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Preface 

 
Extremely hazardous substances (EHSs)2 can be released accidentally as a 

result of chemical spills, industrial explosions, fires, or accidents involving rail-
road cars and trucks transporting EHSs. Workers and residents in communities 
surrounding industrial facilities where EHSs are manufactured, used, or stored 
and in communities along the nation’s railways and highways are potentially at 
risk of being exposed to airborne EHSs during accidental releases or intentional 
releases by terrorists. Pursuant to the Superfund Amendments and Reauthoriza-
tion Act of 1986, the U.S. Environmental Protection Agency (EPA) has identi-
fied approximately 400 EHSs on the basis of acute lethality data in rodents. 

As part of its efforts to develop acute exposure guideline levels for EHSs, 
EPA and the Agency for Toxic Substances and Disease Registry (ATSDR) in 
1991 requested that the National Research Council (NRC) develop guidelines 
for establishing such levels. In response to that request, the NRC published 
Guidelines for Developing Community Emergency Exposure Levels for Hazard-
ous Substances in 1993. Subsequently, Standard Operating Procedures for De-
veloping Acute Exposure Guideline Levels for Hazardous Substances was pub-
lished in 2001, providing updated procedures, methodologies, and other 
guidelines used by the National Advisory Committee (NAC) on Acute Exposure 
Guideline Levels for Hazardous Substances and the Committee on Acute Expo-
sure Guideline Levels (AEGLs) in developing the AEGL values. 

Using the 1993 and 2001 NRC guidelines reports, the NAC—consisting of 
members from EPA, the Department of Defense (DOD), the Department of En-
ergy (DOE), the Department of Transportation (DOT), other federal and state 
governments, the chemical industry, academia, and other organizations from the 
private sector—has developed AEGLs for approximately 200 EHSs. 

In 1998, EPA and DOD requested that the NRC independently review the 
AEGLs developed by NAC. In response to that request, the NRC organized 
within its Committee on Toxicology (COT) the Committee on Acute Exposure 
Guideline Levels, which prepared this report. This report is the ninth volume in 
                                                 

2As defined pursuant to the Superfund Amendments and Reauthorization Act 
of 1986. 
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Preface 

the series Acute Exposure Guideline Levels for Selected Airborne Chemicals. It 
reviews the AEGLs for bromine, ethylene oxide, furan, hydrogen sulfide, pro-
pylene oxide, and xylenes for scientific accuracy, completeness, and consistency 
with the NRC guideline reports. It also includes a chapter addressing the use of 
physiologically based pharmacokinetic (PBPK) models to support the derivation 
of AEGLs. 

The committee’s review of the AEGL documents involved both oral and 
written presentations to the committee by the NAC authors of the documents. 
The committee examined the draft documents and provided comments and rec-
ommendations for how they could be improved in a series of interim reports. 
The authors revised the draft AEGL documents based on the advice in the in-
terim reports and presented them for reexamination by the committee as many 
times as necessary until the committee was satisfied that the AEGLs were scien-
tifically justified and consistent with the 1993 and 2001 NRC guideline reports. 
After these determinations have been made for an AEGL document, it is pub-
lished as an appendix in a volume such as this one. 

The nine interim reports of the committee that led to this report were re-
viewed in draft form by individuals selected for their diverse perspectives and 
technical expertise, in accordance with procedures approved by the NRC’s Re-
port Review Committee. The purpose of this independent review is to provide 
candid and critical comments that will assist the institution in making its pub-
lished report as sound as possible and to ensure that the report meets institu-
tional standards for objectivity, evidence, and responsiveness to the study 
charge. The review comments and draft manuscript remain confidential to pro-
tect the integrity of the deliberative process. We wish to thank the following 
individuals for their review of the nine committee interim reports, which sum-
marize the committee’s conclusions and recommendations for improving NAC’s 
AEGL documents for bromine (twelfth and fifteenth interim reports, 2005 and 
2008, respectively), ethylene oxide (tenth and fifteenth interim reports, 2004 and 
2008, respectively), furan (sixth, eighth, and fifteenth interim reports, 2001, 
2002, and 2008, respectively), hydrogen sulfide (third, sixth, seventh, eighth, 
and ninth interim reports, 2000, 2001, 2002, 2002, and 2003, respectively), pro-
pylene oxide (tenth interim report, 2004), xylenes (twelfth and fourteenth in-
terim reports, 2005 and 2006, respectively), and the use of PBPK models to sup-
port the derivation of AEGLs (fifteenth interim report, 2008): Deepak Bhalla 
(Wayne State University), Harvey Clewell (The Hamner Institutes for Health 
Sciences), Rakesh Dixit (MedImmune/AstraZeneca Biologics, before he became 
a member of the committee), David Gaylor (Gaylor and Associates, LLC), Sid-
ney Green (Howard University), A. Wallace Hayes (Harvard School of Public 
Health), Sam Kacew (University of Ottawa), Nancy Kerkvliet (Oregon State 
University), Florence K. Kinoshita (Hercules Incorporated [retired]), Kenneth 
Poirier (Toxicology Excellence for Risk Assessment),Charles R. Reinhardt (Du-
Pont Haskell Laboratory [retired]), and Bernard M. Wagner (New York Univer-
sity Medical Center [retired]). 
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Preface 

Although the reviewers listed above have provided many constructive 
comments and suggestions, they were not asked to endorse the conclusions or 
recommendations, nor did they see the final draft of this volume before its re-
lease. The review of the third interim report, completed in 2000, was overseen 
by Mary Vore, University of Kentucky Medical Center. The reviews of the sixth 
interim report (2001), seventh interim report (2002), fourteenth interim report 
(2006), and fifteenth interim report (2008) were overseen by Robert Goyer, 
University of Western Ontario (retired). The reviews of the eighth interim report 
(2002) and tenth interim report (2004) were overseen by David H. Moore, Bat-
telle Memorial Institute. The review of the ninth interim report (2003) was over-
seen by Judith A. Graham, American Chemistry Council (retired). The review of 
the twelfth interim report (2005) was overseen by David W. Gaylor, Gaylor and 
Associates, LLC. Appointed by the NRC, they were responsible for making cer-
tain that an independent examination of the interim reports was carried out in 
accordance with institutional procedures and that all review comments were 
carefully considered. Responsibility for the final content of this report rests en-
tirely with the authoring committee and the institution. 

The committee gratefully acknowledges the valuable assistance provided 
by the following persons: Ernest Falke, Marquea D. King, Iris A. Camacho, and 
Paul Tobin (all from EPA); and George Rusch (Honeywell, Inc.). The commit-
tee also acknowledges Raymond Wassel and Keegan Sawyer, the project direc-
tors for their work this project. Other staff members who contributed to this ef-
fort are James J. Reisa (director of the Board on Environmental Studies and 
Toxicology), Susan Martel (senior program officer for toxicology), Ruth Cross-
grove (senior editor), Radiah Rose (manager of editorial projects), Mirsada Ka-
ralic-Loncarevic (manager of the Technical Information Center), Orin Luke 
(senior program assistant), and Tamara Dawson (program associate). Finally, I 
would like to thank all members of the committee for their expertise and dedi-
cated effort throughout the development of this report.  
 

