence dose-duration relationships of different metrics. Figures 5-12 to 5-16 illustrate
output for seven different simulations that have an equivalent C x T exposure product. For example, a 0.5-hr
exposure at 400 ppm, a 4-hr exposure at 50 ppm, and an 8-hr exposure at 25 ppm are simulations that have
an equivalent C x T exposure product of 200 ppm-hr. If “Haber’s law” held then the plot of C x T products
versus T would be a straight horizontal line.

Mechanistic modeling will inform default approaches in the future by serving as templates to determine the
key processes and parameters and influence the next generation of dosimetry modeling.

The advantages of the PBPK/dosimetry modeling approach include the following:

It allows integration and extrapolation using diverse data.

It predicts complex kinetic behavior.

It has the capability to “lump” or “split” model structure to explore dose-response.
1t enables interspecies dosimetric comparisons.

1t allows parameter scaling across species.

It facilitates hypothesis generation.

It identifies needed areas of research.

e & & o o o o

52 DOSIMETRY AND MECHANISTIC MODELING
Harvey Clewell, ICF Kaiser

The role of mechanistic modeling is to define the relationship between external concentration or dose and an
internal measure of biologically effective exposure in both the experimental animal and the human. Tissue
dose equivalence is an underlying assumption of dosimetry in risk assessment:

. Effects occur as a result of tissue exposure to the toxic form of the chemical.

. Equivalent effects will be observed at equal tissue exposure/dose when measured by the appropriate
metric. :

. Dosimetry provides an adequate basis for identifying pharmacodynamic differences.
Reasons for understanding dosimetry in looking at concentration-time relationships include:

. Nonlinear uptake, metabolism, or clearance
. Toxicity associated with products of metabolism rather than the parent chemical
. Tissue interactions (depletion of critical resources, induction of clearance/repair)

To demonstrate the importance of understanding dosimetry when trying to interpret concentration-time
relationships, the following example shows the impact of saturable metabolism on the apparent
concentration-time (C x T) relationship for the production of carbon monoxide (CO) from two
dihalomethanes: dichloromethane (DCM) and bromochloromethane (BCM). The PBPK model used in this

5-11
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example' not only tracks the parent chemical but also the CO produced by metabolism. Two metabolic
pathways are described: a saturable oxidative (P450) pathway which produces both carbon dioxide (CO,) and
CO, and a first-order glutathione conjugation pathway which produces only CO,. The metabolite model
includes a fairly complete description of the fate of the CO produced and is able to predict the fraction of
hemoglobin bound up as carboxyhemoglobin at any time, as determined by the current rate of CO production
(and inhalation of CO, if appropriate), the competition of oxygen and CO for hemoglobin, and the rate of
-exhalation of unbound CO. This PBPK model has also been successfully applied to a variety of exposure
routes: inhalation, intravenous, and oral.

The ability of the PBPK model to describe the kinetics of CO exposure is shown in Figure 5-17, which shows
the model predictions (lines) and experimental data (points) for blood carboxyhemoglobin (HbCO) levels
from human volunteers exposed to CO at various concentrations. F igure 5-18 shows the concentration-time
profile for CO exposures associated with an HbCO level of 40%, as predicted by the model (solid line). The
profile for C x T=800 ppm-hours is also shown (dotted line) for comparison. It can be seen that
extrapolation on the basis of C x T is reasonably accurate, although it tends to be overconservative at long
durations and under conservative at short durations.

The situation is quite different, however, for the production of CO from dihalomethanes. F igure 5-19 shows
the PBPK model predictions (lines) and data (points) for short duration (4-hr), high concentration exposures
of rats to DCM. The shaded area indicates the exposure period. Due to saturation of metabolism, :
approximately the same blood HbCO levels are achieved at concentrations of 200 and 1014 ppm; however,
due to post-exposure metabolism of the unmetabolized DCM stored in the fat, this HbCO level was
maintained for a period of time after the exposure was terminated, particularly at the higher concentration.
Thus the C = T relationship for CO toxicity from DCM exposure is greatly distorted by the impact of
nonlinear metabolism. ,

Similarly, Figure 5-20 shows the predicted (lines) and experimental timecourse for blood HbCO levels in rats
following a very short (1/2 hr), very high concentration (5000 ppm) exposure to BCM (triangles) or DCM
(circles). Again, the shaded area indicates the exposure period. The higher peak HbCO level for BCM
reflects thé higher capacity of P450 metabolism for this compound, while the longer post-exposure
metabolism of BCM reflects its greater tissue solubility (resulting in greater storage). Thus the extent of the
impact of nonlinear metabolism on the apparent C x T relationship is chemical dependent.

Figure 5-21 shows that for sufficiently high concentrations of another compound, halothane, the amount of
metabolism which takes place after the cessation of a 4-hr exposure (as measured by the production of
bromide) can actually equal the amount that takes place during the exposure. Figures 5-22 and 5-23 show

. PBPK model simulations of the same scenario for two different compounds, vinyl chloride (VC) and carbon
tetrachloride (CCl,). Note that in the case of VC (Figure 5-22), the low tissue solubility of the chemical
prevents significant post-exposure metabolism, so that the amount metabolized 24 hours after the beginning
of a 6-hr exposure is not much greater than the amount metabolized immediately after the 6-hr exposure. At
high concentrations of CCl,, however, the amount metabolized in one day for a 6-hr exposure is almost as
much as the amount metabolized for a continuous exposure.

! Andersen ME, Clewell HJ, Gargas ML, MacNaughton MG, Reitz RH, Nolan RJ, McKenna MJ.
1991. Physiologically based pharmacokinetics modeling with dichloromethane, its metabolite carbon
monoxide, and blood carboxyhemoglobin in rats and humans. Toxicol Appl Pharmacol 108:14-27.
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Finally, it should be noted that the impact of post-exposure metabolism will, in general, be different for
human exposures as compared to similar rodent exposures. Figure 5-24 shows the PBPK simulation for the
case of CCl,; the longer time-constants for chemical kinetics in humans lead to a very different timecourse for
the chemical compared to the rat.

The appropriate dose metrics will vary depending on the toxicity and the chemical:

. Stable chemicals: area under the curve (C x T)
. Acute toxicity: peak concentration or C* x T
. Reactive intermediates: amount produced/tissue volume

. U.S. EPA RfD guidelines: mg/kg body weight

. U.S. EPA RfC guidelines (Category 3 gas): duration-adjusted exposure concentration (x ratio of
partition coefficients if >1)

Mode of action is important in choosing an appropriate measure of tissue dose:

. Parent chemical vs. stable metabolite vs. reactive intermediate
. Reactivity vs. physical effect vs. receptor occupancy
. Cumulative vs. rapidly reversible

As depicted in Figure 5-25, for the case of trichloroethylene (TCE), multiple dose metrics may be required for
different toxicities associated with the same chemical. For example, in the case of TCE, acute toxicity might
be produced by the parent chemical and the best metric might be either the maximum concentration (Cpa0 OF
area under the concentration curve (AUC) for TCE. However, other toxicities of TCE might be the result of
the activity of one of the stable metabolites of TCE, such as dichloroacetic acid (DCA), trichloroacetic acid
(TCA) or trichloroethanol (TCOH). The best metric in such cases might be a measure of exposure of the
target tissue to that metabolite, whether the Cmax, AUC, or time above a critical concentration (TACC).
Finally, some toxicities might result from reactive species produced during metabolism, in which case an
appropriate measure might be the rate of production of the reactive species divided by the volume of the
tissue into which they are produced.

Dosimetry for developmental toxicity is even more complicated due to the need to consider the relationship of
the exposure period to the time course of pregnancy and gestation. The importance of this relationship can be
demonstrated in the case of methylmercury (MeHg). Figure 5-26 shows the ability of our PBPK model of )
MeHg to simulate the time course for maternal and fetal MeHg levels associated with an acute exposure of
the mother to MeHg from contaminated grain.? Figure 5-27 shows simulations performed with this model to
evaluate the impact of the timing of the exposure with respect to the pregnancy. As can be seen in this figure,
the third-trimester fetal exposure to MeHg resulting from the same maternal exposure can vary by as much as
a factor of 3 depending on the relationship between the exposure and gestation.

2Gearhart JM, Clewell HJ, Crump KS, Shipp AM, Silvers, A. 1995. Pharmacokinetics dose
estimates of mercury in children and dose-response curves of performance tests in a large epidemiological
study. Water Air Soil Pollut 80:49-58.
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o toxm y of concem, PBPK models for TCE and VC were exercised to determine general expectations for the

s‘pecx& dosxmctry for one class of chemicals, the volatile lipophilic solvents.? All three of these

‘ cals would be considered Category 3 gases (relatively water-insoluble chemicals which achieve a
stcady state during inhalation exposure) in the EPA (1994) dosimetry guidelines. In a standard risk

1ssessment, the animal-to-human dosimetry adjustment for each of these chemicals would be performed in

exactly the same way, ‘based on time-weighted average (TWA) exposure concentration for inhalation and on

- mg/kg/day administered dose for oral exposure, regardless of the nature of the toxic endpoint or the

~ mechanism of toxxcxty As shown below, the correct relatlonshlp for cross-species dosimetry depends on

S rclatlonshl;; for each b% these possibzhtm is different for oral exposure than for inhalation. Therefore,
: phaxmaoohnctlcs modeling is required to provide accurate cross-specles extrapolatxon that considers the
nature of thc toxic ent:ty

For inhalatzon eﬁposz{(e.
e Acute toxicity due to parent chemical (TCE, VC)
—PBPK HEC similar to default
"« Chronic toxicity due to reactive metabolite (VC)

—PBPK HEC 5- to 25-fold higher than default
«  Chronic toxicity due to stable metabolite (TCE)

~—PBPK ;fmilqr to 10-fold lower than default
For oral exposure:

. Acute toxicity due to parent chemical (TCE, VC)
—PBPK human dose 10- to 100-fold lower than RfD default

. Chronic toxicity due to reactive metabolite (VC)
~-PBPK human dose similar to RfD default

. Chronic toxicity due to stable metabolite (TCE)
. —PBPK buman dose 15- to 60-fold lower than RiD default

Conclusxons regardmg use of mechamstlc modelmg in dosimetry mclude

. Advantage Prov1des broader selection of potential dose metrics (mcludmg stable and reactive
metabohtcs)

" Clewell HJ III, Gentry PR, Gearhart JM. 1997. Investigation of the potential 1mpact of benchmark
dose and pharmacokinetics modeling in noncancer risk assessment. J Toxicol Environ Health 52:475-515.
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Greatest impact: Accounts for nonlinearities in uptake, metabolism, and clearance that alter the C x
T relationship. ‘

Challenge: Selection of dose metric for each toxic endpoint is based on presumed mechanism of
action and available experimental data (whether using default or mechanistic dosimetry).

Caution: When incorporating dosimetry, it is important to considering pharmacodynamics
(progression, compensation, repair) to produce the appropriate duration adjustment.
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SECTION SIX

PLENARY PRESENTATIONS:
IMPLICATIONS FOR RISK ASSESSMENT

6.1 IMPLICATIONS FOR RISK ASSESSMENT
Steve Rappaport, University of North Carolina

Risk assessment represents the quantification of the exposure-risk relationship. It can be done in a variety of
ways (epidemiology, toxicology with extrapolation, deterministic models, guessing). We should use human
data for risk assessment whenever possible. Poor human data is arguably more valuable than really good
animal data for risk assessment. :

Exposures in human beings vary widely. Figure 6-1 presents data from a longitudinal study over 1 year of
occupational exposure to styrene. Levels varied 100- to 1,000-fold between workers and within workers over
time.

The C x T debate relates to the time series of exposure and tissue levels. Do peaks of exposure influence the
rate at which the chemical is absorbed into the body, metabolized, etc.? Haber’s law relates to the saturable
processes. At low levels of exposure, these tend to be linear and Haber’s law is approximately true; Haber’s
law is never true at high levels.

We can also distinguish between acute and chronic effects. Doing risk assessment for acute effects is
problematic. The episodes that generate very high levels (excluding irritation as an endpoint) are likely to
result from unusual accidents in occupational settings or catastrophes in ambient settings, and it is difficult to
model the behavior in such events. In these situations, risk assessment becomes surreal because nonlinear
models are unstable since the output depends largely on initial conditions. Therefore, the focus should be on
preventing the accidents and catastrophes (the source rather than the receptor).

For chronic effects, the C x T debate becomes more interesting. We can investigate it with a combination of
mechanistic and kinetic models plus biomarkers. Interindividual variability becomes important, because the
rates of uptake, bioactivation, detoxification, repair, etc. tend to be specific to particular individuals. Figure
6-2 presents a simple model relating exposure to tissue burden. Figure 6-3 shows this relationship in a
hypothetical example of a realistic exposure scenario. Substances producing chronic effects include slowly
eliminated substances, such as lead (Figures 6-4 and 6-5) and rapidly eliminated substances such as styrene
(Figures 6-6 and 6-7). In both of these examples, evidence of linearity between tissue levels and external
exposure is evident.

In summary, we should focus the Haber’s law debate on substances that produce chronic effects. We also
should differentiate between substances that are slowly eliminated (for which the C x T debate only exists
only over very long time periods) and those that are rapidly eliminated (for which the C x T debate becomes
more interesting, and for which we should use human data and biomarkers to get at the linearity of these
processes).




Exposure varies over time and between persons
+ Example: Workers exposed to styrene in a boat plant
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RISKS OF CHRONIC DISEASE

If Haber's Law holds: Dose and risk ars proportional to cumulative
exposure

e For one person exposed to time series {Xg:
Uptake  Elimination, metabolism, ete.
{Zero Order) {First Order)
Ko ky
{Xf} —_— {Pg} ———> Subsequent tima series

EXPOSURE BURDEN
Pt =-E°—Xt{1-— e""*“) + Pt_ge""“
1

Increment from + Residual burden from -
current exposure prior exposures

e Cumulative Exposure (CE):
CE= Ux- t

n
DOSEp =) PjAt=pp-t= :—°~CE where yp is the mean burden over time
‘ =1 1

« Note that for a population exposed to {XJ, ko and k4 are random
variables!