Donald E. Gardner, Chair 
Committee on Acute Exposure 
Guideline Levels 
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3 

 
 

National Research Council Committee 
Review of Acute Exposure Guideline 

Levels of Selected Airborne Chemicals 

 
This report is the ninth volume in the series Acute Exposure Guideline 

Levels for Selected Airborne Chemicals. 
In the Bhopal disaster of 1984, approximately 2,000 residents living near a 

chemical plant were killed and 20,000 more suffered irreversible damage to their 
eyes and lungs following accidental release of methyl isocyanate. The toll was 
particularly high because the community had little idea what chemicals were 
being used at the plant, how dangerous they might be, or what steps to take in an 
emergency. This tragedy served to focus international attention on the need for 
governments to identify hazardous substances and to assist local communities in 
planning how to deal with emergency exposures. 

In the United States, the Superfund Amendments and Reauthorization Act 
(SARA) of 1986 required that the U.S. Environmental Protection Agency (EPA) 
identify extremely hazardous substances (EHSs) and, in cooperation with the 
Federal Emergency Management Agency and the U.S. Department of Transpor-
tation, assist local emergency planning committees (LEPCs) by providing guid-
ance for conducting health hazard assessments for the development of emer-
gency response plans for sites where EHSs are produced, stored, transported, or 
used. SARA also required that the Agency for Toxic Substances and Disease 
Registry (ATSDR) determine whether chemical substances identified at hazard-
ous waste sites or in the environment present a public health concern. 

As a first step in assisting the LEPCs, EPA identified approximately 400 
EHSs largely on the basis of their immediately dangerous to life and health val-
ues, developed by the National Institute for Occupational Safety or Health. Al-
though several public and private groups, such as the Occupational Safety and 
Health Administration and the American Conference of Governmental Industrial 
Hygienists, have established exposure limits for some substances and some ex-
posures (e.g., workplace or ambient air quality), these limits are not easily or 
directly translated into emergency exposure limits for exposures at high levels 
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but of short duration, usually less than 1 hour (h), and only once in a lifetime for 
the general population, which includes infants (from birth to 3 years of age), 
children, the elderly, and persons with diseases, such as asthma or heart disease. 

The National Research Council (NRC) Committee on Toxicology (COT) 
has published many reports on emergency exposure guidance levels and space-
craft maximum allowable concentrations for chemicals used by the U.S. De-
partment of Defense (DOD) and the National Aeronautics and Space Admini-
stration (NASA) (NRC 1968, 1972, 1984a,b,c,d, 1985a,b, 1986a, 1987, 1988, 
1994, 1996a,b, 2000a, 2002a, 2007a, 2008a). COT has also published guidelines 
for developing emergency exposure guidance levels for military personnel and 
for astronauts (NRC 1986b, 1992, 2000b). Because of COT’s experience in rec-
ommending emergency exposure levels for short-term exposures, in 1991 EPA 
and ATSDR requested that COT develop criteria and methods for developing 
emergency exposure levels for EHSs for the general population. In response to 
that request, the NRC assigned this project to the COT Subcommittee on Guide-
lines for Developing Community Emergency Exposure Levels for Hazardous 
Substances. The report of that subcommittee, Guidelines for Developing Com-
munity Emergency Exposure Levels for Hazardous Substances (NRC 1993), 
provides step-by-step guidance for setting emergency exposure levels for EHSs. 
Guidance is given on what data are needed, what data are available, how to 
evaluate the data, and how to present the results.  

In November 1995, the National Advisory Committee (NAC)1 for Acute 
Exposure Guideline Levels for Hazardous Substances was established to iden-
tify, review, and interpret relevant toxicologic and other scientific data and to 
develop acute exposure guideline levels (AEGLs) for high-priority, acutely toxic 
chemicals. The NRC’s previous name for acute exposure levels—community 
emergency exposure levels (CEELs)—was replaced by the term AEGLs to re-
flect the broad application of these values to planning, response, and prevention 
in the community, the workplace, transportation, the military, and the remedia-
tion of Superfund sites. 

AEGLs represent threshold exposure limits (exposure levels below which 
adverse health effects are not likely to occur) for the general public and are ap-
plicable to emergency exposures ranging from 10 minutes (min) to 8 h. Three 
levels—AEGL-1, AEGL-2, and AEGL-3—are developed for each of five expo-
sure periods (10 min, 30 min, 1 h, 4 h, and 8 h) and are distinguished by varying 
degrees of severity of toxic effects. The three AEGLs are defined as follows: 
 

AEGL-1 is the airborne concentration (expressed as ppm [parts per mil-
lion] or mg/m3 [milligrams per cubic meter]) of a substance above which it is 
predicted that the general population, including susceptible individuals, could 
experience notable discomfort, irritation, or certain asymptomatic nonsensory 
effects. However, the effects are not disabling and are transient and reversible 

                                                           
1NAC is composed of members from EPA, DOD, many other federal and state agen-

cies, industry, academia, and other organizations. The NAC roster is shown on page 9. 
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upon cessation of exposure. 
AEGL-2 is the airborne concentration (expressed as ppm or mg/m3) of a 

substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience irreversible or other serious, long-lasting 
adverse health effects or an impaired ability to escape. 

AEGL-3 is the airborne concentration (expressed as ppm or mg/m3) of a 
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening adverse health effects or 
death. 
 

Airborne concentrations below AEGL-1 represent exposure levels that can 
produce mild and progressively increasing but transient and nondisabling odor, 
taste, and sensory irritation or certain asymptomatic nonsensory adverse effects. 
With increasing airborne concentrations above each AEGL, there is a progres-
sive increase in the likelihood of occurrence and the severity of effects described 
for each corresponding AEGL. Although the AEGL values represent threshold 
levels for the general public, including susceptible subpopulations, such as in-
fants, children, the elderly, persons with asthma, and those with other illnesses, 
it is recognized that individuals, subject to idiosyncratic responses, could experi-
ence the effects described at concentrations below the corresponding AEGL. 

 
SUMMARY OF REPORT ON  

GUIDELINES FOR DEVELOPING AEGLS 
 

As described in Guidelines for Developing Community Emergency Expo-
sure Levels for Hazardous Substances (NRC 1993) and the NRC guidelines re-
port Standing Operating Procedures for Developing Acute Exposure Guideline 
Levels for Hazardous Chemicals (NRC 2001a), the first step in establishing 
AEGLs for a chemical is to collect and review all relevant published and unpub-
lished information. Various types of evidence are assessed in establishing AEGL 
values for a chemical. These include information from (1) chemical-physical 
characterizations, (2) structure-activity relationships, (3) in vitro toxicity studies, 
(4) animal toxicity studies, (5) controlled human studies, (6) observations of 
humans involved in chemical accidents, and (7) epidemiologic studies. Toxicity 
data from human studies are most applicable and are used when available in 
preference to data from animal studies and in vitro studies. Toxicity data from 
inhalation exposures are most useful for setting AEGLs for airborne chemicals 
because inhalation is the most likely route of exposure and because extrapola-
tion of data from other routes would lead to additional uncertainty in the AEGL 
estimate. 

For most chemicals, actual human toxicity data are not available or critical 
information on exposure is lacking, so toxicity data from studies conducted in 
laboratory animals are extrapolated to estimate the potential toxicity in humans. 
Such extrapolation requires experienced scientific judgment. The toxicity data 
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for animal species most representative of humans in terms of pharmacodynamic 
and pharmacokinetic properties are used for determining AEGLs. If data are not 
available on the species that best represents humans, data from the most sensi-
tive animal species are used. Uncertainty factors are commonly used when ani-
mal data are used to estimate risk levels for humans. The magnitude of uncer-
tainty factors depends on the quality of the animal data used to determine the no-
observed-adverse-effect level (NOAEL) and the mode of action of the substance 
in question. When available, pharmacokinetic data on tissue doses are consid-
ered for interspecies extrapolation. 

For substances that affect several organ systems or have multiple effects, 
all end points (including reproductive [in both genders], developmental, neuro-
toxic, respiratory, and other organ-related effects) are evaluated, the most impor-
tant or most sensitive effect receiving the greatest attention. For carcinogenic 
chemicals, excess carcinogenic risk is estimated, and the AEGLs corresponding 
to carcinogenic risks of 1 in 10,000 (1  10-4), 1 in 100,000 (1  10-5), and 1 in 
1,000,000 (1  10-6) exposed persons are estimated. 

 
REVIEW OF AEGL REPORTS 

 
As NAC began developing chemical-specific AEGL reports, EPA and 

DOD asked the NRC to review independently the NAC reports for their scien-
tific validity, completeness, and consistency with the NRC guideline reports 
(NRC 1993, 2001a). The NRC assigned this project to the COT Committee on 
Acute Exposure Guideline Levels. The committee has expertise in toxicology, 
epidemiology, occupational health, pharmacology, medicine, pharmacokinetics, 
industrial hygiene, and risk assessment. 

The AEGL draft reports are initially prepared by ad hoc AEGL develop-
ment teams consisting of a chemical manager, two chemical reviewers, and a 
staff scientist of the NAC contractor—Oak Ridge National Laboratory. The 
draft documents are then reviewed by NAC and elevated from “draft” to “pro-
posed” status. After the AEGL documents are approved by NAC, they are pub-
lished in the Federal Register for public comment. The reports are then revised 
by NAC in response to the public comments, elevated from “proposed” to “in-
terim” status, and sent to the NRC Committee on Acute Exposure Guideline 
Levels for final evaluation. 

The NRC committee’s review of the AEGL reports prepared by NAC and 
its contractors involves oral and written presentations to the committee by the 
authors of the reports. The NRC committee provides advice and recommenda-
tions for revisions to ensure scientific validity and consistency with the NRC 
guideline reports (NRC 1993, 2001a). The revised reports are presented at sub-
sequent meetings until the subcommittee is satisfied with the reviews. 

Because of the enormous amount of data presented in AEGL reports, the 
NRC committee cannot verify all of the data used by NAC. The NRC committee 
relies on NAC for the accuracy and completeness of the toxicity data cited in the 
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AEGL reports. Thus far, the committee has prepared seven reports in the series 
Acute Exposure Guideline Levels for Selected Airborne Chemicals (NRC 2001b, 
2002b, 2003, 2004, 2007b, 2008b, 2009, 2010). This report is the ninth volume in 
that series. AEGL documents for bromine, ethylene oxide, furan, hydrogen sul-
fide, propylene oxide, and xylenes are each published as an appendix in this re-
port. This volume also contains a chapter on the use of physiologically based 
pharmacokinetic models to support the derivation of AEGLs. The committee 
concludes that the AEGLs developed in these appendixes are scientifically valid 
conclusions based on the data reviewed by NAC and are consistent with the NRC 
guideline reports. AEGL reports for additional chemicals will be presented in sub-
sequent volumes. 
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PBPK Modeling White Paper: 
Addressing the Use of PBPK Models  

to Support Derivation of Acute  
Exposure Guideline Levels1 

 
PREFACE 

 
This White Paper describes the guidance that is proposed for use in the in-

tegration of physiologically based pharmacokinetic (PBPK) modeling in risk 
assessment in the EPA Acute Exposure Guideline Level (AEGL) program. After 
finalization, the guidance document will be added to the existing AEGL guid-
ance for risk assessment activities. Therefore, the PBPK White Paper does not 
describe the entire methodology; rather, it describes the additional steps when 
PBPK modeling is undertaken within the existing risk assessment paradigm. As 
in any methodology, every facet of the method cannot be explicitly stated in a 
manner that is universally applicable to all chemicals. Where some details are 
not specified, the risk assessment process will be handled in accordance with the 
U.S. Environmental Protection Agency (EPA) document Approaches for the 
Application of Physiologically Based Pharmacokinetic (PBPK) Modeling and 
Supporting Data in Risk Assessment (EPA 2006). 

                                                 
1This White Paper was prepared by James E. Dennison, of Century Environmental 

Hygiene; Claudia Troxel, of Oak Ridge National Laboratory; and Robert Benson, of the 
U.S. Environmental Protection Agency (EPA), with the assistance of numerous scientists 
and risk assessors. Guidance from Ernest Falke, Marquea D. King, and Iris Camacho, of 
the AEGL Development Team, EPA; review by Robert Young, of Oak Ridge National 
Laboratory; review and discussions with William Boyes, Hugh Barton, Jane Ellen Sim-
mons, Marina Evans, and Vernon Benignus, of the EPA National Health and Environ-
mental Effects Research Laboratory, and Hisham El-Masri, Paul Schlosser, Robert De-
woskin, and George Woodall, of the EPA National Center for Environmental 
Assessment; and comments from international National Advisory Committee participants 
Ursula Gundert-Remy and Peter Griem, of Germany, were vital in its preparation. 
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1. INTRODUCTION 
 

AEGL values are developed in accordance with the Standing Operating 
Procedures for Developing Acute Exposure Guidelines Levels (AEGLs) for 
Hazardous Substances (NRC 2001). At the request of the AEGL/National Advi-
sory Committee (NAC) and the AEGL Subcommittee of the Committee on 
Toxicology, National Academy of Sciences, this White Paper has been prepared 
to describe an approach for integrating the use of PBPK modeling into the de-
velopment of AEGL values.  