Figure 6-2
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Exposure To Inorganic Lead Among Alkyl-Lead Workers
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‘, UPTAKE OF LEAD AMONG BATTERY WORKERS j
2 Rappaport SM (1995) Taxicol, Letfers 77: 171-182,data
* from Hodgkdns DG, et al. (1952) Br: J. I, Med, 49:241-248.
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6.2 INTEGRATION OF APPROACHES
Louise Ryan, Harvard School of Public Health

Given data from an ethylene oxide developmental toxicity showing strong effects of duration for a given C x
T fixed value (0, 2100, and 2400), how can one fit a model that describes the data well and allows
extrapolation to regions not represented in the experimental design? Statistical approaches include:

Fit a generalization of Haber’s law model, e.g., Y= 8, + B,C x T+ B,T

Fit series of models using different dose metrics. Pick the “best” according to some goodness of fit
standard (e.g., peak exposure, AUC, AUC above a threshold, etc.)

Attach weights to different concentrations and sum over time (Allen Lefohn’s approach)

The limitations of statistical approaches include the need for a lot of design points and the lack of reliability
for extrapolating beyond the experimental design. A clear analogy exists with the classic problem of low-
dose extrapolation.

" Mechanistic approaches emphasize the following:

Chemical properties

Understanding metabolic and elimination pathways

Identifying mechanisms of action

Accounting for factors such as breathing rates

Identifying the appropriate dose metric (blood or tissue concentration of parent chemical or
metabolite, either peak or AUC)

Limitations of mechanistic approaches include the need for extra information that is not always measurable
on the same animals, and the fact that mechanisms are not generally well understood.

To reconcile these perspectives, we can:
. Use biological information to inform decisions about the appropriate class of statistical knowledge.
. Use the biomarker paradigm.

To develop heuristics, considet the simpler problem of using a biomarker to develop a more accurate model
for extrapolation to low dose. (Biomarkers or “quantal intermediates™ are things in between the pathway
from exposure to response; they can be indicators of the amount of exposure to the tissues, or of the amount
of response in the tissue itself.) Figures 6-8 though 6-12 show a hybrid biological/statistical model using the
biomarker paradigm.

Unifying the statistical and mechanistic models under the biomarker paradigm combines the best features of
both approaches. Statistical methods to incorporate biomarkers into risk assessment are relatively
undeveloped. Needs include a theory to properly account for uncertainty in predicting dose from exposure.
Aspects of the measurement error framework apply.




 Pr(Adverse eventlexposure X) =p(X)

Let Z bea b;omarker (say GSH level) and .

(X Z) Pr(Adverse event]X Z)

Functlon of mterest p(X) obtamed by mte—

o p<X> = /me Z)f(Z|X)dz

What wm p(X) |ook m<e7

F1gure 6- 8




A special case
Consider version of the 1-hit model:
p(X,Z) =1—exp(ag+ a1 X + @ Z).

Integrating over distribution of Z yields:

p(X) = /Z (1_e(ao+alx+a2z)> f(Z]X)dZ
1 — e(@otarX) /Z e*2Z £(Z|X)dZ
= 1-ele0tearXg(ay, x)

where ¢(ao, X) is a function of X.

Depending on the relationship between Z and
X, the function ¢ modifies the dose response
model p(X) to a generalization of the simple
1-hit model.

Figure 6-9
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Maximum likelinood estimation

L!kehhood contnbut:ons for thi ree data settings:

‘A Just X and b7 (outcome)

B p(X)Y [1—-p<x>]1

“B Just X and z
H f(ZIX )

H p(X Z)Y [1 P(X Z)]l—wf(ZIX)

Classical measurement error formulation. Can
~ estimate model parameters from (1) A alone
- or (2) A and B or C. Ideally aIl three and the‘
" more C the better!




Notes and generalizations

° Statistical approach is A only

e Unlike biologically based models, does not
assume mechanism fully explained.

— If outcome is independent of X given Z,
then mechanism is explained through Z
(biological model)

— If Z is independent of X, then Z is unre-
lated to mechanism (statistical model)

e X can be multidimensional (e.g. C and T)
e Z can be multidimensional

e Other methods besides maximum likelihood
- regression calibration from measurement
error context, Bayesian methods

Figure 6-11
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L Assume

MoreonC x T

... Suppose we want to use information on GSH

levels (Z) to construct p(C,T), the dose re- |

“ sponse surface as a functlon of C’ and T -

“ p(C’ T, Z) = 1 exp(ao+a1CxT+a2T+a3Z)

" Integrating over distribution of Z vields:

- p(C,T) = (1 <ao+a10><T+a2T)) ¢(a3,c T)

If o and ay are zero, then Z “explalns the

. dose—rate effect. If az is zero then Z ex-

| plams nOthmg and we are back to the StatlStl— o

J
cal model

N Figure 6-12




SECTION SEVEN

FUTURE DIRECTIONS: WHAT SHOULD BE
ACCOMPLISHED IN THE NEXT FIVE YEARS?

The group discussed the merits of a range of steps to further clarify C x T issues. These included the

following:
. Develop case studies, including some with less information but looking at a variety of mechanisms.
. Consider whether the dose metric could change with the same endpoint, the same mechanisms and

the same chemical; consider where the point of activity is binding and the molecule has sites for
multiple ligands that bind cooperatively. One might finds a model that fits but has nothing to do
with the underlying mechanism. Hemoglobin-carbon monoxide is a possible choice, where the
mechanism is understood.

o As we go below the whole-animal level, clearly designate what adverse effects are for mechanistic
modeling.

. Look at pharmacodynamic modeling issues, thinking about how time works through those models,
and about what principles are at work and how they can be simplified to more widely applicable
pharmacodynamic models.

. Find-ways to encourage researchers doing mechanistic work to routinely collect data related to C x T
issues (e.g., examine endpoints at more than one dose or time). Place databases from published
research on the Internet. A lot of mechanistic data exists but the studies are not designed to look at

- C x T issues.

. Show that EPA will use time-dependent data in extrapolations rather than the default (as is occurring
with the HAPS rule); this will encourage industry to generate useful data in testing compounds.

. Encourage industry to expand their notion of product stewardship, so that in evaluating the cost-
benefit of doing C x T for a certain chemical, determine if it will impact other chemicals in the same
category.

. Ask those reviewing grant proposals to encourage researchers to generate C x T-related data.

. Encourage this research (e.g., case studies) in ORD solicitations.

) Determine how to incorporate these needs with constrained resources (e.g., one can gain dose groups

by using 28 animals per dose group rather than 30, but if the required dose group size is still
considered 30 in the risk evaluation, the tradeoff isn’t worth it). EPA should consider balancing the
C x T issue against statistical power of the number of animals at each dose.
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SECTION EIGHT

SUMMARIES OF BREAKOUT GROUP DISCUSSION

This section summarizes the discussions that occurred in the breakout groups during one workshop. The
groups were encouraged to discuss the topics without attempting to reach a consensus. Therefore, individual
members of a group may agree or disagree with some of the specific statements in these summaries.

8.1

SUMMARY OF BREAKOUT GROUP ONE DISCUSSIONS
Resha Putzrath, Discussion Leader; Rory Conolly, Rapporteur; William Boyes; Harvey Clewell;
Gary Kimmel; Paige Williams

8.1.1 Relationship Between Concentration and Exposure Duration (C x T) and Toxic
Endpoint

The group discussed what issues should be considered in examining the relationship between the pattern of
exposure and response, i.e., whether the C x T = constant response relationship is valid (or suﬂiclently
valid). The following were considered potentially important:

.

Whether the endpoint was reversible or not reversible can affect the relationship.

- Reversibility (of pharmacokinetics or due to repair of damage) implies that the exposure
history doesn't matter. This may mean that the momentary concentration at the target tissue
is more important than the exposure history.

- If the dose rate is greater than the repair rate, C x T = constant may apply.

- Above saturation or below a threshold, C x T" = constant is not interpretable. The
assumption that C % T = constant implies a no-threshold model.

Accommodation or tolerance by the ammal or system is likely to change the relationship between
exposure and toxicity.

Whether the chemical is rapidly cleared or biopersistent will affect whether some patterns of
exposure depart from C x T = constant. .

Different relationships among exposure, concentration, and response mlght exist at different dose
levels.

Different relationships among exposure, concentration, and response might exist for acute exposure
versus chronic exposure to the same chemical.

Any nonlinearities in the dose-response relationship are important in evaluating the potential for
departure from C x T = constant.
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" The duration of exposure itself might affect the dose-response function. Over 8 hours dunng a
.. devel mentalstudy the blologlcal entlty can be changing rapidly, i.e. ma_]or changes in the structure and

*

‘ ‘i ‘
other“resources, below)?

W ‘\\

*

Even th ugh the orgamsm changes the mode of actlon may or may not be affected

. The group discussed the changes in expenmental deslgn that would be necessary to explore the relatlonsth
between duration or pattern of exposure and toxicity. Procedures that might enhance our understanding prior
~ to additional expenments were also addressed. “
‘1
e Expenmental condmons for explonng the relationship between exposure duration and tox1<:1ty
.. require examination of numerous different combinations of concentration and tlme including where
o CxT= constant |
. o
: |
L it wﬂl be t0o expensrve to determme emplncally the shape of the complete C x T
surf for adverse endpomts

- SUCh mearch is expenswe and ﬁmdlng 1sa concem

- Th cxpenmental desrgn mlght drffer dependmg on whether the goal is understandmg the
potentral toxmxty of the chemlcal over a full range of doses or estabhsh1‘ng a regulatory hmlt

relauonshlps between exposure, concentration, and response. Mechamshc data can be used
to develop models of the relatlonsh1p between CandT.
- We should encourage edltors of Journals to encourage authors to pubhsh data that they
" a]ready have from their experiments which would assist in resolving these issues.

o' ﬂ What mformatlon is hkely to already be avallable from exxstmg expenments that
-~ would be most useful for risk assessment? -

" Should these data be avallable through the Internet? ‘
What are the implications of archiving data electronically, given changing

soﬁware/hardware?

- How could sclentlsts be encouraged to mclude some additional data pomts in their

.. . experiments that would help resolve some of the issues regarding exposure pattern and
-+ toxicity? Is there guidance we can provide prior to experiments as to what (limited)
o t10na1 mformat;lon would be most useful for resolvmg thrs 1ssue‘7




- The relationship between pattern of exposure and response will be a larger issue in the
future. We need to think about the issues now.

e - We might look to the pharmaceutical literature, in which it has been speculated that there might be
more examples of relationships between exposure duration and concentration resulting in specific
- toxic effects.

- Pharmacologists, however, are typically concerned with a rather narrow range of responses.
The lower response levels of interest for regulatory purposes may not have the same
relationship.

- Some data exist in the literature, but full sets are unlikely for most chemicals.

- One observer reported that for one database of 3,900 papers on 40 chemicals, only 6 had
experiments that varied both concentration and time.

- Are data available from industry, such as the data obtained from the successful call for data
for examining the benchmark dose procedure?

. What might we do given limited resources?
- Start with a conceptual model and design experiments to test predictions.
- Use information about related chemicals that have been more extensively studied.

- Characterize those areas of dose-response surface of regulatory interest and/or of use to.
validate preliminary model, not whole C x T grid.

. With regard to establishing relationships between exposure duration and time, the use of very high
doses in laboratory animal experiments may be of questionable relevance for human exposure.

- Relationships seen at high doses may not hold for doses of interest in risk assessments.

- Models may predict unexpected effects in low-dose region, €.g., the preliminary model for
the heat shock protein appears to predict responses below the control level at some low
temperatures.

8.1.2  Mechanistic Modeling

The group discussed how mechanistic models can significantly enhance our understanding of the interaction
between exposure duration, concentration, and response, as rate constants are usually built into mechanism-
based models.

] The distinction between statistical and mechanistic models is not absolute. We are always limited by
data gaps and will use empirical or statistical procedures to fill those gaps. Similarly, the choice of
statistical model is often based on some assumptions about mechanism.
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H
I ‘ il
e Expenmenta.l data are needed to develop and validate the models. Developmg mechanism-based
" models depends on an understanding of the mechanism. It would be useful to develop guidance for
" the data needs of mechanism-based models. q

: LTI v w T
‘ els do 't fully describe mechamsms so they have correlahonal components where
d_]usted so that the model fits the data.

" How do we determme the conﬁdence or rehabﬂlty of the values produced by PBPK modelmg" What
| if diffe ;ls exist for the same chemi Should it matter if they produce similar answers?

- How do we mcorporate human vanab:hty mto mechamstlc models‘7
We nwd to consrder posmve eﬂ'ects as well as negahve eﬂ'ects e g tamox1fen‘, essentlal elements)

‘ What is the thr&ehold for sclenuﬁc peer acceptance of mechamstlc modelmg for nsk assessment‘7 Is
" it the same for regulatory acceptance" |
The group dlscussed t.he dl&'erences between mechamsm of action and mode of action. Wlthout attemptmg to
- craft definitions for both terms, the group settled on a functional use of mode of action, ie., that knowledge of
it would provide sufficient information about the essential features of mechanism to be useful for risk
~ assessment. The goal is sufficient information from the mode of action to define the overall shape of the
‘ dose-mponse curve (or surface).

. The mode of action determining the dose-response curve mlght change from the exposure where data
are avaﬂable to the exposure range of interest.

Brochemxcal endpomts mlght be used to assist in evaluatmg the mode of actlon and thus toxicity.
—  Among biochemical changes, we have to define what is bad (adverse).

We need to recognize that there is a range of normal and that increases and decreases are
- possible.

- It is necessary to determine that the endpoints we can measure are accurately correlated with
the endpoint of interest.




8.1.3 Statistical Modeling

Increased availability of computational resources allow exploration of more “what if” questions. Results
from such studies can enhance our understanding of when significant departures from C x T’ = constant may
occur and how to design experiments to determine the relationship between exposure duration, concentration,
and toxicity.

. Computational resources are not a barrier. In contrast, experimental resources, e.g., number of
animals, can be an issue.
. Statistical modeling can be used to assist in the design of experiinents for the more efficient use of

animals (e.g., Williams, Kimmel). Pilot studies can be used in conjunction with statistical modeling
to target the best use of resources, €.g., where on the dose-response surface interesting changes may
occur. ’

. Statistical modeling suggests that just using the most sensitive endpoint may be anticonservative.
‘Therefore, models that include all data (i.e., simultaneous effects) should also be considered.

- The dose-response for each endpoint should be evaluated before attempting to combine the
information.

- Only statistically and toxicologically significant changes should be considered for
combination. '

- More endpoints are becoming of interest to regulatory agencies. How should we determine
how many (and which) should be combined into one risk assessment?
8.14 Dose Metric

Whether the C x T’ = constant relationship holds may depend on the metric by which both are measured.