PBPK modeling serves as a useful adjunct to risk assessment of systemi-
cally acting chemicals by improving the basis of, or entirely allowing for, ex-
trapolation of pharmacokinetics between animals and humans, extrapolation 
between various exposure scenarios (e.g., what exposure concentration for 10 
minutes [min] results in the same internal dose produced from a 4-hour [h] ex-
posure), and other types of extrapolation. As internal dose of a chemical agent is 
more closely associated with toxicity than is external exposure level of chemi-
cals, extrapolating on the basis of internal dose is more reliable. In a sense, the 
use of PBPK models factors pharmacokinetic differences out of the extrapola-
tion because they are handled by dose calculations instead of on the basis of an 
assumed equivalency followed by application of an uncertainty factor (UF) that 
is usually preset because of lack of knowledge about the true difference. As a 
result of using calculated doses, the overall uncertainty is reduced, and therefore 
the overall UFs may be reduced, allowing for more realistic exposure guidelines, 
which is the purpose in the advancement of the risk assessment process. 

The risk assessment process includes identifying a point of departure 
(POD) from toxicity studies. The POD is usually the highest exposure concen-
tration that did not result in the effect under consideration and may be a no-
observed-adverse-effect level (NOAEL), a lowest-observed-adverse-effect level 
(LOAEL) if a NOAEL is not available, a level from a benchmark dose (BMD), 
or another value. The POD is then divided by UFs composed of estimated uncer-
tainty in interspecies extrapolation, intraspecies variability, and other factors 
including weakness in the toxicologic database of information on a chemical.  

Briefly, PBPK models are a description of the body and processes within 
the body (animal and human) that affect the disposition of a chemical. Disposi-
tion, or pharmacokinetics, includes the processes of absorption, distribution, 
metabolism, and excretion of chemicals. After development with necessary pa-
rameters and equations, the models calculate the concentration of the chemical 
(and metabolites, if necessary) in various parts of the body using exposure con-
centrations as the input.  

The main function PBPK modeling serves in risk assessments is to pro-
vide a computational biology basis for some extrapolations that need to be made 
in the course of the risk assessment. This process is done by using PBPK models 
to determine the target tissue dose in humans or the test species (EPA 2006). 
Historically, in the AEGL program, types of extrapolations have included ani-
mal to human, within the human population, and for different periods of expo-
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sure. Animal-to-human extrapolation occurs when human studies are not avail-
able or cannot be used to determine the POD; therefore, the animal POD is used 
to estimate human risk. If an animal study is used, an interspecies UF is applied 
to the POD to guard against the likelihood that humans are more sensitive than 
other animals at a given exposure. The human variability issue is an extrapola-
tion in the sense that the POD for a set of experimental subjects is a projection 
of the values that should protect most of the population. This extrapolation is 
offset by applying the intraspecies UF, which is intended to protect individuals 
who are more sensitive than those represented by the experimental data. The 
temporal extrapolation is performed when a POD is based on studies with dif-
ferent exposure durations than the AEGL value. Thus, the value for one period 
is extrapolated to another exposure period. This extrapolation is currently per-
formed using the ten Berge empirical formula, by holding the value constant for 
all exposure durations, or possibly other approaches.  

When PBPK modeling is used as an alternative method of extrapolation, 
associated UFs can be eliminated or reduced and other approaches can be sup-
planted. The animal-to-human extrapolation is made directly on the basis of 
internal dose, so the pharmacokinetic portion of the interspecies UF can be re-
duced. Temporal extrapolations, currently made by using empirical approaches, 
can be done with explicit calculations of the internal dose. Finally, PBPK mod-
eling can be used to examine some types of intraspecies uncertainty. 

Many toxicity studies are performed with the human volunteer or animal 
effectively in a resting condition. However, humans may be stressed, working, 
or otherwise in an altered physiologic state during an emergency event or other 
scenarios where the AEGLs may be applied. Altered physiologic states signifi-
cantly affect the pharmacokinetics of some chemicals. The consequent altera-
tions in pharmacokinetics are not commonly addressed in a traditional risk as-
sessment.  

PBPK modeling can be used to reduce both inter- and intraspecies uncer-
tainties in human health risk assessments for chemicals. Risk assessments tradi-
tionally have been performed by using the external exposure concentration, as 
opposed to an internal exposure concentration, as the basis for the dose-response 
assessment that results in the POD selection. In recent years, there has been a 
movement to use internal measures of exposure calculated with a PBPK model 
instead of external measures. Risk assessments that rely on this general concept 
have been performed for many chemicals, often in the cancer, chronic noncan-
cer, and developmental risk assessment areas. The rationale for using PBPK 
modeling in these other types of risk assessments applies as well in the assess-
ment of acute exposure risks. 

The difference between a PBPK-based and a traditional dose-response as-
sessment is that the PBPK method relies on an internal measure of exposure 
rather than an external one. An internal measure of exposure can be thought of 
as the exposure of the target tissue to the chemical, or “dose.” If the dose of 
chemical that reaches a target tissue can be determined with reasonable accu-
racy, then the pharmacokinetic issues described above can be dealt with by us-
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ing known biology rather than UFs and empirical techniques. PBPK approaches 
are further empowered through the use of different methods for integrating the 
measure of dose. Depending on the chemical, the best predictor of toxicity may 
be the average tissue concentration of chemical, the peak concentration, the area 
under the curve (AUC) (concentration  time), or some other expression of con-
centration. The specific integrated measure of dose is referred to as the dose 
metric (DM) and is selected based on the mode of toxicologic action of the 
chemical. PBPK models are used to determine the DM at the POD. This concen-
tration would become, in effect, a pharmacokinetic POD. If the critical study 
involves humans, this target DM is used to determine the equivalent concentra-
tion for different exposure durations or physiologic conditions. If the critical 
study involves animals, the pharmacokinetic POD would be determined in an 
animal version of the model and a human version of the model would then be 
used to determine the exposure concentration that results in the same DM value 
in human tissue. Thus, extrapolating from an animal to a human is performed 
with uncertainty limited to model error that is assessed during evaluation of the 
model.  

PBPK modeling can be utilized in quantifying the effect of workload (ex-
ercise) on toxicity. Values for physiologic properties of the human in the model 
can be adjusted to account for exercise. Exposure concentrations that yield the 
same target tissue DM value could be determined under the exercise condition. 
Likewise, extrapolating to other exposure periods can be performed by deter-
mining the exposure concentration under a different exposure duration that 
yields the same target tissue DM value. Thus, the PBPK model minimizes some 
sources of uncertainty by basing the risk assessment on an appropriate internal 
DM, so that species, temporal, and physiologic differences are explicitly taken 
into account. 

PBPK modeling is advocated and frequently used in modern risk assess-
ments, but there are times when it is not appropriate. There are no set criteria, 
but in general PBPK models can be used for AEGL risk assessment when: 
 

 Existing PBPK models are available for a given chemical. 
 Existing models can be used in their current form or can be readily 

adapted for use. 
 Existing models can be adapted for the relevant species. 
 The ability of the model to simulate DMs (evaluation) within the con-

text of their use in AEGLs is reasonable. 
 The PBPK models can calculate a DM that is appropriate, given the 

critical effect that is used in the risk assessment. 
 

Different chemicals, exposure periods, and PODs may necessitate the use 
of different types of models. The criteria for deciding whether a model is ac-
ceptable for use in deriving AEGL values are provided in Section 4. When these 
criteria are not substantially met, PBPK models are not appropriate for use. 
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When they are not appropriate and available for use in deriving AEGL values, 
the AEGL values should be derived with existing methodologies. 

A mode of toxicologic action consists of both pharmacokinetic and phar-
macodynamic processes. Pharmacokinetics is what the body does with the 
chemical, and pharmacodynamics is what the chemical does to the body. For 
example, if a chemical enters a tissue, binds to a receptor protein, and interferes 
with signal transduction, the entry into the tissue is a pharmacokinetic process 
and the effects are pharmacodynamic. As the two processes are often conceptu-
ally separate, different models can sometimes be developed for each aspect, and 
the models can be linked to produce a biologically based dose-response model. 
While PBPK models describe the relationship between exposure and tissue dose, 
physiologically based pharmacodynamic (PBPD) models describe the relation-
ship between tissue dose and response. The linked PBPK and PBPD models are 
often referred to as PBPK/PD models. In some cases, it may not be possible to 
develop separate PBPK and PBPD models. Some examples of PBPK/PD models 
include those developed for acetylcholinesterase inhibition for chlorpyrifos 
(Timchalk et al. 2002) and other organophosphate pesticides, glutathione deple-
tion (Frederick et al. 1992), and cytotoxic responses due to intracellular acidifi-
cation (Andersen et al. 2000). If such models exist for an AEGL chemical and 
can be incorporated into derivation of AEGLs, these models would serve to fur-
ther reduce uncertainty and may reduce the pharmacodynamic portion of the UF. 

The methodology for using PBPK modeling in risk assessments has been 
described (Clewell et al. 2002). The methodology provided in this White Paper 
is consistent with the guidance provided by the current EPA document on the 
use of PBPK modeling in risk assessment (EPA 2006). This document describes 
the process and explores specific issues that arise in the context of AEGL devel-
opment. Although not often used in the risk assessment context, under specific 
circumstances classical (i.e., non-physiologically based) pharmacokinetic mod-
eling may be useful for performing the temporal extrapolations when a PBPK 
model is not available. 

 
2. DESCRIPTION OF PBPK MODELING 

 
In this section, PBPK models are described in a general manner. Addi-

tional detail may be found in various literature reviews of PBPK models 
(Krishnan and Andersen 1994; Leung and Paustenbach 1995; Bailer and 
Dankovic 1997; Reddy et al. 2005).  

The pharmaceutical and medical sciences have studied and used pharma-
cokinetics for many years to determine appropriate doses of intentionally admin-
istered chemicals and drugs (pharmaceuticals) and, to a more limited extent, 
evaluate the effect of unintentional exposures (accidental overdoses, poisonings, 
narcotics usage). In these sciences, measures of dose such as the peak concentra-
tion (Cmax), time of peak concentration (Tmax), and AUC of concentration 
versus time have been of interest in determining the therapeutic dose. These 
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efforts were made after it was recognized that internal dose was a better predic-
tor of therapy or toxicity than external exposures. Mathematically, measures of 
dose were usually determined by using curve-fitting regression methods that fit 
a simple empirical model to the concentration-versus-time data. The data were 
usually fit with formulas that replicated either a one- or a two-compartment sys-
tem that represents either whole body or tissue and body water constructs.  

This approach served the intended pharmaceutical needs because they 
were usually based on relatively rich data sets, including human data from clini-
cal trials. Thus, extrapolations to other exposure scenarios were not a major fac-
tor in their use, as a range of doses could be studied in experimental trials. If 
extrapolation were needed, it could be performed in an empirical manner. PBPK 
models first received attention in the medical literature. As far back as the 
1920s, they were described for ether, an anesthetic gas. Unfortunately, the com-
putation burden in these models is such that the model could be solved only at 
steady state. In the 1950s and 1960s, PBPK models were described for addi-
tional drugs, including the chemotherapeutic methotrexate. Later work by Fise-
rova-Bergerova and others in the 1970s returned to a series of other anesthetic 
gases. Starting in the 1980s, PBPK models largely turned to considering envi-
ronmental risk assessment, starting with work on methylene chloride and other 
chemicals.  

The classical pharmacokinetic modeling approaches used in pharmaceu-
tics did not serve the needs of environmental risk assessments nearly as well, 
where the data are relatively less abundant. In environmental risk assessment, 
intentional dosing studies that cover a range of exposures are often not available. 
High-dose studies could be associated with morbidity and are therefore not per-
missible. Experiments designed to evaluate effects of low-dose toxicity would 
require doses much lower than typical therapeutic doses and generally do not 
have large enough study populations to detect effects. Thus, risk assessments are 
enhanced when supported by estimates of internal tissue dose (EPA 2006). Ex-
trapolating to low or high doses could be performed using proportional methods 
or classical pharmacokinetic methodologies. Proportional methods rely on the 
assumption that dose is proportional to exposure. This assumption is not the case 
for many exposures because of nonlinear physiologic processes such as satur-
able metabolism. This issue is also a limitation of classical pharmacokinetics; 
that is, Cmax at a dose of 3x is often not three times the Cmax at a dose of x. 
Tissue responses are more closely related to the internal target tissue dose versus 
the external chemical compound. 

The PBPK model mitigates this dilemma and reduces the uncertainty in 
the dose-response assessment. The use of mathematical representation of the 
body based on first principles, meaning that the underlying construct of the body 
is true to life rather than entirely empirical, allows for full utilization of available 
data. Each compartment in the model represents an actual portion of the body, 
and the more important physiologic and biochemical processes are explicitly 
included in the mathematics of the model. However, there is simplification, such 
as considering major metabolic processes while ignoring minor ones. This sim-
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plification is justified by the assumption, which can be tested, that the minor 
processes not included do not have a significant effect on model outcome. When 
all significant biologic processes are included in a model with equations that 
reflect the biology of the actual process, the outcome of the model will be a true 
representation of pharmacokinetics even when the doses are changed, so such 
models are a sounder basis for extrapolation. An example of the impact of using 
a PBPK model rather than empirical methods is provided in Figure 7-1. In this 
figure, the blood concentration is not directly proportional to exposure level. For 
example, at 8 h, the concentration of toluene in blood is about 1 milligram per 
liter (mg/L) after exposure to 100 parts per million (ppm); after a 1,000-ppm 
exposure, it exceeds 20 mg/L. 