¢ Dose metric can v'ary for the same chemical with a change in endpoint due fo different modes of
action.
. * The dose metric can change with dose or duration, e.g., the accumulation of manganese over time

results in a change in mode of action.

. Are we concerned with evaluating the relationship between exposure duration and concentration at
the level of exposure or at the concentration at the target tissue?

. Should we consider models/metrics where there is an exponent on time, e.g., instead of C*x T, why
not C x T*?

) Dose metric might change with dose, for example, if the mode of action involved (cooperative)
binding of more than one ligand to an active molecule, where number of ligands bound affected V,,
or K.




. " , i . " . i u
it IRTE © I “ )
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-7 ‘aid in the design of future experiments to explore the relatlonslnp between C and T.
e Use of the same dose metric from laboratory experiments in animals for human exposure assumes
that h ans and ammals are quahtauvely 51m11ar w1th regard bo pharmacodynamcs

L Selec ion of a partlcular dose metric in a staustlcal exposure-response model has the advantages and
.. . disadvantages of both the mechanistic and statistical modeling approaches. Thls approach can be
- viewed as mldway on the statistical-mechanistic continuum.

|
i

|
¢ U Ttis 1mportant to acknowledge that there may be altematlve plau51ble models

- We need to examine many models, as the same data may fit various models if different dose

- i ‘Assumptlons about dose metric, g1ven suﬁicxent ﬁt of the data, may mﬂuence future
- experimental design. Prior assumptions can affect models, e.g., models where the planets
-moved around the Earth also fit the data sufficiently well.

hen data are liiited.

n be particularly difficult to distinguish among models w

H e . ‘ “‘ ‘ ’ ' “ ‘ § : “ :‘ ' ' - ' “‘
- Pilot studies may assist by eliminating some models from further consideration.

8 1.5 Rxsk Assessment

The eurrent default assumphon by EPA is that C x T = constant. G1ven that a model exxsts and is bemg

used, what is required to change the model? Regulators tend to be comfortable with what is being done and

often require a h.tgh level of proof for change. The level of proof may be greater if hlgher levels of exposure
be allowed, consistent with the desire to err on the side of protection. We should consider an a priori

- determination of what proof will be required, e.g., to demonstrate that the current model is not valid or that
another model is more valid, For the purpose of changing a default in general or in a parucular case, is there
aneed to dlstmgmsh between the new model being “correct” and its being “less wrong” than the current
model, i.., is it sufficient to establish that the proposed model is very likely to be more accurate than the
current moclel?

TheC xT=

e When can changes ﬁom the C x T constant assumptnon be Justlﬁed if we don't have at a
a good ¢ doslmetry model?
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. Vanous ‘dose ‘metncs should be cons1dered in stahsttcal models The rmsults of such evaluatxons can -

constant adJustment should be recogmzed as a default wﬂh advantages but hmJtatlons.




. The premise of the workshop, the draft paper, and most of the participants is that C x T = constant
is the current procedure used. Some potential exceptions that may be already employed were
mentioned. :

- Exposure may be adjusted to internal dose based on amount absorbed across a barrier (e.g.,
skin) or presence of other materials (e.g., food for oral exposure). This returns to the issue
of whether the concentration is measured as exposure or dose to the target tissue.

- Interspecies extrapolations may be based on internal dose.

— .  RfDs and RfCs assume that a threshold exists. How do we accommodate the C x T =
constant adjustment below a threshold?

. When should we invest resources to investigate C x T relationships?

- Generally, we don't need to worry about deviations from the default assumption if the
extrapolation away from the data is small. The question was then raised as to how to define
“small”.

- Clear evidence for departure from linear metabolism might be the basis for assuming a
departure from standard C x T = constant.

. How can we provide guidance for experimental design and/or reporting of available data that would
be useful for other risk assessment purposes than those of interest to the experimenter?

. A narrative, such as that being proposed for cancer risk assessment, might be useful for providing
information about issues on how exposure-patterns can affect toxic responses.

- A discussion could indicate the effect on the risk estimate of selecting among various models
or dose metrics (and their associated assumptions).

- The amount of confidence in various choices could be presented.

. Many of the issues raised might be better examined with some case studies to deliberate.

8.2 BREAKOUT GROUP TWO
George Rusch, Discussion Leader; Edie Weller, Rapporteur; Dan Costa; Dale Hattis; Harvey
Richmond; Louise Ryan

8.2.1 Endpoints of Toxicity

To generate discussion, the discussion leader described an experiment of dimethyl-carbonyl chloride in which
animals were exposed via inhalation for 180x6 ppm-hr, 30x6 ppm-hr/5 days and 1x6 ppm-hr/1 year. The
lethal concentration for each of these was 180 ppm-hr, 150 ppm-hr and 220 ppm-hr, respectively. Most
animals at 180 ppm-hr died of irritation whereas most animals at 220 ppm-hr died of cancer. Therefore, we
have two different endpoints of toxicity depending on the exposure pattern, while the total dose is almost the
same.




s drscus cussion not only about the endpoints of toﬁtieity but also about the mechanism of =~~~

refadoﬂehip of Haber’s Law to the endpoints. The group discussed whether a
setting. It was proposed that if there is irreversible e one would not ex
S hereas if there was reversible damage a threshold co d potentlally exist. It was also
" proposed that if there was no saturation in the system, one would expect Haber’s model to hold. Members of
the group expressed several optmons on these questlons

‘\
The group dxscussed endpomts for respuatory toxwlty It was proposed that body temperature and heart rate
may be reliable endpoints for monitoring the effects from exposure over time because they reflect the direct
stress on the animal. It was also mentioned that in inhalation studies it is important to account for ventilation
rate when computing the internal dose. It was mentioned that the type of analysis used for these studies could
be comphcated if the animals are exposed repeatedly over time contrasted to a single hlgh-level exposure,
since in the first case one would have to consider the body’s potential to adapt. An example was provided
using sunburn as the endpoint. People initially exposed to the sun will burn. If they wait a few weeks, they
will burn just as badly. If they are exposed to the sun again immediately, they will not burn as badly. The
body's ability to adapt changes the toxicity response to the exposure. This means one may not have the same
effect on the endpoint if exposed repeatedly over time—especially if these time points are close. This is an
xmportant charactenstxc to consrder when deﬁmng the endpoints of toxmlty H
The group also dlscussed endpomts for developmental toxicity. The endpomts that would be expected to be
observed depend on the timing of the exposure during the gestational period. Therefore the specific day of
exposure often is more 1mportant than the total dose recerved over several days.

Bascd on the di ns the group proposed a famlly of equatlons that woul explam the coneentratlon-tlme
relationship. The type of equations used will depend upon the type of exposure (e.g., repeated/contmuous
exposure versus one time) and the timing of exposure (e.g., timing during the gestational process in a
developmental toxxclty study). It was pointed out that the form of the model is speclﬁc to the endpomt

e appropnateness of Haber's model, R = aC" xT, there was dlsagreement w1thm the
this truly holds for a speclﬁc biologic phenomenon ‘The exponenttal model was
suggested as an alternative, potentially more biologically based model. An example w1th ozone was
menhoned where the dtﬂusxon process tends to follow the exponentral model ;

The key points mentioned during the session included:

. Toxicological endpoint is important in determining the model

Points to consider when choosing the endpoint

'saturation
developmental




. Importance of mechanistic information for low-dose extrapolation
. Appropriateness of the R = aC” x T model versus the exponential model
. Need for a family of equations to explain the C x T relationship

. Generally, brief high-level exposures are more harmful than long-term exposures with the same total
dose.

8.2.2 Statistical Approaches

~ The ethylene oxide experiment done at the Harvard School of Public Health (Weller et al., submitted 1998)
was used as a guide to discuss statistical approaches and how best to incorporate the mechanistic information
into the models. In this study, animals were exposed via inhalation to various concentration and durations of
EtO on gestational day 7 (see Table 8-1 below). The maternal and developmental effects were assessed using
dose-response models to assess whether there was a difference in effects between short duration/high
concentration exposures and long duration/low concentration exposures.

Table 8-1
Experiment Design For EtO Experiment

" ppm-hr Concentration (C) Duration (T)
0 0 1.5
0 3.0
0 6.0
2100 | 1,400 15
700 3.0
350 6.0
2,700 1,800 1.5
900 3.0
450 6.0

Assuming that the mechanism of action and the correct mechanism of action were defined, the family of
equations f; and f, were proposed. The first equation relates the concentration and times along with the other
mechanistic information to the appropriate internal dose metric as
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 J(CT, other variables) = Dose Metric

and the second equation
J2 (Dose Metric) = Toxic Endpoint

relates the dose metric along with other potential covariates that might affect a toxic re“sponse allowing for the
uncertainty in the dose metric. This approach would use concepts similar to the measurement error
ﬂ mcthodology The group dxscussed whether specific mechanistic information could be chosen that would
that is ultimately absorbed in the and therefore, potentially be
nsensus from the group was that this approach seemed reasonable;
- however, there was some disagreement about the appropriate mechanism of action. The issues of statistical
design were discussed briefly. The design characteristics that were preferred were those with the most
precision of the coefficient of the dose metric in model £; and those with the most accurate risk assessment.
82.3 Dosimetry and Mechanistic Modeling |
this session the importance of selecting the correct dose metric.and understandmg the mechanism of
1 was stressed. An issue was raised about whether there is a need to understand everything, i.e., the

or whether some of the mechanistic information could be used in the approach proposed n

Section 8.2.2. This could include, for example, information on the absorption and dlstnbutlon of the
chemical and the receptor activation, DNA damage, and cell death due to the chemical. The group agreed that
- it might not be necessary to understand the complete mechanism. An understanding of the details that would

‘ allow an understanding of time/dose dependency would be adequate. Again, the ethylene oxide study was
tiséd asagmdcmth dlscussmns

8.2 4 ‘Imphcatlons for RIS Assessment

b’ to provide more information to predict what to expect in the low-dose regtdn of CxT design. The
followmg paradigm was proposed:

EXPOSURE ~~ —  CORRELATIVE TOXIC
O INTERMEL "~ RESPONSE

Intcrmcdlatcs would bc known‘ ’rhese mtermedlates Would powntla.uy pl'OVlde adequate lnformatlon about T

the effect of exposure on the toxic response and provide reliable estimates of the predlcted toxic effect in the
low-dose region. ‘




Most of the subsequent discussion focused on a recommendation for immediate action that could be proposed
to the workshop participants to resolve some of the issues related to studying the CxT relatlonshlps The
group developed the following recommendation:

. Look carefully at research that has been done on chemicals that are fairly well studied, such as EtO,
formaldehyde, and ozone.

. Determine what needs to be done to fully study the CxT relationship for these chemicals.

. Apply the methodology proposed in the Statistical Approaches session (Section 8.2.2) to the data
from these chemicals.
J Establish the appropriateness of the proposed approach.

The group stressed the importance of interdisciplinary communication in determining the appropriate
correlative intermediates and the importance of focused research. _

83 BREAKOUT GROUP THREE
Lorenz Rhomberg, Discussion Leader; Ronald Wyzga, Rapporteur, Annie Jarabek; Allen
Lefohn; James McDougal; Stephen Rappaport

8.3.1 Dosimetry and Mechanistic Modeling

Mechanistic models should demonstrate qualitative agreement with biological understanding and quantitative
agreement with existing data. It is important that application of these models provide some quantitative
indication of how well they fit all of the existing data. Some measure of uncertainty should be given to the
estimated parameters and projections made from these models. Often applications of these models do not
distinguish between interpolation and extrapolation; it is important that such distinctions be made because of
the greater uncertainty associated with extrapolation. Mechanistic models can be particularly valuable in
undertaking sensitivity analyses to help indicate those variables/parameters that may be of greatest °
importance in influencing model results. Future experiments can then focus upon obtaining more and better
data/estimates for these variables/parameters.

To date these models have largely been built using animal data. There is a strong need to develop human data
that can be used to define these models. The result will be more confidence in using these models for health
risk assessments.

There are two major components of these models: pharmacokinetics models and pharmacodynamic models.
To date there has been considerably more experience in developing and applying pharmacokinetics models,
and the value of these models is well-established. Pharmacodynamic models have not been well explored.
There is no reason to believe that such models are intractable, and resources need to be made available to
encourage the development and application of these models. This can only facilitate and improve the risk
assessment process.

 There are two modeling approaches: statistical/empirical models and mechanistic models. Each has its
virtues and its disadvantages. It will be important to take advantage of the positive aspects of each type of
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| model and the marry them to the fullest extent p0551ble Close collaboratxon between blOlOngts and

required in this effort, as will additional experiments, which must be plannedbyboth

types me

‘ Cmss-specxes extrapolatlon is hkely to vary w1th both concentraﬁon and durauon i. e. the same extrapolahon G

factor may not be equally valid for dlfferent exposure-durahon combinations. These factors can also vary by
 level of organization (e.g., cellular level vs. organ level) within a species; moreover, the pharmacokmetxcs
and pharmacodynamic components associated with dose response may involve very dxﬂ'erent Cross-species
extrapolation factors. An understanding of these, however, may facilitate the choice of factor for different

. dose-response combmatlons and levels of orgamzatlom

1 es in experimental protocols. Models could also be run (see the presentation
in Section 4.1) to indicate how their results may vary with alternative exposure profiles. Thesecan

L “be very complex; for that reason, it is important to ensure that model considerations reflect reality and that

" ensuing regulations are indeed protective (and not overly protective) for the exposures likely to be
) cneountered by real people in the real world

L Human ambxent exposures are hkely to be relatively low. At these exposures pharmacokmeucs are hkely to

- be lmcar hence these considerations may not be particularly important. Pharmacodynamxc considerations,
" such as tolerance, may be particularly important at these exposures. Hence these need spec1a1 consideration
in risk assessments to be apphed to ambient OOIIdlthDS

. 832 RlskAssessment

. Clearly more research is needed on the concentration-duration issue. There is general eéreement that we want
more accurate asséssments. These need to lead to regulations protective of public health, but not overly
protective to the extent that large costs are incurred w1th little marginal public health benefit. It is assumed

R that current regulatory approaches for risk assessment are conservative and protective of public health. If

: g, it is assumed that conservative assumptions are made to account for uncertainties associated with
1 our understanding of the exposure-health response relationship. This may not necessanly be true. In some
arhcularly when extrapolating from chronic exposures to acute exposures, the current approach may

B as protective as assumed. In any case better data/models will lead to more accurate risk assessments

and reg'ulatxons based on more science and less judgment. More accurate risk assessments and less

" ubcéxtainly will, in general, lead to less need for regulatory agencies to apply conservative safety factors or

" models to set regulatlons yet regulations can be equally protective. The increased information will simply

~ indicate that conservative assumptions need not be applied because there is less uncertamty The possibility

of less onerous regulanons should then provide incentives for those being regulated to support the generauon

of better data and models. To ensure that this cycle operates well, participating parties need to operate in

- good faith. Regulatory agencies need to be willing to relax regulations when less uneertamty allows them to

and they need to communicate this fact to the regulated community, and the regulated commumty needs to

take steps to ensure that their research is of the highest quality and can withstand peer scrutmy ‘




If C x T, pure and simple, does not work (is not appropriate), then resulting risk assessments become more
problematic. Current default methods often assume a simple C x T relationship. The inappropriateness of
this assumption can result in both overestimates and underestimates of risk, with the latter being more likely
when extrapolation is toward periods of shorter duration. It is important that the definitions of C and T be
clear. Regulations target external or ambient levels of C; biological definitions can vary considerably from
the concentration at the point of intake to the target organ concentration. The validity of the formula clearly
will depend upon the definition used, and when the best definition of C is not the regulatory definition,
appropriate adjustments need to be made. Similarly, alternative definitions of T are possible. Some
regulations allow complete flexibility in the time average for a regulation (e.g. NAAQS); in these cases a
regulation can be set for the time averaging period that demonstrates adverse response in health research.
Other regulations do not appear to be as flexible (this could be by tradition or practice); flexibility is urged.
It is better to have regulations set for time averages for which we have health data than to set a regulation for
one time period with the intention of protecting for effects that occur at a very different time period.

Alternatives to the simple use of C x T require more information, which in turn can require money and more
time. If additional information is available, clearly it should be used to derive appropriate improvements to
the duration extrapolation procedure. If time and money are not of the essence, more data can be generated to
increase the confidence and precision of duration extrapolations. In some cases “reasoned guesses”™ can be
made about the appropriateness of the simple C x T relationship. For example, if a great deal is known about
one chemical, it may be possible to make inferences about another chemical. In other cases it may be possible
to suggest how pharmacokinetics may alter the relationship at the exposures of concern. In all cases,
including the default assumptions, it will be important to articulate the assumptions and uncertainties
associated with the resulting risk assessment.

8-13






APPENDIX A

WORKSHOP AGENDA







A g United States
N £.8 Environmental Protection Agency .
\’ ¢ W Office of Research and Development

Workshop on the Relationship Between
Exposure Duration and Toxicity

Sheraton Crystal 'City
Arlington, VA
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Final Agenda

Workshop Chair: .Lbuise Ryan, Harvard School of Public Health, Cambridge, MA
WEDN’ESDAY, AUGUST 5, 1998
8:30AM  Registration/Check-In

9:00AM Welcome Remarks and General Introduction
Louise Ryan

9:10AM Introduction of Invited Experts

9:30AM “CxT”: Historical Perspectives, Current Issues, and Approaches
Annie Jarabek, EPA/National Center for Environmental Assessment (NCEA),
Research Triangle Park, NC

BREAK

Plenary Presentations: Endpoints of Toxicity

Developmental Toxicity - '
Gary Kimmel, EPA/NCEA, Washington, DC

Dermal Toxicity
James McDougal, Geo-Centers, Inc., Wright Patterson Air Force Base (AFB), OH

Neurotoxic Effects of Trichloroethylene Inhalation as a Function of Exposure
Concentration and Duration, Target Tissue Dose

William Boyes, National Heaith and Environmental Effects Research Laboratory (NHEERL),
Research Triangle Park, NC

Respiratory Toxicity
Dan Costa, NHEERL, Research Triangle Park, NC

11:45 AM Observer Comments

- 12:00 NOON LUNCH
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‘2:30‘ PM | Plenary Presentatlons' Staﬂstlca] Approaches R

: Resh hmgton Dc .

roup 1"Rapporteur: Rory Conolly, Chemical Industry Institute of Tox:cology (Cim),
Research Tnangle Pank NC “
"“Group 2 Discussion Leader George Rusch, AII:edSlgnal Inc., Momstown NJ |

Group 3 Discussion Leader Lorenz Rhomberg, Harvard School of Publlc Heallh Cambndge MA

| Group 3 Rapporteur Ronald Wyzga, EPRI, Palo Alfo, CA “ .

V

_ What Can Mechanisms Tell Us About Modeling L Dose Time Response Relatlonshlps?
CxT Issues Related to Natronal Amblent Arr Quallty Standards (Eco Effects)
~Allen Lefohn ASL & Associates, Helena, MT

Statistical Models for Assessing Dose-Rate Effects
Patge Wll:ams Harvard School of Publlc Health Cambndge MA

Breakout Group DlscussmnS' Statlstlcal Approaches

p3 Discuss:on Leader Lorenz Rhomberg
roup 3 Rapporteur Ronald Wyzga |




THURSDAY, AUGUST 6, 1998(Continued)

10:45AM

12:00NOON

1:00PM

1:45PM

2:45PM

3:00PM

3:30PM

4:00PM

4:15PM

Breakout Group Discussions: Dosimetry and Mechanistic Modeling

Group 1 Discussion Leader: Resha Putzrath
Group 1 Rapporteur: Rory Conolly

Group 2 Discussion Leader: George Rusch
Group 2 Rapporteur: Edie Weller

Group 3 Discussion Leader: Lorenz Rhomberg
Group 3 Rapporteur: Ronald Wyzga

LUNCH

Plenary Presentations: Implications for Risk Assessment

Implications for Risk Assessment
Steve Rappaport, University of North Carolina, Chapel Hill, NC

Integration of Approaches
Louise Ryan

Breakout Group Discussions: Implications for Risk Assessment

Group 1 Discussion Leader: Resha Putzrath
Group 1 Rapporteur: Rory Conolly

Group 2 Discussion Leader: George Rusch
Group 2 Rapporteur: Edie Weller

Group 3 Discussion Leader: Lorenz Rhomberg
Group 3 Rapporteur: Ronald Wyzga

Observer Comments

Plenary Review of Breakout Group Discussions

Future Directions: What Should be Accomplished in the Next 5 Years?
Moderated by Louise Ryan

Closing Remarks

ADJOURN
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CHARGE TO THE PARTICIPANTS

Background

Current risk assessment procedures are typically based on overall daily exposure levels, and tend to
emphasize effects resulting from continuous exposures over a lifetime. However, there has been an
increasing realization that exposures are more likely to be experienced as bursts or spikes, or
intermittent exposures of varying levels. The Agency’s Risk Assessment Forum is beginning to examine
how dose-duration relationships are or can be incorporated into the risk assessment process for less-
than-lifetime exposures. As part of this effort, the Risk Assessment Forum, together with the Harvard
School of Public Health, is organizing a workshop to discuss our current understanding of dose-duration
relationships, the approaches that can be used in their modeling, the inclusion of these relationships in
risk assessment, and future directions in this area.

Charge to the Invited Participants

The objective of the workshop is to provide a forum for open discussion and to identify areas of
consensus, as well as areas of difference. Approximately one week prior to the workshop, each
participant will receive a working draft of an issues paper and a list of breakout groups. The paper is
intended to explore issues in the assessment of dose-rate effects in order to identify where the current
risk assessment approach may be improved and to identify gaps in our knowledge and methodology in
order to suggest areas of further research. During the workshop, several presentations will be made to
provide specific examples of the various issues that are defined in the paper. Every invited participant is
asked to read the issues paper prior to the workshop, and be prepared to discuss it and the issues
addressed in the presentations during the breakout group and plenary session discussions.

Each participant will be assigned to a specific breakout group. In making the group assignments, the
organizers seek to ensure a mix of expertise in each group. Each breakout group will have a discussion
leader to facilitate the discussion and a rapporteur to capture the discussions of the group. Itis
important that each of you participate in the breakout group to which you have been assigned.

We look forward to your input and to a productive and enjoyable workshop.
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Final List of Invited Participants

Harvey Clewell

Senior Project Manager
K.S. Crump Division

ICF Kaiser, International
602 E. Georgia Avenue
Ruston, LA 71270
318-242-5017

Fax: 318-255-4960
E-mail: hclewell@linknet.net

Rory Conolly

Senior Scientist

Chemical Industry Institute of
Toxicology

6 Davis Drive

Research Triangle Park, NC 27709
919-558-1330

Fax: 919-558-1404

E-mail: rconoily@ciit.org

Dale Hattis -

Research Professor

Center for Technology, Environment,
and Development

Clark University

950 Main Street

Worcester, MA 01610
508-751-4603

Fax: 508-751-4600

E-mail: dhattis@clarku.edu
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Allen Lefohn

President

ASL & Associates

111 North Last Chance Guich
Suite 4A

Helena, MT 59601
406-443-3389

Fax: 406-443-3303

E-mail: ASL_Associates
@compuserve.com

James McDougal

Senior Scientist, Geo-Centers, Inc.

Operational Toxicology Branch
AF Research Laboratory

2856 G Street (AFRL/HEST)
Wiright-Patterson AFB

OH 45433-6573
513-255-5150 ext. 3182

Fax: 513-255-1474

E-mail: mcdougalj
@falcon.al.wpafb.af. mil

Resha Putzrath

Principal

Georgetown Risk Group

3223 N Street, NW

Washington, DC 20007
202-342-2110

Fax: 202-337-8103

E-mail: rmputzrath@mindspring.com

(over)

Stephen Rappaport

Professor of Occupational Health
Department of Environmental
Sciences and Engineering
School of Public Health
University of North Carolina

C.B. #7400 .

Chapel Hill, NC 27598-7400
919-966-5017

Fax: 919-966-4711

E-mail: stephen_rappaport@unc.edu

Lorenz Rhomberg

Assistant Professor of Risk Analysis
and Environmental Health

Harvard University

Center for Risk Analysis

718 Huntington Avenue

Boston, MA 02115-5924
617-432-0095

Fax: 617-432-0190

E-mail: rhomberg@hsph.harvard.edu

George Rusch

Director of Toxicology and Risk
Management

AlliedSignal, Inc.

101 Columbia Road
Morristown, NJ 07962
973-455-3672

Fax: 973-455-5405

E-mail: George.Rusch
@AlliedSignal.com




* Boston, MAOZHS
o 617’6327?‘445

‘Paige W‘lhams

" Associate Professor of Biost

.. Harvard University

677 Huntington Avenue
Buston, MA 02115

' E-mail: paige@sdac.havardede’

' Ronald Wyzga
- Senior PrOQfam Manager

Palo Atto CA 94304
650—855—2577
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Invited Participants’ Biographies

As Senior Project Manager and Director of the Health Assessment Group at ICF Kaiser International Dr. Clewell is
reponsible for directing all pharmacokinetic modeling activities, as well as providing expertise on the application of
physiologically-based pharmacokinetic modeling in chemical risk assessment and pharmaceutical safety
assessment. Prior to working for ICF Kaiser, Dr. Clewell was the Director of the Risk Assessment Program for
ManTech Environmental Technology, inc. at Wright-Patterson Air Force Base in Ohio. In this position, Dr. Clewell
was responsible for directing all risk assessment activities in support of Air Force and Navy requirements, as well as
providing expertise on chemical risk assessment to other corporate programs. Dr. Clewell has done graduate
course work in computer science and mathematics at the Air Force Institute of Technology. He received his M.A. in
physical chemistry from Washington University and his B.A. in chemistry from Bradley University. Dr. Clewell has
authored numerous publications including: Applying Simulation Modeling to Problems in Toxicology and Risk
Assessment - A Short Perspective; Reanalysis of Dose-Response Data from the Iraqi Methylmercury Poisoning
Episode; Tissue Dosimetry, Pharmacokinetic Modeling, and Interspecies Scaling Factors; Use of Physiologically-
based Pharmacokinetic Modeling fo Investigate Individual Versus Population Risk and Pharmacokinetic Dose
Estimates of Mercury in Children and Dose-Response Curves of Performance Tests in a Large Epidemiological
Study. Dr. Clewell is a member of the American Chemical Society and the Society for Risk Analysis. Heisa
recipient of the Air Force Scientific Achievement Award and the Air Force Meritorious Service Medal.

RORY CONOLLY

For the past nine years Dr. Conolly has worked in the Risk Assessment Department and the Department of -
Inhalation Toxicology and Biomathematical Modeling of the Chemical Industry Institute of Toxicology (CIT). Priorto
his work at ClIT, Dr. Conolly worked in the Toxic Hazards Research Unit of NSI Technology Services Corporation.
Dr. Conolly received his Sc.D in physiology (toxicology) and his B.A. in biology from Harvard University. Dr. Conolly
has received the Outstanding Presentation in Risk Assessment Award at the Annual Meeting of the Society of
Toxicology. He is the Vice President of the Risk Analysis Specialty Section of the Society of Toxicology. Dr.
Conolly’s publications include: A Physioiogically-Based Pharmacokinetic Model Describing 2-Methoxyacetic Acid
Disposition in the Pregnant Mouse; Cancer and Non-Cancer Risk Assessment: Not So Different If You Consider
Mechanisms; A Strategy for Establishing Mode of Action of Chemical Carcinogens as a Guide for Approaches to
Risk Assessments; Improvements in Quantitative Noncancer Risk Assessment and Implementation of EPA Revised
Cancer Assessment Guidelines: Incorporation of Mechanistic and Pharmacokinetic Data.
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'Dr. Hatisis a Research Professor at the Center for Technology, Environment, and Development at Clark Unrversrty
'He received his Ph.D. in genefics from Stanford Umversrty and his B.A. in biochemistry from University of California,
Berkeley. Dr. Hattis' research interests include methodologies for quantitative health risk assessment for cancer
" dnd non-cancer health effects, pharmacokinetic and Monte Carlo simulation modeling, and health and economic
implications of alternative regulahons controliing exposures to noise and lead. D is has authored over 100
‘articles including Variability in Susceptibility—-How Big, How Often, For What Res s to What Agents?; The
Importance of Exposure Measurements in Risk Assessment of Drugs; Uncertainties in Risk Assessment; and
Analysis of Dose/Time/Response Relationships for Chronic Toxic Effects — The Case of Acrylamlde Heisa
councilor of the Society for Risk Analysis, a member, editorial board for Risk Analysis, and a member of the
. Massachusetts Department of Environmental Protection/Department of Public Health Advrsory Committee on
Health Eﬁecﬁs

possible effects of air pollutants on human
was the lead author for Chapter 4 (Environmental Concentrations,

re Estimates), he was also the co-author of a section in Chapter 5 focusing on exposure- ~~ ~

P Expo
“response of the U.S. EPA Air Quality Criteria for Ozone and the Photochemical Oxidants. From 1971 through 1979
' Dr. Lefohn worked in a variety of capacities for the EPA in their offices located in Research Triangle Park,
.Washington, DC, Corvallis, Oregon, and Helena, Montana. Dr. Lefohn is the chairman of the Science Advisory
Committee of the Center for Ecological Health Research at the University of California, Davis. Dr. Lefohn has
published over a hundred articles including The Difficuft Challenge of Attaining EPA’s New Ozone Standard:
- Establishing Ozone Standards to Protect Human Health and Vegetation: Exposure/Dose-Response
" Considerations; Developing Realistic Air Pollution Exposure/Dose Criteria for Ecological Risk Assessment(in
Press); and Estimating Historical Global Sulfur Emission Paltems for the Period 1 850-1990 (Submitted). Dr. Lefohn
received his Ph.D. from the University of California, Berkeley and his B.S. from the University of California, Los “
Angeles He is an executive editor of Atmospheric Environment.