The internal concentration of a chemical or a chemical’s metabolite has 
been referred to as tissue dose, which is considered a more salient measure of 
dose (DM) for a POD than the external exposure. The ultimate tissue dose ver-
sus time profile is a composite event that results from all pharmacokinetic proc-
esses that occur, broadly divided into the processes of absorption, distribution, 
metabolism, and elimination. When a chemical such as an anesthetic gas is in-
haled, it is taken up through the upper respiratory passages into the deep lung. 
More water-soluble chemicals may be absorbed into the upper respiratory tract 
and may even cause toxicity in those tissues. Chemicals that persist into the deep 
lung are presented to the lung cells, perhaps after absorption into mucous layers. 
In accordance with chemical equilibrium partitioning and diffusion characteris-
tics, the chemical is absorbed into lung tissue cells several layers thick and even-
tually diffuses out of the tissue and into the blood, which perfuses that tissue. In 
the blood (and the lymph), the chemical may remain as a free compound or may 
bind with macromolecules and be transported to other parts of the body. 
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FIGURE 7-1 Plot of venous blood concentration (CV) of toluene (mg/L) versus time for 
four exposure levels (100, 400, 700, and 1,000 ppm) for up to 8 h. Based on PBPK model 
for toluene used for setting AEGL values for toluene. 
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When reaching other tissues of the body, chemicals again diffuse into cells 
in accordance with rates of diffusion and equilibrium partitioning. For chemicals 
that diffuse relatively rapidly, it is usually assumed that diffusion rates are un-
important and that the concentration of the chemical in the blood leaving the 
tissue will be in equilibrium with the concentration in the tissue. When this as-
sumption has been tested for small molecular weight hydrophobic chemicals, it 
has been found to be reasonable. In other cases, the rate of diffusion must be 
explicitly incorporated in the model. 

Metabolism may occur in various tissues. For some chemicals, the liver is 
the major metabolic organ, but a significant degree of metabolism may occur in 
other tissues as well. These processes are incorporated in a PBPK model by in-
serting the Michaelis-Menten equation into the rate expression for concentration 
of chemical in the tissue. At low concentrations, the rate expression compresses 
to the linear rate of metabolism with tissue concentration as the variable parame-
ter; at high concentrations, a zero order rate of metabolism occurs. For example, 
many small molecular weight organic molecules that are substrates for low-
affinity constant enzyme cytochrome P-450 (CYP) 2E1 can begin to saturate the 
enzyme at exposure levels that are relevant to the AEGL risk assessment proc-
ess. As many parallel or sequential metabolic steps as needed can be included. If 
the toxic agent is the parent chemical, the models are usually not set up to trace 
the pharmacokinetics of metabolites. However, some models are constructed to 
evaluate the pharmacokinetics of metabolites by including a submodel with the 
necessary equations and parameter values for partitioning, absorption, metabo-
lism, and other biologic processes for the metabolite. A chemical may be elimi-
nated via exhalation, excretion through the kidney (urine) or liver (bile), or, in  a 
sense, metabolized. Rate expressions for any significant elimination process 
would be included, such as in models that have successfully simulated the ap-
pearance of a metabolite in urine or feces (Gearhart et al. 1993). 

While the body undergoes many thousands of simultaneous processes on a 
macro or molecular basis, when chemical concentrations are measured in tis-
sues, their pharmacokinetics are often dominated by a selected few macroscale 
processes. Absorption of airborne chemicals is dominated by breathing rates and 
equilibrium between the lung air and lung tissue blood. Distribution is domi-
nated by rates of blood flow to various tissues and equilibrium in those loca-
tions. Metabolism of inhaled chemicals occurs in metabolically active tissues 
such as the liver and can involve multiple CYP enzymes and others as well. In 
some cases, the data indicate that one enzyme in one principal tissue, often the 
liver, predominates and that an adequate model can be developed in which the 
contribution of other isoforms or enzymes in the principal tissue or the same or 
other enzymes in other tissues can reasonably be lumped with the activity of the 
major enzyme in the predominant tissue. In other cases, multiple enzymes and 
multiple metabolic tissues are sufficiently important that they should be incorpo-
rated in the PBPK model. The determination of how complex the model should 
be must be guided by the available data for each chemical during model devel-
opment. For many chemicals, PBPK models can be constructed with only a few 
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rate expressions. Likewise, the anatomy of the body can be represented simply 
as well. 

The use of PBPK modeling has been compared with results of using the 
ten Berge empirical equation for inhalation exposure to toluene. The specific 
results of this analysis are presented in Appendix A. The PBPK model was de-
veloped and then used to calculate the AEGL values at each exposure duration, 
based on achieving the same target tissue dose at all durations (toluene in brain 
or equivalently in blood). The target tissue dose was derived from the key study 
for that AEGL. In the toluene example, the PBPK model was able to determine 
the AEGL value for each duration that would yield the same expected tissue 
dose, while the ten Berge equation yielded tissue doses that varied from the tar-
get dose by a factor of 2-3.  

The structure of a PBPK model has anatomic and kinetic elements. Ana-
tomically, the body is represented as a system of compartments connected via 
blood flow. Typically, compartments are established for target tissue, a lung, 
blood, fat tissue, and the liver. Other tissues are usually grouped into rapidly 
perfused and slowly perfused tissues, and some tissues are combined when the 
processes that occur in them are relatively similar. For example, the gastrointes-
tinal tract and kidney can be classified as rapidly perfused tissues, while muscle 
and bone can be considered slowly perfused tissues. Alternatively, any of the 
lumped-compartment tissues can be separated into its own compartment. Meas-
ured anatomic values for the size (volume or weight) of the tissue compartment 
are physiologic parameters. The sum of the tissue compartments is usually 80% 
to 90% of total body mass, as 10% to 20% of the body is not perfused with 
blood. A simple four-compartment model is shown in Figure 7-2. 
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FIGURE 7-2 Four-compartment model. 
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Kinetic elements of the model structure include ventilation, blood flow, 
and biochemical expressions for metabolism, excretion, and other processes. 
Unless lymph, bile, or other fluids are included in the model, the only flow rates 
that need to be included are alveolar ventilation and blood flows. Alveolar venti-
lation is the fraction of pulmonary ventilation that reaches the gas-exchanging 
tissue in the deep lung. Total ventilation may be relevant for some types of 
models. Blood flows include cardiac output, arterial and venous blood flow, and 
blood flow to tissue compartments. Each of these values is taken from standard 
physiology literature (Brown et al. 1997) as model inputs.  