. As Senlor Scientist in :‘ﬁToxxcology Drvrsmn of Geo-Center’s AF Research Laboratory at anht-Patterson Alr R
.. ' Force Base, Dr. McDougal has done extensive research on dermal toxicology exposure and its relationship to o
“human health isk assessment. Significance of the Dermal Route of Exposure to Risk Assessment Physrologlcally-

based Pharmacokinefic Modeling in Dermatotoxicology (chapters in the 4th, 5th and 6th edmons), Companson of
i 'or Organic Chemicals, and Mechanistic Insights Aid in the Search for CFC
i s R ssment of HCFC-123 are among the numerous articles Dr. McDougal has authored. Dr.
McDougaI received his Ph.D. in pharmacology from the University of Arizona Health Scrence Center. He received
'his M.S, in addiction studies, and his B.S. in zoology/chemistry from the University of Arizona. Dr. McDougalisa
“fully affiliated associate professor at the College of Medicine, Wright State University. He served as chairman of the
EPA Human Exposure Peer Review Committee, Human Exposure and Atmospheric Sciences Division, National
Exposure Research Laboratory. Dr. McDougal also served as consultant to the Air Force Surgeon General on
“Toxicology, as well as Air Force Technical Representative to the Committee on Toxrcology, of the Board on

‘En\nro mental Studres an Toxrcology, Nahonal Research Councrl




RESHA PUTZRATH

As Principal at the Georgetown Risk Group, Dr. Putzrath has developed innovative methods for toxicology
evaluations and risks assessments. She has evaluated toxic hazards and prepared risk assessments for hazardous
waste sites, consumer products, and other regulated chemicals including: methods for combining toxicity from
mixtures of chemicals and muitiple routes of exposure for accurate characterization of total risk; analysis of
uncertainties; development of more accurate site- or chemical-specific risk estimates. Dr. Putzrath received her
Ph.D. and M.S. in biophysics from the University of Rochester, and A.B. in physics from Smith College. Dr. Putzrath
is also an Associate of the Department of Environmental Health Sciences, School of Hygiene and Public Health at
the Johns Hopkins University, where she developed and teaches a course on advanced topics in quantitative risk -
assessment. Dr. Putzrath is a member of the Society for Risk Analysis (SRA) where she is the current President as
well as a founding member of the Dose-Response Specialty Group. She also co-chaired and organized a session
at the SRA annual meeting “Time: The Forgotten Dimension of Risk Assessment”. Dr. Putzrath is a member of the
Society of Toxicology and a Diplomate of the American Board of Toxicology.

STEPHEN RAPPAPORT

Dr. Rappaport is currently conducting graduate-level teaching and research in occupational and environmental
health. His research interests include the relationship between chemical exposure and disease (especially cancer)
and the development and evaluation of statistical approaches for evaluating exposures. Dr. Rappaport received his
M.S. in public health and a Ph.D. in air & industrial hygiene from the University of North Carolina. He received his
B.S. in chemistry from the University of lilinois. Dr. Rappaport has published numerous articles, some of the articles
relevant to this project are: Compliance Versus Risk in Assessing Occupational Exposures to Chemicals; A
Lognormal Distribution-Based Exposure Assessment Method for Unbalanced Data; A Model to Estimate the
Delivered Doses of Substances in Liquid and Gaseous Phases; and Assessment of Long-Term Exposures fo Toxic
Substances in Air. Dr. Rappaport authored the chapter Exposure Assessment Strategies in Exposure Assessment
for Occupational Epidemiology and Hazard Control. Dr. Rappaport is a member of the American Association for
Cancer Research and the American Industrial Hygiene Association. He is the North American editor for Annals of
Occupational Hygiene and he sits on the editorial boards of Occupational Hygiene: Risk Management of
Occupational Hazards and Biomarkers: Biochemical Indicators of Exposure, Response and -Susceptibility to

Chemicals. Dr. Rappaport has been a consuitant to EPA’s Environmental Health Committee, Science Advisory
Board. - .

LORENZ RHOMBERG

Dr. Rhomberg is an assistant professor of risk analysis at Harvard School of Public Health. Prior to this, Dr.
Rhomberg spent ten years with the Environmental Protection Agency as a biostatistician in the Health Risk
Assessment Division. While at the EPA Dr. Rhomberg was chair of the Interagency Pharmacokinetics Group, chair-
of the Pharmacokinetics Focus Group, member of the Federal Liaison Group’s Committee on Risk Assessment
Methodology, National Academy of Sciences and co-chair for Pharmacokinetics, Research to Improve Health Risk
Assessment Program. Dr. Rhomberg is a consultant to the Presidential/Congressional Commission on Risk
Assessment and Management. Dr. Rhomberg has co-authored the book Low-Dose Extrapolation of Cancer Risks:
Issues and Perspectives, as well as writing several articles, including, A Survey of Methods for Chemical Health
Risk Assessment among Federal Regulatory Agencies; Use of Quantitative Modeling in Methylene Chloride Risk
Assessment; Risk Assessment and the Use of information on Underlying Biologic Mechanisms: A Perspective;
Physiological Parameter Values for Physiologically-Based Pharmacokinetic Models; and Carcinogens and Human
Health.




o GEOR ERUSCH

_As Director of Toxlcology and Risk Management for the last 10 years, Dr. Rusch has been responsuble for the
Toxico!ogy program at AliledSignal Corporation, including program development and management as well as long-
tarm forecasting of corporate needs in toxicology. Dr. Rusch received his Ph.D. in organic chemistry from Adelphi
rsity, his M.A. in Biochemistry from The City College and his B.S. in chemistry from Hobart College. Dr. Rusch
‘has auth ed numerous publications, including: The Determination of Permissible Exposure Limits for the Alfernate
-~ Fluorocarbons; The Use of Acute Data fo Set Exposure Standards; Subacute and Subchronic Inhalation Toxicity of
Chiorofrifiuorosthylene; and Quantitative Exposure of Humans to Hydrochlorofiuorocarbon HCFC-141b (in press).
Dr. Rusch is the chair of the National Advisory Committee on Acute Exposure Guidance Levels for Hazardous
Substances. He also sits on the editorial board of Human and Ecological Risk Assessment. Dr. Rusch was a pait of
the U S EPA Review of Acute Risk Assessment Methods Workshop

Rya is a professor in the Department of Biostatistics at Harvard School of Public Health and in the Department

p
" epidemiology. She is a fellow of the American Stahshcal Association and a member of the International Biometrics
. Soclety and the Teratology Society. Dr. Ryan is editor of Biometrics Shorter Biometrics Shorter Communications and for six years she = =

ponse Models for Developmental Tox:c:ly, Use of Historical Controls in Time-
aoj'usted Trend Tests for Carcinogenicity; A Semiparametric Approach to Risk Assessment for Quantitative
Outcomes; and Developmental Toxicity Modeling for Risk Assessment.

. EDIEWELLER

Dr. Welleris a Research Associate, Department of Biostatistics, Harvard School of Pubhc Health and Department
of Blostatistical Science, Dana-Farber Cancer Institute. Dr. Weller received her B.S. in mathematics from the
University of Delaware and her Ph.D. in biostatistics from Medical College of Virgmla Virginia Commonwealth
University. Her current major research interests are risk assessment and design in development toxicology,
environmental statistics and Nonparametric methods for dose—response studies. Dr. Weller has authored
numerous articles including: Stafistical Variability: What Does It Mean in Risk Assessment?; Implications of

Nal Tox:crty Study Design in Quanbtabve Risk Assessment Statistical Issues in Assessing Human
Endpoint Testing. Dr. Weller is a member of the
Nortt Amencan Reglon)

W'mams is currenﬂy an assoc:ate professor in biostatistics at Harvard School of Public Health. Dr. Williams i ns
developing statistical methods for incorporating duration and timing of exposure into risk assessment for
- developmental toxicity. Her major areas of research interests are risk assessment for cancer and non-cancer

- endpoints, environmental statistics, survival analysis, analysis of AIDS data, and clinical trails. Dr. Williams is the
author of many repo d scientific publications including Dose-response Models for Developmental Toxicity;
Developmenta! Toxicity of Short Term Exposure fo Ethylene Oxide; The Effects of Temperature and Duration of
- Exposure on In Vitro Development and Response-surface Modeling of Their interaction; and Incorporating Duration
of Exposture in Risk Assessment for Developmental Toxicology. Dr. Williams is a member of the American
Statistical A&eodahon the Socrety for Rlsk Analysrs and the lnternatuonal Blometnc Socrety

{
|




RONALD WYZGA

As the senior program manager of the Health Studies Program at Electric Power Research Institute (EPRD, Dr.
Wyzga is responsible for research on health effects of air pollution and toxics in the environment and workplace, as
well as on health risk assessment methods. Dr. Wyzga received his Sc.D. in biostatistics from Harvard University,
his M.S. in statistics from Florida State University and his A.B. in mathematics from Harvard College. Prior to
working for EPRI, Dr. Wyzga worked at the Organization for Economic Cooperation and Development (OECD) in
Paris, France where he was responsible for statistical and economic research and analysis on environmental
problems, as well as authoring a book on estimating the economic value of environmental damage. In addition, Dr.
Wyzga has authored numerous publications including Uncertainties in Identifying Responsible Pollutants in
_Environmental Epidemiology; Health Risk Models and Compartmental Models; Quantitative Risk Assessment:
Concems and Research Needs; Towards Quantitative Risk Assessment for Neurotoxicity; and The Role of
Epidemiology in Risk Assessments of Carcinogens. Dr. Wyzga is on the Advisory Board of the Journal of
Environmental Statistics, as well as being a member and serving on many committees of the National Academy of
Sciences. He is a member of the EPA’s Science Advisory Board, Environmentai Heaith Committee.
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William Boyes

Chief, Neurophysiological Toxicology Branch
National Health and Environmental Effects
Laboratory

U.S. Environmental Protection Agency
ERC Building

86 T.W. Alexander Drive

Room P-319B, Mail Drop 74B

Research Triangle Park, NC 27711
919-541-7538

Fax: 919-541-4849

E-mail: boyes.william@epa.gov

Dan Costa

National Health and Environmental Effects
Laboratory

U.S. Environmental Protection Agency
ERC Building

86 T.W. Alexander Drive

Room - M201, Mail Drop 82

Research Triangle Park, NC 27711

. 919-541-2531

Fax: 919-541-4849
E-mail: costa.dan@epa.gov

Annie Jarabek

Nationa! Center for Environmental Assessment
U.S. Environmental Protection Agency
Catawba Building, Mail Drop 52

3210 Highway 54

Research Triangle Park, NC 27709
919-541-4847

Fax: 919-541-1818

E-mail: jarabek.annie@epa.gov
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Gary Kimmel

National Center for Environmental Assessment
U_S. Environmental Protection Agency

401 M Street SW (8601-0)

Washington, DC 20460

202-564-3308

Fax; 202-565-0078

E-mail: kimmel.gary@epa.gov

Harvey Richmond

Office of Air Quality Planning and Standards
U.S. Environment Protection Agency

Maii Drop 15

Research Triangle Park, NC 27711
919-541-5271

Fax: 919-541-0840

E-mail: richmond.harvey@epa.gov
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Hans Allender

Statistician

Office of Pesticide Programs
SAB '
U.S. Environmental Protection
Agency

401 M Street, SW (7509C)
Washington, DC 20460
703-305-7883

E-Mail: allender.hans@
epamail.epa.gov

Marie Ambrogil

Progam Staff Assistant

Scientific and Policy Programs
American Industrial Health Council
2001 Pennsylvania Avenue, NW
Suite 760

Washington, DC 20006
202-833-2131

Fax: 202-833-2201

Katherine Anitole

Biologist

Office of Prevention, Pesticides, &
Toxic Substances

Office of Pollution Prevention &
Toxics

U.S. Environmental Protection
Agency '

401 M Street, SW (7403)
Washington, DC 20460
202-260-3993

Fax: 202-260-1279

E-Mail: anitole.katherine@epa.gov
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Jack Arthur v
Environmental Health Scientist
Office of Pesticide Programs
Health Effects Division

U.S. Environmental Protection
Agency

401 M Street, SW (7509C)
Washington, DC 20460
703-305-4075

Ayaad Assaad

Scientist

Office of Prevention, Pesticides, &
Toxic Substances

Office of Pollution Prevention &
Toxics

U.S. Environmental Protection
Agency

401 M Street, SW

Washington, DC 20460
703-305-0314 -

Leila Barraj

Manager Statistical & Data Analysis
Services

Novigen Sciences
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Issues in Evaluating the Relationship

Between Exposure Duration and Toxicity

Paige L. Williams
Department of Biostatistics, Harvard School of Public Health,
677 Huntington Avenue, Boston, Massachusetts 02115

SUMMARY

Regulatory agencies have become increasingly aware of the need to develop exposure
standards for varying lengths of exposure. Historically, the strategy for comparing responses
among exposures of different durations has often relied on a relationship attributed to Haber
(1924) that response levels should be equivalent for any constant multiple of dose times
duration, i.e., whenever the cumulative exposure remains constant. This premise is widely
recognized to be an over-simplification, yet may provide a good starting point for consid-
ering toxic effects of varying durations of exposures. To fully understand the complexities
of exposure effects on toxic responses, one should ideally take into account the entire expo-
sure profile, including the timing, duration, and intermittent nature of exposures reflecting
realistic scenarios encountered in practical settings. The proper dose metric to characterize
an exposure will be highly dependent on the pharmacokinetic properties of the chemical or
exposure in question, and the toxic effects considered in models must likewise be carefully
chosen to reflect the relevant endpoints based on the exposure and dosimetry characteristics.
Models have been developed over the last few decades which begin to address the effect
- of duration of exposure in addition to exposure levels; however, many of these models do
not incorporate mechanistic information. In addition, only limited work has been done on
developing efficient designs for studying dose-rate effects, and these designs tend to be sim-
plistic. The purpose of this paper is to explore issues in the assessment of dose-rate effects on
toxic endpoints, by summarizing current defaults and identifying gaps in our knowledge and
scientific methodology so that further research in this area can be focused and productive.
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1 W\H1stor1cal perspectwes and current de ault ap‘pro ac et 5

procedures are typ1cally based on overall da1ly exposure levels, and

tend to emphasxze effects resulting from low-level continuous exposures over a lifetime. How-

- ever, there has been an increasing realization over the last several decades that exposures

* aré more likely to be experienced as bursts of higher concentrations over shorter time peri-
ods, or intermittent (recurrmg) exposures of varying levels. In addmon data collected from

“subchronic studies are often extrapolated to develop estimates of noncancer risk, such as No

" Observed Adverse Effect Levels (NOAELS), for lifetime chemical exposures. Traditionally,a

10-fold uncertainty factor is applied when a subchronic exposure is used to estimate a chronic

NOAEL. However, some feel that these extrapolated lifetime values may be overestimated

(Crofton et al, 1996). Due to the fact that exposures are often experienced over shorter

‘ higher levels than the regulatory standards are intended to represent, un-

ng the underlymg biological relatlonsh1p between timing and duration of exposure

quent toxic effects is 1mportant in developing risk assessment strategies for various
durations of exposures. “

A.S Ja'ra'bek (1990) nOteS) mUCh Of the health assessmem—, proce&ures have been based
- 6n & 1983 National Academy of Science (NAS)/National Research Council report (NRC,

1983) which recommends utilizing exposure scenarios as close as p0531ble in practice to the
standards they are meant to reflect. Thus, standards for acute toxic effects, such as 15-minute
occupational time werghted average ceilings, are derived from animal expenments which are
also classified as acute, such as 1 to 24 hour single inhalation exposures. Similarly, subchronic
dards such as those resulting from periodic contaminations are usually defined on the
s of 90-day subchroni animal studies. Default assumptions are used in determining

‘ andards, so that the standards apply to a 70-kg male who drinks 2 liters of water and

i ha.les 90 cubic meters of air per day. While the NRC report establishes a paradigm for
tting standards based on different durations, it does not spemﬁcally address the issue of
dose-rate effects

I th text of 1nc rporatmg duration of exposure the use of animal stud1es to de-

ﬁne exposure standards for an health assessment suffers from all of the usual limitations
of cross-species extrapolatlon pharmacokmetm d1fferences in metabolism and distribution

" of the environmental agent, sensitivity and variability in response for different endpoints,

etc. In addition, accounting for duration of exposure requires an additional assumption that
toxic effects resulting from an animal experiment comprising a certain percentage of that
species’ lifetime would be comparable to the effects resulting in humans over the same per-
centage of lifetime. For example, the 2-year chronic animal bioassay study is considered to
presentative of the effects over a 70 year human lifespan, and standards for a 7-year
ubchromc xposure in humans would be based on a 3-month subchronic animal study, each

. representmg approx1mately 10% of the total lifespan. However, the timing of exposure is not

red in these default assumptions. While this may not present too many difficulties
m asse531 g lifetime exposures the point in ‘chronological 'development may be a key factor
in the response of an animal subjected to an acute or subchronic exposure

There are a number of different regulatory statutes whose 1mplementat1on activities

‘l
]

2 !
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require consideration of exposure durations varying from as short as 15 minutes to an entire
lifetime. These include the Clean Air Act Amendments of 1990, the Safe Drinking Water
Act, the Clean Water Act, the Comprehensive Environmental Response, Compensation and
Liability Act, the Resource Conservation and Recovery Act, and the Occupational Safety and
Health Act. Some of the exposure limits set in response to these statutes are summarized in
Table 3 of Jarabek (1995). For example, three different levels of “Emergency Response Plan-
ning Guidelines” (ERPG’s) given a one-hour exposure duration are defined by the American
Industrial Hygiene Association (AIHA) aimed at effects ranging from mild transient health
effects to life-threatening outcomes. In some cases, the requirement for setting standards for
specific exposure durations has led to a situation where data collected under one exposure
scenario is utilized for.exposures of a very different duration and level. For example, Weller
et al. (1998a) note that exposure-response relationships for 189 air toxics have been derived
primarily from acute lethality studies, but these results must be extrapolated to provide
standards for ambient air environmental exposure levels, which tend to be much lower in
magnitude. The lack of data from a range of exposure durations combined with the man-
date to set realistic exposure standards has led to an increased need for more sophisticated
quantitative models.

The development of quantitative risk assessment models has followed a premise gener-
ally attributed to Haber (1924) that toxicity levels should be linearly related to the product
of dose level times duration, or “C x T” (concentration x time). In its simplest form Haber’s
Law would imply that, for example, a one-hour inhalation exposure at 800 ppm should pro-
duce the same toxic response as an 8 hour exposure at 100ppm. In fact, Haber proposed
this relationship in the context of evaluating very short-term effects of gas warfare, and did
not suggest that it be used for extrapolating effects of exposure from very short term to long
term. However, Haber’s law has been used implicitly by some agencies like the Agency for
Toxic Substances and Disease Registry (ATSDR) to adjust effect levels like NOAELs from
animal studies to those of human exposures. For example, if animal studies for a particular
exposure are conducted. using 8 hour exposures and the human exposure of interest is 24
hours, then the effect level from the animal study would be divided by 3. In other words,
it would be assumed that an exposure of NOAEL/3 for 24 hours would result in the same
toxic effects as exposure to the NOAEL for 8 hours.

Bliss and James (1966) suggested that Haber’s law tends to be most appropriate when
evaluating either very short exposures to high concentrations or long chronic exposures to
low concentrations. When Haber’s law is violated, use of this premise for extrapolation pur-
poses can lead to either underestimates or overestimates of the exposure levels associated
with a particular toxic effect. While a great deal of attention has been addressed at docu-
menting exceptions to Haber’s Law, relatively less effort has been focused on extension of risk
assessment methods, especially dose-response models, to account for duration of exposure.

Direct references to Haber’s law have been cited most often in the context of animal
experiments, yet this framework has also been used extensively by epidemiologists to account
for the effects of exposures over various durations on human health outcomes. A typical
strategy for representing exposure level is to use the concept of “person-time” exposure,

which accounts for the length of time at risk for each individual and then sums these times
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over all individuals in a cohort. The cumulatlve duratlon of exposure at a certaln dose“
_level is then assumed to, be related to risk of adverse events. In a notable exception to

|
_ For most exposures of interest, there is little ep1dem1010g1ca1 ev1dence available and
I ! onducted in laborat
“are conducted to char: e-“response relations
but rarely address the effects of exposure over a range of exposure durat1ons There are some
notable e\ceptmns to this general statement, including work that has been conducted to in-
t1gate the relationship between exposure duration and toxicity on several different types
»:- .. of endpoints, including dermal toxicity (McDougal) neurotox1c1ty (Crofton et al, 1996;
Bushnell, 1996 (abstract), 1997 (abstract), 1997; Bercegeay, 1997 (abstract), Boyes, 1996
(abstract), O’Shaughnessy and Losos, 1986; Hattis and Shapiro, 1990 Miller et al, 1983;
Tilson and Cabe, 1979; and Yoshimura et al, 1992), developmental toxicity (Kimmel
et al, 1993 (abstract), 1994 (abstract), Scharfstem and Williams, 1994; Williams, Molen-
z, 1996; and Geys, Molenberghs and Wllhams, 1998) 1nha1at10n eﬁ'ects

1986; Lefohn and Runeckles, 1987 \/Iusselman et al, 1994). Further detarls of some of these
studles w111 be dlscussed in the followmg sect1ons

2 ’I‘ox1c Endpmnts

’“T[““hewblologlcal level of endpomts ranges from the whole animal and systemlc endpomts
to cellular-subcellular-molecular effects. Traditionally, regulatory agenc1es have relied pri-
- marily on effects at the whole animal/systemic level to define tO‘ClClty This is not to say
that examples of regulatory assessments which have considered endpomts at the cellular-
subcellular-molecular level are non-existent, but rather that systemlc effects have become
~the primary basis for most regulatory standards In this context, exposure is defined on the
' basis of the whole animal rather than at the target issue (tissue/ cellular), let alone the target

(cellular/molecular). Likewise, the endpoint (effect) is generally ‘measured at the level

molecular effects. These approaches are in part a natural extension of test systems which have
been developed and accepted with time. However, when considering concentration-duration
relationships, an issue for discussion is what biological level can or should be assessed in
establishing a toxicologic exposure? Is it necessary to have an understandmg ‘of the mech-
: amsm of toxrcﬁ:y" How do such tissue and cellular functions as repalr metabolism, and
‘eﬁmng the relat10nsh1p‘7 Is it possible to adequately descrlbe

systemic occurrence or event, rather than further distinguishing the cellular-subcellular-
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The type of toxic endpoint of interest often depends on whether the exposure duration
is acute (single dose), repeated in frequency, or chronic. However, the endpoint itself may
not parallel the type of exposure. For example, single dose exposures may result in some
immediate acute effects, such as irritation, hearing loss, CNS depression, or even lethality.
However, they may also lead to chronic health effects if the single acute exposure leads to
irreversible damage. Similarly, chronic lower-level exposures may result in both immediate
acute effects after each exposure in addition to long-term chronic effects. For repeated
exposures, the duration between exposures may allow for repair of damage and elimination
of toxic metabolites, resulting in toxic effects of milder severity than those of single acute
exposures. However, repeated exposures may also lead to bioaccumulation or may not allow
sufficient time between exposure for repairing damage, so that chronic effects develop. Again,
the choice of endpoints depends on an integral understanding of the mechanism of action of
the agent in question, and the possibility that an exposure may result in several different
types of endpoints must be considered.

Numerous examples exist of CxT studies carried out at the whole animal-system
level. For example, several investigations have been conducted to evaluate the effects of
repeated exposures to toxins. Investigations comparing the effects of repeated exposures of
acrylamide with a single acute exposure have been conducted by Miller et al (1983) and
Tilson and Cabe (1979). Burek et al (1980) have also studied possible repair mechanisms
after exposure to acrylamide under various recovery periods. Bushnell et al (1997, abstract)
examined changes in tolerance to repeated inhalation of trichloroethylene (TCE) in rats,
and found that behavioral changes existed even after accounting for changes in metabolic
tolerance. ‘

Other whole animal or systemic studies have been conducted to address both qual-
itative and quantitative differences in toxic endpoints for short-term high-dose exposures
versus longer term low-dose exposures. In the area of neurotoxicity, O’Shaughnessy and
Losos (1986) compared CNS lesions in rats following acute high-dose exposures to. low-dose
chronic exposures. Yoshimura et al. (1992) investigated a number of different chemicals, and
found that in many cases the same chemical led to different types of neurotoxic endpoints
when administered to dogs and rats in high doses for short periods as compared to low doses
for longer periods. Numerous studies conducted in the 1980’s by Musselman et al (1983,
1986), Hogsett et al (1985), and Lefohn and Jones (1986) indicated that peak exposures to
ozone and sulfur dioxide were more important in determining effects on vegetation growth
than the total cumulative exposure. These studies led to development of exposure indices
which placed greater weight on higher concentrations of ozone than on lower levels (Lefohn
Benedict, 1982; Lefohn and Runeckles, 1987; Lee et al., 1988). Rappaport (1991) has lso
.noted the importance of peak exposures in occupational exposure assessment.

In some instances, the endpoint of interest has been related to the administered
exposure, while in other cases, correlations with target tissue levels have been found to be
greater. For example, Crofton et al (1996) investigated the effect of dose rate on neurotoxicity
of acrylamide by exposing rats to 1 day, 10 day, 30 day, or 90-day exposures, and found that
the behavioral effects (motor activity, grip strength, and startle response) of acrylamide
depended on both the level and duration of exposure. However, the recovery of behavioral




changes in behavioral funct1on in rats as measured by v1sual evoked potent1als (VEPS)

response tlme Or seHSItIVIty lndeX but nOted that the peak arterlal COncentratlon Of TCE e
- estimated by a physiologically-based pharmacokinetic (PBPK) model was a good predictor

of all three of these neurologic endpoints, and tended to be more hrghly correlated with
concentratlon than wrth the C xT product
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was not due to an accumulation of acrylamide in the target tissue. Slmﬂarly, Boyes et al
. (1996), Bushnell (1996, abstract), Bushnell et al (1997), and Bercegeay et al (1997, abstract),
" have found that Haber’s Law did not predict the relationship between TCE inhalation and -

B These and other stud1es have expanded our understandmg of the hmltatlons of Haber s
- conjecture, but the question remains as to how this understanding can result in predictive

models of concentration-duration relationships that can estimate the potentral for a given

CxT multiple to be of concern. Moreover, the appropriateness of spec1ﬁc approaches to both

‘acute-short term and chronic-long term exposures must be established. Wh1le risk assessment
. procedures have historically been developed to reflect lifetime exposures and have therefore

onic endpoints such as tumor development, a number of guidelines have been

more recently developed for acute and shorter-term exposures. For example within the EPA,

e Office of Prevention, Pesticides, and Toxic Substances ‘addresses emergency
ccidental releases of toxic substances and episodic exposures to pesticides. The

advisories are developed separately for adults and children, and some guidelines such as
“EEGL’s” have been developed with military personnel in mind. A summary of guidelines
adapted from Kimmel (1995) and Jarabek (1995) and their relationship to various toxic
endpoints is shown in Table 1. ” '

ntloned above, these gu1dehnes and the test svstems used to establish curren

e p‘osure limits focus for mainly on the whole animal-systemic Tevel of b1olog1cal organization.