Biochemical expressions depend on the chemical in question. If the meta-
bolic rate is significant, equations are included representing metabolism as 
saturable (Michaelis-Menten), first order, or second order, as indicated by ex-
perimental data. Excretion of parent chemical or metabolites through the lung is 
handled by lung equilibration. The model does not need to compute the time 
course of metabolites if the DM relates to the parent compound, but if metabo-
lites need to be included, excretion to feces or urine may be relevant and in some 
cases for the parent compound. These processes can be represented as first-order 
rates or by other appropriate kinetic mechanisms. 

This description of a simple four-compartment model is often used for 
lipophilic chemicals. Many other model structures have been developed to de-
scribe various types of chemicals. For example, some models have more de-
tailed descriptions of the lung or skin compartment (McDougal et al. 1986; Fre-
derick et al. 1992) and some models have descriptions of biochemical processes 
such as protein binding, diffusion-limited kinetics, or enterohepatic recircula-
tion. In practice, the concept of modeling parsimony should be exercised. This 
concept states that the model should be kept as simple as possible yet still pro-
vide the information needed for the analysis. In the AEGL program, PBPK 
models considered may often be more complex than the four-compartment 
model and should be used with due regard for the parsimony principle.  

The PBPK model consists of a series of equations that include differential 
equations for the rate expressions and algebraic equations that compute other 
quantities. The equations were originally developed using the mass balance con-
cept, which means that the amount of chemical entering a compartment equals 
the amount leaving or cleared from the same compartment plus the amount re-
tained in the compartment. These values are expressed as a function of time. 
During acute exposure, the tissue concentrations are often not at steady state and 
therefore are significantly affected by the duration of exposure. 

The typical mass balance equation for a compartment is 
 

Rate of change of amount in tissue = Qi  (CA – CVi) – clearance, 
 
where 
Qi = blood flow to tissue i,  
CA = arterial blood concentration,  
CVi = chemical concentration in the venous blood leaving tissue i, and 



Copyright © National Academy of Sciences. All rights reserved.

Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9 
http://www.nap.edu/catalog/12978.html

391 
 
PBPK Modeling White Paper 

clearance is an additional rate expression describing clearance processes, such as 
metabolism in the tissue. 
 

The equation determines the rate of change in amount of the chemical in 
the ith compartment. The mass of chemical in the compartment is determined by 
integrating the equation. This normally has to be done by using a numerical 
method for integration. In other words, the mass balance equation can be re-
stated: 

Rate of change in the chemical amount in the tissue (mg/h) = tissue blood 
flow rate (L/h)  (concentration in arterial blood [mg/L] – concentration in ve-
nous blood leaving the tissue [mg/L]) – rate of change in chemical amount due 
to metabolism in the tissue (mg/h). 
 
Additional quantities are then calculated: 
 
CT = AT/VT concentration in each tissue compartment and 
CVi = CT/PT concentration in venous blood leaving tissue, 
 
where  
CT = chemical concentration in each tissue,  
AT = amount in each tissue,  
VT = volume of each tissue, and 
PT = partition coefficient between the tissue and blood. 
 

Metabolism is computed by another rate equation. For Michaelis-
Menten kinetics in the liver,  
 

Rate of metabolism = Vmax  CVL/(Km + CVL), 
 
where  
Vmax = maximum rate of metabolism,  
CVL = concentration in venous blood leaving the liver, and  
Km = affinity constant for the chemical. 
 

Other rate equations describe the uptake of chemical into lung blood by 
equilibration. Full versions of model codes have been provided for typical mod-
els in the literature (Clewell et al. 2000). Models developed for AEGLs should 
be scientifically supported and documented when possible. 

 
3. RECOMMENDATIONS FOR USE OF PBPK  

MODELS IN RISK ASSESSMENT 
 

The EPA and other risk assessment organizations and practitioners have 
advocated the use of PBPK models to support risk assessment. These recom-
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mendations go back to at least 1987, when the National Research Council 
(NRC) stated that “relevant PBPK data can be used to reduce uncertainty in ex-
trapolation and risk assessment” (NRC 1987). In another recommendation spe-
cifically addressing community emergency exposure levels, the predecessor to 
AEGLs, the NRC stated “If PBPK models for calculating delivered dose and 
cross-species extrapolation have been developed, the pharmacokinetic informa-
tion should be incorporated into the quantitative risk assessments” (NRC 1993). 

The EPA has strongly endorsed the use of PBPK modeling in risk assess-
ment. In 2002, the EPA stated “The optimal approach for extrapolating from one 
dose-duration response situation to another is the use of a physiologically based 
pharmacokinetic model (PBPK) model” (EPA 2002a). The EPA has made simi-
lar recommendations in its “Draft Final Guidelines for Carcinogen Risk As-
sessment” and in the context of cumulative risk assessment (EPA 2001, 2003) 
and reference concentration development methodology for Category 3 gases 
(EPA 1994). Moreover, the EPA has recently developed a report on the use of 
PBPK modeling in risk assessment (EPA 2006). The proposed methodology for 
use of PBPK in AEGL risk assessments has been informed by and is consistent 
with this EPA methodology. 

The EPA has recently used PBPK modeling in risk assessments for per-
chlorate (EPA 2002b), vinyl chloride (EPA 2000), and other compounds. The 
most recent permissible exposure limit promulgated by the Occupational Safety 
and Health Administration (OSHA) for methylene chloride was derived with a 
PBPK model (OSHA 1997). Risk assessments based on PBPK modeling have 
also been developed by groups on a variety of chemicals, including trichloro-
ethylene (Fisher and Allen 1993), vinyl acetate (Bogdanffy et al. 1999), 
formaldehyde (Schlosser et al. 2003), ethyl acrylate (Sweeney et al. 2004), and 
methylene chloride (Andersen et al. 1987a). Several authors as well as the Na-
tional Academy of Sciences have advocated using PBPK modeling in AEGL 
development (Bruckner et al. 2004; Krewski et al. 2004). An initial example for 
trichloroethylene has been described (Boyes et al. 2000, 2002, 2003, 2005; 
Simmons et al. 2002, 2005). Thus, guidance from both the EPA and input from 
the scientific community have clearly established that PBPK models should be 
considered for use in supporting risk assessment when such models are available 
and capable of predicting tissue dose of the chemical under conditions similar to 
environmental exposure or experimental studies. 

The specific types of risk assessment applications for which PBPK model-
ing can be useful in the AEGL context have been previously demonstrated in 
other risk assessment applications, often for cancer and chronic noncancer risks. 
Many papers have illustrated the value of PBPK modeling for interspecies scal-
ing (Ramsey and Andersen 1984; Clewell et al. 2001; Timchalk et al. 2002).  