This is in part due to a reliance on the traditional test systems that have been used in
toxicology and the wealth of historical comparative data that is available. These test systems
tend to have a clear definition of what response is considered to be a sign of toxicity, and
they tend to be “apical”, i.e., they examine the overall effect of an exposure on the biological
system. As models of concentratmn—duratmn relationships are developed it will be important
to estabhsh how compatible or complimentary they are with current approaches in risk

~ the Office of Drinking Water develops health advisories for 1-day and 10-day consumption

. guideline often been derived for specific populations; for example the drinking water

a'gent The aPPI‘OPrlateness of apply1ng ‘Haber’s Lavv which'in ™~
1‘??1"9 exPOSure C x T as the the dose metrlc depends on the

. If the adm1mstered dose results in saturation, then higher doses may not have any effect on

regardless of the duratlon of exposure On the other hand if the pathvvay is not
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Table 1: Basis for Short-term Exposure Guidelines

Guideline!  Organization®? Basis Duration  Frequency
TLV-STEL ACGIH Irritation, impaired work, 15 min <4x daily
irreversible tissue damage
TLV-EL ACGIH 3 times TLV-STEL 30 min recurrent
IDLH NIOSH Death, irreversible health effects <30 min one-time
ERPG ATHA Levels: (1) life threatening 1-hour -
(2) irreversible, impair response 1-hour
(3) mild transient effects 1-hour
EEGL COT Acute effects in military  1-24 hours constant
impairing emergency response
SPEGL COT Irreversible health effects 1-24 hours constant
CEGL COT Irreversible health effects 90 days constant
CEEL COT Irreversible health eﬁ'ects 1-8 hours  constant
HA COT, EPA Adverse health effects 1-10 days  one time

I TLV-STEL: threshold limit value, short-term exposure level
TLV-EL: threshold limit value, excursion limit
IDLH: immediately dangerous to life and health
ERPG: emergency response planning guideline
EEGL: emergency exposure guidance limit
SPEGL: short-term population exposure guidance limit
CEGL: community exposure guidance limit
CEEL: community emergency exposure level
HA: health advisory
2 ACGIH: American Conference of Governmental Industrial Hygienists
NIOSH: National Institute of Occupational Safety and Health
ATHA: American Industrial Hygiene Association '
COT: Committee on Toxicology of NAS
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“tu‘rated and the dose dehvered to the target organ depends on the metabohc rate through

as long as the overall rate of ehmmatlon of the toxic substance follows & first-order process

. at the tissue of interest. Andersen et al. "(1987) suggested that toxicity for most industrially
important gases and volatile liquids would probably be related to the AUC rather than peak
blood concentrations; in this case, use of C' x T as the dose metric m1ght be an acceptable

apolation. Jarabek (199:)) notes that an alternatlve to using C’ X T as the |

o F1gure 1 (adapted from J arabek 1995) reﬂects the various levels to Whlch the exposure-
dose-response continuum can be explored, and lists some of the mechanisms which might
~ be elucidated to address relationships between external or admlmstered exposure, dose at

the tissue level, and response at the system1c t1ssue cellular or subcellular level Level I

ministered exposure and internal dose is unknown, but systemic toxic effects can be
evaluated and related to the administered exposure. Level II reflects the inclusion of phar-
macokinetic (disposition) models, which relate the exposure to the internal tissue dose by
considering absorption, metabolism, distribution, and elimination. Levels ITI and IV include
- not only pharmacokinetic models, but also-pharmacodynamic models, indicated in Figure 1
; “Tomc t-Target \/Iodels”
Wt l

‘ ‘M 1cal models of the mechan1st1c determmants of the d1spos1t1on of a parent .

wmpound and/or its metabolites, such as PBPK or d051metry models have been useful in
1g the relat1onsh1p between exposure concentration and target tissue dose. These
* disposition models can be linked to other models that address the mechanistic determi-
nants of toxicant-target tissue interaction and tissue response, respectwely These latter
models r e des1gnat10n of response. The tissue dose is linked to determinants of target-
tissue interaction (e.g., critical mechanistic events such as cytotox1c1ty and rebound cellular
proliferation), which, in turn, may then be related via other mechamsms to the ultimate
productlon of lesions or functional changes that are typically defined as the disease (patho—
* genesis) otitcome. To the extent that these events are explanatory of the disease outcome,
they can be used to quantitate important nonproportionalities or as replacement indices of
respon tl?p. (U S. EPA, 1994) It is important to emphasize that the integration of

the mechamstlc determinants may not necessarily be achieved by hnkmg respective modelsin

utput of one model becomes the input to the next) but may require simul-

e.g., the mechanistic determinants of disposition are dynamically related
ment” to mechanisms of toxicant- -target interaction). Eventually, causality

hamstlc tomc effect can be correlated to, the 1nternal toxic mo1etv as the

rgantsm within a populatlon

>-response continuum are not only the magnitude, duration and frequency of exposure,

ut also agent- spec1ﬁc characteristics such as the reactivity, solub1l1ty, and volatility. Char-
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Figure 1: Comprehensive Exposure-Dose-Response Continuum
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(Adapted from Jarabek, 1995)

acterizing attributes of the portal-of-entry (e.g., barrier capacity, cell types and morphology,
specialized absorption sites, pH) and its interactions with the agent are important to defin-
‘ing dose, both for “local” target toxicity, as well as how it modulates systemic delivery.
Systemic parameters that modulate target tissue dose include metabolism, clearance, tissue
binding, blood flows, tissue volumes, and partition coefficients. An understanding of how
the exposure is translated into a “dose” also depends on whether the important determinant
of toxicity is the concentration of the parent compound or some metabolite, and the stability
or binding of the parent compound or metabolite. Finally, the response depends on repair
- processes, cytotoxicity, cell proliferation, altered gene expression, and adaptation.

There is a striking similarity between the exposure-dose-response paradigm shown
in Figure 1 with that proposed by molecular epidemiologists for considering the role of
biological marker components in sequential progression between exposure and disease, as

9.
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- Figure 2: B1010g1ca1 \/Iarker Components in Sequent1a1 Progressmn Between Exposure and
ase (adapted from Schulte, 1989)

) ‘ Eﬁ'ect
Exposure (Non—cancer / Cancer)
|
1 Biologically Early Altered I .
Exposure = In[t)emal = Effective = Biological = Structure/ = Cl.""cal = ?r°$"°5hc
ose Dose Effect Function Disease Significance

ure 2 (Schulte, 1989; US EPA, 1994). As defined by the National Research
.Council (NRC) Board on Environmental Studies and Toxicology, a “b“iologi”c marker” is any
cellular or molecularwmdmatox: of toxic exposure, adverse health effects or suscept1b1hty The

It should be emphasized that the components shown in Figure 2 are not necessarily d1screte
events or the only events in the continuum; there may be a series of other components (steps
or stages) between or in parallel with those shown that have yet to be discovered.

%" " The molecular epxdemlology approach is based on the comb1nat10n of two. blologl-

. ‘cal tenets: (1) Early biologic effects from a toxic exposure are far more prevalent in the
‘ pula.tlon at risk than the later events which have historically been of direct interest such

disease, and may sometimes be more spemﬁc to the exposure than the outcome 1tse1f ‘

and (2) Given technological advances, most xenobiotics can either be directly quantified in =~

the body or indirectly measured by identification of some predictable, dose-related biologic.

Thus, the historic analytic epidemiology approach may be supplanted by a more in-depth

‘approach which identifies intervening relationships more precisely or Wlth greater-detail than

n the past. As a result, health events are less likely to be viewed as dichotomous phenom-”“““““ o

ena (presence or absence of dlsease) but rather as a series of changes in a continuum from

homeostat adaptatlon through dysfunctlon to disease and death (Schulte 1989)

that quantltatne consideration of the events in the exposure-dose-response continuum has
implications for dose-response assessment; insights may be gained on (1) how to extrapolate
. from high to low exposure levels, (2) the reliability of extrapolation from laboratory species

to humans, (3) the relevance of certain physiologic events to disease outcome, and (4) an
mde\: of human 1ntennd1v1dual variation (U S EPA 1994) -

. general case we can view the exposure proﬁle as 1nvolv1ng a contmuou
curve representmg exposure levels over time. This is illustrated in Figure 3, adapted from

. Jarabek (1990) This figure suggests that there are many poss1b1e metncs for summarizing
the effects of exposure on a toxic outcome. Some possible metrics are listed in Table 2.

_more than one of the metrxcs mlght be requlred to fully characterize the

e‘ relatlonshlp For e*cample VV1ll1ams et al (1996) found that the effects” B
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Figure 3:
General Exposure Profile

Exposure Level

— = i T ‘ T I T ; tl
{ 3 VL A 1 Y N 1/ 1 1 A 1]
Duration of Exposure (minutes)

( represeats the meam concentration {1}, t reflects the duration of exposure § i,
T carrasponds ta a thresheld level, and setric {5) is shown as the darkensd arza above L.
? irdicatas the racovery n=md '1) batyaen exceading the thrashald, and the 36C {4} is

rapresented by the unica of the gray and black solid aress.

Table 2: Dose Metrics Based on Exposure to Parent Compound or Metabolites

Description’
(1) average concentration level, C
(2) duration of exposure, t
(3) time-weighted average concentration, Cxt
(4) area under the curve, AUC
(5) area over a certain threshold z ‘
(6) area under the curve when threshold z is exceeded
(7) duration of recovery periods between exposures exceeding threshold z

of heatshock exposures on developing embryos were best modeled by including both the
C x T metric of cumulative exposure and an additional effect for duration of exposure (i.e.,
metrics (2) and (3)), to account for the fact that shorter exposures at a higher level of
heat stress resulted in greater morphological impairment than longer exposures yielding the
same cumulative exposure. Both ozone and sulfur dioxide exposures show characteristic
episodes of ambient-type exposures, i.e., increasing throughout the day to a peak and then
.decreasing. For ozone, short-term, high concentration exposures were identified by many
researchers as being more important than long-term, low concentration exposures (see U.S.
EPA, 1996a). Acknowledging this fact, Lefohn and Benedict (1982) introduced an exposure
parameter that accumulated all hourly concentrations equal to and above a threshold level
of 0.10 ppm, which corresponds to metric (5) in Table 2.

For exposure to chemical compounds, mechanistic properties of the chemical (deposi-
tion, absorption, distribution, metabolism, and elimination) lead to the question of whether

11
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the 1mportant dose metnc should be measured on the ba51s of the parent compound or an
important metabolite, and whether they should be measured based on an external exposures
or concentrations at some target tissue. The dose metrics defined in Table 2 could poten-
tially refer to either the administered or ambient exposure level of the parent compound, a
blood or tissue concentration of the parent chemical, or a blood or txssue concentration of
an important metabolite. It should also be noted that the metrics hsted in Table 2 are very
generally described and would require additional specification for use 1n practice, such as the
ting point in time after which exposures are measured.

*F hysm oglcally ‘been employed wrth
some success to estimate levels of chemical disposition at target t1ssues By appropriate
 scaling of mechanistic parameters, such as metabolic rates via the mixed function oxidase
(MFO) or glutathlone (GST) pathway, a more accurate estimate of target exposure levels in
humans can be obtained. In some cases, it is likely that application of a PBPK model will
. provide an exposure metric which removes the need to subsequently account for duration of
expostré through Haber’s law or a more flexible dose—response model. Unfortunately, PBPK
models have only been developed for a small minority of compounds of interest. In addi-
tion, estimates of mechanistic parameters like lipid partrtron coefficients obtained from other
"sfudies are treated as if they are “known”, which results in underest1mates of population
vanablhty

Whlle the exposure PrOﬁle Shown in Flgure 3 attempts t0 lllustrate the possrble Com_‘“‘“‘ e

plexity of exposure profiles, controlled experiments rarely collect data at this level of detail.

" . In situations where the exposures are controlled by the 1nvest1gator, intermittent and highly

ariable exposure patterns are difficult to simulate and control, and the number of such

atterns that would need to be considered would be impractical. Instead investigators have
considered a much more limited range of exposures, such as holdmg concentration steady
over a certain duration and comparing to other constant C' xT exposure blocks (see Figure 4).
Another possible simplified exposure scenario which would represent repeated bursts of ex-

posure relexant to many occupational settings could be to compare exposure patterns such
~ as those illus d in Figure 5. For example hospital employees 1nvolved in sterrhzatron of

en opemng h“oods to load and unload equ1pment and such exposures may

ccur repeatedly throughout the day In other 51tuatrons invest1gators have not attempted

hoth the exposure pattern over time and observed effects. These types ‘of studies can give =

association between exposure patterns and tox1c endpomts but are not able

, the exposure scenanos exhrblted m F1gures 4-5 ”
es; they may not be ideal, but allow an initial

gn of such studies will be discussed further in Section 4. 2 Both in the design of o

e modeling of the effects of exposure lev

ften a gap between the underlying variability in exposure levels over time and the extent

iethods allow modehng of such varrab1hty
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Figure 4:
Constant Blocks of Exposure
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Spiked Patterns of Exposure
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"An additional issue related to the dosimetry of exposure is the timing of exposure.

The timing of exposure can affect the magnitude of toxic effects resultmg from a given

exposure due to periods of increased sensitivity. For example, for developmental toxicity
outcomes, an exposure during the early part of the gestational cycle may result in effects of
a much different type and severity than an exposure to the same agent ‘and at the same level
and duration but later in the gestational cycle (Daston and Manson, 1995). It is possible

~that the timing of exposure can be incorporated into the dosimetry of the exposure if the
metric of interest is concentration of the parent compound or metabohte at a target or g an,
. since the tlmlngw of exposure may impact the transport of the agent to the target tissue.

However , in cases where less mechanistic information is known about the agent in question,

. the timing of exposure becomes an additional covariate that must be accounted for, leading

to a multivariate vector of exposure covariates rather than a single summary metric.
‘\

" Tof Figure 1. While development of more b1olog1ca11y—based models is certamly 1dea1 useofa

dose-response model at this most superficial level can still be useful. In some cases, this effort

~ can serve as a first step in attempting to identify whether non—hneantles are apparent, and
" then attention can be turned towards identifying sources of non—hnearltles Use of Haber’s
- Law essentially implies treating the toxicological data at the sys’cemlc level, and statistical
' mibdels may be able to examine the bounds under which Haber’s Law holds for different

substances. In other cases, however, it may be very difficult or impraefical to consider dose-
response modeling without additional mechanistic and kinetic models. The following section
addresses the situation where systemic models of exposure-response relatlonshlps are felt to
be of interest despite the fact that more biologically based mechamstle information may not

‘ be avallable

o Accordm§ to Haber’s Law, an effect level (EL) correspondmg to a ﬁxed incidence

| level or seve tv leve]‘ for a‘"g‘lven Outcome ls based Ofl the fOHOWlng underly1ng relatlonshlp

produce the same

is mphes that equlvalent values of the EDOa
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Figure 6:
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300 ppm and a 9-hour exposure at 200 ppm. Based on 1-hour lethality studies, ten Berge
et al. found that 19 of the 20 chemicals they evaluated had estimated values for n of 1-3.5.
Thus, use of the relationship given by (1) assuming n = 1 for these 20 chemicals will tend to
overestimate the exposure level corresponding to shorter durations, and underestimate the
exposure level associated with the same effect level at longer durations.

These comments point to two important considerations. One is the need to account
for chemical specific information on the same endpoint to establish an exposure-response
relationship. Most of the 20 studies considered by ten Berge were lethality studies, and even
if a given study yielded data which satisfied (1), this would be tenuous grounds for assuming
that endpoints of milder severity such as the NOAEL would also follow this relationship.
The other is that it is often tempting to use a relationship such as (1) to estimate the effect
levels for durations of exposure that were not considered in the experimental design of the
study conducted. Without a great deal of external mechanistic information, extrapolation
of effect levels to durations of exposure not contained within the range of durations for a
given set of studies is on very shaky ground. As noted by Bliss and James(1966), Haber’s
law tends to apply to either end of the exposure-response curve spectrum, i.e., at very high
concentrations and short exposures or at low concentrations for longer durations, but not in
between.

The relationship given by (1) above does not account for variability between animals
or individuals in response levels. In order to estimate the probability of toxicity at combina-
tions of exposure levels and durations, a dose-response model which reflects inter-individual
variability must be fit to experimental data. Standard dose response models are a function
of dose only and do not include a mechanism to account for various durations of exposure.
Scharfstein and Williams (1994) extended dose-response models to account for duration and
dose-rate effects as follows. First, under Haber’s law the important metric is the cumulative

15
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eﬂcposure, C x T, so the dose-response model under Haber’s law becomes

HOT) = Fla+bCxDL o (2>

. Thess models are fit using maximum likeliood ‘methods, Whlch Yield parameter”

estlmates for o and ﬁ along with estimates of their standard errors. To reflect departures

. “from Haber’s model, an extended model can be fit which includes an e}“ctra ‘effect of duration

- of exposure in addltlon to the C x T metrlc

o(C,T) Fla+v(06cT) + B(C x T))

u \
~where 6¢ = 0if C = 0and 6¢c = 1if C > 0. The su1tab111ty of this model depends on
the length and conditions of the control exposure. For example, to evaluate morphologmal

body temperat

impairment from heat stress of less than one hour, submersion of embryos in a water bath at

. based on an inhalation study of ethylene oxide (Weller et al., 1998b) it was possible that

.exposure of pregnant mice to air for up to 8 hours could 1mpact a.dverse effect levels such as
fetal weight, since mice were deprived of food and water during the exposure period.

Based on fitting either of the extended models (3) or (4) abox}e one can conduct a
* test of whether Haber’s model holds by testing whether v = 0. S1gn1ficant negative estimates

T ‘would imply higher toxicity rates for short high level exposures than for longer low level ~
‘ he same HC’ X T multlple Wh1le s1gmﬁcant pos1t1ve est1mates of v Would

all (C’, T') combinations that lead to
‘EDgs. This is an extension of the isobol for Haber’s model shown in Flgure 6

h as (2) - (4) have been applied with some success to data resultmg from
(Wﬂhams et al 1996 Kimmel et al., 1998, Geys et al., 1998) and a

p ental toxicity StUdY Of ethylene o*clde (Weller et al 1998b) In these ~
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Figure 7: Response Surfaces for Heatshock Data
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The conceptual approach behind the models given in (2) - (4) can easily be extended
to address both continuous and categorical outcomes, in addition to the binary toxicity
outcomes considered above. For example, if the outcome of interest was fetal weight from
a developmental toxicity study, a general model for estimating the mean fetal weight as a
function of concentration and duration could be expressed as:

p(C,T) = a+vT+B(C xT) (6)

and under Haber’s law v would be set to 0. This type of model could be fit using generalized
estimating equations to account for clustering, or by maximum likelihood in cases where
data were not clustered. Such models are illustrated in the evaluation of fetal weight in the
EtO study (Weller et al., 1998b) and a set of six growth parameters, including crown rump
length and yolk sac diameter, in the heatshock study (Kimmel et al, 1998). Modeling a
continuous endpoint as shown above has the advantage of taking the actual measurements
into account, and should thus be more informative in terms of identifying possible dose
rate effects. However, approaches for risk assessment still typically depend on specifying a
lower cutoff value (eg. for fetal weight, 2 standard deviations between the mean weight of
control animals), below which animals are classified as “affected”. This issue continues to
be controversial in the assessment of continuous endpoints and will not be examined further
here. ' :

Similarly, the general model for binary outcomes given by (3) can be extended to
ordinal outcomes, such as the severity of a malformation into 3 levels (normal, moderately
affected, severely affected), by fitting an ordinal logistic regression model with covariates for
concentration and duration:

Pr(Y < k|C,T) = Flox+ 5T+ B(C xT)]

17
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4.2 Experimental Design
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where Y reflects the severity level, and a separate intercept o is est1mated for each severlty

- level but a proportional odds assumption is made for the effect of exposure on the ordinal
~outcome. These models can be fit to single outcomes, and have also been extended to allow
. for Jomt modehng of multlple outcomes. These models have the advantage that they may
“ ”‘pr v1de for greater power in explormg dose-rate relat10nsh1ps

-t ‘ o
A d1sadvantage of the models descr1bed above is that thev treat the exposure data
at the level of administered or external exposure only, and do not attempt to reflect the

~ underlying mechanism of toxicity. Just as there is a shift in the area of cancer risk assess-

~meént to account for more mechanistic information in the risk assessment process, there has
. been a parallel shift in risk assessment for non-cancer outcomes. Ope such attempt is a
.. generalization of Haber’s law to account for detoxification:

1 .
= [c Vi, — De] tR/w ‘ (7)

| where D is the osage rece1ved dunng t1me 1, C’ is concentratlon Vin 1s the resp1rat1on rate

(m3/min), De is the detoxification rate, w is body weight, and R is the retention coefficient.

- If the chemical is not detoxified at all (De = 0), then the relat10nsh1p D = aC x t holds,
. witha =V, R/w However, if the detoxification rate is high, the dose received decreases.

‘While thls equation is a step in the right direction in terms of accouptmg for mechanistic
information, most of the mechanistic parameters are unknown and not routinely estimated

[

) S : SO e
s noted pre ously, it is often 1mpract1cal to de51gn studles Wh1ch evaluate the same types of

highly variables exposures that are known to occur in the env1ronment Not only would the

- types of exposures shown in Figure 3 be difficult to control, but an evaluatlon of the effects of

exposure as a function of such exposure patterns would require comparison with a seemingly

. unlimited set of exposure profiles. As a result, experimental designs for dose-rate studies, at
- least in the area of animal bioassays, have focused on exposure patterns such as those shown
- in Figure 4. There are again some exceptions to this general statement. For example, both
: ‘Musselman (1983) and Hogsett et al. (1985) developed expenmental designs which

owed them ompare peak exposures to ozone versus mid-level exposures. Musselman

etal. (1986) extended these earlier studies by further comparing exposure patterns with two

different peak concentrations and two different exposure distribution curves (square wave

there appears to be very little in the literature on optzmal design of dose-rate

‘words, if the goal is to employ a whole ammal—systemlc approach and

" characterization of the pattern of responses resultmg from various dose-

ations, or have highest power for detecting Hepartures from Haber’s law,
there is little guldance to draw from. Much of the work that has been done has focused on

~'design of dose-rate studles for assessmg developmental t \‘
ol B L Lot il 4 ceoiny E ekt T e e

\
.. 'Using the modeling framework presented in the previous section, Scharfstein and
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Williams (1994) consider the issue of optimal design for dose-rate studies. It should first be
emphasized that the optimal design might depend on whether the goal of the study was to
test for departures from Haber’s model, or whether the objective was to obtain as accurate
an estimate as possible of the combinations of (C,T) that lead to a certain effect level,
such as the FDys. In the first situation, the optimal design would be one which minimized
the variance of the parameter 7, so that a test of v+ = 0 would have high power. For the
second objective, Scharfstein and Williams based comparisons of the efficiency of various
designs on the distance between the “true” effective dose-duration contour, as based on
a known dose-response model, and an “estimated” dose-duration contour based on Monte
Carlo simulations of data under that true model and other possible models.

Initially, one might consider a design which investigated the combination of ¢ duration
levels T3, ..., T; and ¢ concentration levels Cy, ..., C., and assess the response level at all £ x ¢
combinations of duration and concentration. However, in many toxicological studies, it is
likely that exposure for the highest duration T; and concentration C, would be associated
with too high a level of mortality. In some cases, the range of exposures which lead to
sufficient incidence rates for model fitting without excessive mortality can be fairly narrow.
In addition, while this type of design might allow a better construction of the response
surface, it would likely lead to a less efficient test of departure from Haber’s law. Instead, it
makes more sense to design studies which investigate several different C' x T" multiples and
vary the duration of exposure within multiples. Comparison of toxicity rates within a given
C x T multiple across the various durations of exposure thus gives a direct intuitive feel for
whether Haber’s law is met or violated.

Scharfstein and Williams considered the situation where 9 (C,T) combinations rep-
resenting 3 multiples of C x T were to be evaluated, by specifying 3 different durations of
exposure (1, 3, or 6 hours) at each multiple. The lowest multiple was assumed to apply to
control animals (C = 0) and the highest multiple was fixed at 1200 ppm-hours in the context
of an inhalation study, so that the issue of identifying optimal designs was reduced to the
question of how best to choose the middle C x T multiple and how to allocate the animals to
the 9 (C,T) combinations given a fixed number of pregnant dams. Within this framework,
Scharfstein and Williams found that the optimal design for both of the objectives mentioned
above tended to be the same. There were two designs which appeared to be robust to model .
departures and provide good efficiency for a wide range of dose-response relationships:

(1) equal allocation of animals to the 9 (C, T') groups, and specification of a middle multiple
as 70% of the highest multiple, or

(2) allocation of twice as many animals to the 6 exposed groups as the 3 control groups,
with specification of the middle multiple as 30% of the highest multiple

The first design described above was implemented in a study to investigate the dose-
rate effects of ethylene oxide exposure on developmental toxicity. In this context and in many
other types of toxicological studies, it seems essential to conduct a well-planned pilot study
in preparation of the main study to investigate effects of timing. If resources prevent use
of sufficient animals to include timing of exposure into the analysis based on a model such
as (5), then the timing must be concentrated within a narrow enough range to isolate the
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 endpoints of interest during that range. For example, in the EtO ‘stud1es conducted at

-Harvard, we found that exposure during gestation day 6-8 yielded the most informative data o

: 5 of the type we were 1nterested in, Whrle exposures dur1ng earlier penods
tended to result in greater fetal resorptions and fetal death.

of dose—rate studies whic nee ‘be addressed in pllot the_“_w

the estimation of the MTD. In standard dose response studres ‘this would be

the hrghest tolerated dose that does not lead to an increase in mortahty or greater than
10%decrease in body weight. However, in dose-rate studies, one must identify the MTD
taking duration of exposure into account. Our assumption in the EtO study was that
short acute exposures would likely result in a higher rate of developmental toxicity, since
the compound has a short half life and saturation is unlikely to occur. Consequently, we
based our MTD on the shortest planned duration of 1 hour and 1dent1ﬁed the exposure level
" which resulted in an acceptably low rate of maternal toxicity. However this short exposure
‘duration was not associated with any fetal effects in our pilot study, so we subsequently
extended the duration of exposure to 1.5 hours at a slightly higher exposure level. These

€ erlences ln‘ déélgnlng dose'rate Stud1es Strongly Suggest the use of pllot Stud1es tO 1dent1fy“ o

the duratlon-dependent \/ITD and explore the issue of t1m1ng of exposure.

]
. Thus far, the use of these study designs has optlmrstrcally de51gnated a set of exposure

durations and C x T multiples in advance, but in practice we may want to adapt the designs
ose-rate study progresses to concentrate our resources at (C,T) combrnatmns which
will be most mformatrve The approach of contmual reassessment methods (CRM) developed

. by O'Quigley and Pepe appears to be a promising framework for extensmn to such adaptive
a d@lgns but there may be other adaptrve des1gns whrch should be cons1dered in th1s context

5 Future Directions

This issues paper has attempted to summarize the current approaches to conductmg risk

~ assessment in the context of dose-rate effects, and has raised a number of questrons and

es that warrant fi rther dlscussmn and research

Some general issues for dlscussron are prov1ded below

1. What biological level can or should be assessed in establishing a tox1cologlc exposure?

Is it necessary to have an understanding of the mechanism of tox1c1tv‘? How do such

tissue and cellular functions as repair, metabohsm and b1oaccumulat10n factor into
defining the relatronsh1p” Is it possible to adequately descnbe a concentratron duration
relationship without measuring effects at b1olog1cal levels below whole animal-systemic?

Man; gu1delmes reflecting the endpoints in. Tabl based on exposures of
“durations than the guideline, and have used F aw for extrapolation
- purposes. Are these guidelines rehable" How can development of these guidelines be

‘improved?
- 3 ‘Xre the m dels developed for assessrng the Jomt effects of exposure levels and duratron
\l“ ’ “ ‘ ' "
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reliable enough to allow extrapolation to doses not considered in fitting the models?
How can these models be verified? How can we summarize uncertainty when extrap-
olating a model beyond the range of durations included in the data to which it was
fit? '

4. How can mechanistic information and exposure metrics derived from PBPK models be
- better incorporated into models which evaluate dose-rate effects?

5. How can study designs be improved to use information from previous exposures within
the same or other studies to determine the most efficient subsequent exposure?

6. What is the appropriate metric to use for reflecting exposure levels and durations in
dose-rate studies? How can the type of endpoint and the mechanism of action be
utilized to help choose the appropriate metric?

7. What are the most important areas that require strengthening in the assessment of
dose-rate effects?
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