PBPK models have been previously used to time-scale dose from exposure 
regimens in chronic bioassays (e.g., 6 h/day, 5 days/week) to 24 h/day, 7 
days/week (Clewell et al. 1997). PBPK models have also been used to time-
scale worker exposure levels for long and short exposures (Andersen et al. 
1987b). Their use in AEGL derivation is an extension of these previous uses.  
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For each AEGL level, the critical study that determines the POD usually 
provides an estimate of the POD only at one time point—for example, a median 
lethal concentration (LC50) study for 4 h. Thus, one task in the AEGL develop-
ment process is to extrapolate from one exposure duration to others. It may be 
necessary to extrapolate from longer to shorter durations or vice versa. It has 
been done in the past by using various approaches, including the ten Berge equa-
tion (k = Cn × t) where k = a constant, C = exposure concentration, n = an em-
pirical constant, and t = time (ten Berge et al. 1986). The exponent n can be de-
rived from available data; often, the default assumptions are used that n = 1 
when extrapolating from shorter to longer periods and n = 3 when extrapolating 
from longer to shorter periods. However, as with any empirical approach, these 
assumptions do not always reflect the underlying pharmacokinetics in the animal 
and can lead to errors when extrapolating to humans. 

PBPK models have also been used for workload physiology extrapolation 
( Johanson 1986; Dankovic and Bailer 1994; Kumagai et al. 1998; Jonsson et al. 
2001). Workload physiology extrapolation is important because the tissue DMs 
for some chemicals can be significantly affected by increased ventilation, and 
altered blood flow can affect the distribution of the chemical. Studies have dem-
onstrated that the tissue dose of several organic solvents were found to be in-
creased with increasing workload (Carlsson 1982; Pezzagno et al. 1988), par-
ticularly with chemicals that have a relatively high blood-air partition coefficient 
(PB). Csanady and Filser noted that workload was a significant factor in the 
pharmacokinetics of chemicals with a PB greater than 6 (Csanady and Filser 
2001). Numerous chemicals on the target list of AEGLs have higher PB values. 
However, in a non-steady-state environment, this issue can be addressed only 
with a pharmacokinetic model.  

PBPK modeling can be used to develop AEGL-1, AEGL-2, and AEGL-3 
values. Depending on the availability of appropriate models and DMs, the PBPK 
models can be used for some or all of the AEGL level values, with other meth-
ods used for the values not derived by PBPK modeling. 

 
4. CRITERIA FOR USE OF PBPK MODELING  

IN AEGL DEVELOPMENT 
 

Several issues must be addressed when PBPK models are being consid-
ered for use in AEGL development. Using PBPK modeling in AEGL develop-
ment has three stages: initial determination of feasibility, in-depth determination 
of adequacy, and implementation. The initial determination of feasibility is a 
screening process in which the use of PBPK modeling for a particular chemical 
can be evaluated based on a priori criteria that are simple to evaluate. The in-
depth determination of adequacy is a second required stage, because a number 
of problems that are not immediately obvious can appear during model devel-
opment or evaluation. For example, a published model may be developed with 
one data set, but evaluation with additional data could indicate that the model 
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should not be used for AEGL value development because its overall perform-
ance is judged to be inadequate. Implementation involves using the models to 
determine AEGL values. These assessments should be conducted in a manner 
consistent with EPA guidance (EPA 2006). 

 
4.1. Initial Determination of PBPK Modeling Feasibility 

 
When a chemical is being considered for the development of AEGLs or 

revisions to existing AEGLs are being made, the applicability of PBPK model-
ing should be considered. The AEGL development team should include some-
one with PBPK modeling experience to help in this evaluation. The determina-
tion should weigh the following factors: 
 

 Is there a basis to expect that PBPK modeling may yield more reliable 
and realistic AEGL values than other approaches?  

 Is there an existing PBPK model for the chemical? If the model is not 
in a strain or species of interest, it may still be viable, as modification of species 
may not be overly time-consuming if data are available. At times, development 
of a new PBPK model may be warranted. For example, if AEGLs are being de-
veloped for a chemical similar to another with an existing model, and data are 
available for adjusting the parameters, the model development process may be 
worthwhile. 

 Can the model provide data on appropriate DMs? A tentative DM 
should be determined early in the process, based on the mode of toxicologic 
action of the chemical. 

 
4.2. In-Depth Determination of Adequacy 

 
This stage is a continuation of the screening analysis but denotes a more 

in-depth analysis of the models and data available and consequently is more 
time-consuming. PBPK model adequacy for use in AEGL value determination 
rests on a number of factors that relate to the ability of the model to calculate the 
DM.  

During development and evaluation of the model, some factors that should 
be considered in determining whether the model is sufficient include the follow-
ing: 
 

 Is an existing model established for humans? If not, can an animal 
model be reliably modified to apply to humans? 

 If animal models are required, are existing models available for the 
species of interest? If not, can existing models be adapted for the species? 

 If no existing models are available, can one be developed with a rea-
sonable amount of effort? 
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 How well do these data project to the conditions relevant to AEGLs? 
Do they include exposures at reasonably high concentrations and short dura-
tions? Do they include pharmacokinetic data for workload conditions (for hu-
man models where applicable)? 

 Are the existing models sufficiently well described in publication to be 
usable? 

 Are parameters available for all needed inputs? 
 Do the models calculate appropriate DMs or can they be modified to do 

so? 
 Are sufficient data available to evaluate the models? How well evalu-

ated are the models?  

 
4.3. Model Selection 

 
In some cases, more than one existing model is available for use. The pos-

sibility exists that modification of an existing model may improve it for use in 
AEGL development. Therefore, a model has to be selected during the develop-
ment process. The following procedures should be used in this regard. 

Published literature should be thoroughly reviewed to identify existing 
models. All available models should be reviewed for potential use in AEGL 
development. During the review, the following questions should be considered: 
 

 Was the model fully documented in terms of equations and parameter 
values? 

 How was the model evaluated? What kinds of data were used? 
 Was the model published in the peer-reviewed literature? 
 Is the model appropriate for AEGL development? Will it support com-

putation of the DM relevant for AEGL end points?  
 

In general, the use of existing models is preferable to revising models or 
developing new ones. The existing models should be reviewed by comparing 
model performance. This review is done by running each model against a group 
of data sets that are chosen a priori for the purpose of model evaluation. Data 
sets that are representative and relevant for the AEGL development process and 
that include data from laboratories other than those connected with the model’s 
developers should be used and justified. Other considerations for data set selec-
tion include the following:  
 

 Do the data involve exposures in the range of interest (likely range of 
AEGL values)?  

 Do the data provide multiple concentrations in one set of studies? 
 Are data from time-course studies rather than a single time point? 
 Are there data for more than one tissue? 
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 Are the data collected from the species of interest? 
 Are there PBPK model parameters for the experimental species? 
 Were body weights reported? 
 Are exposure conditions clearly defined? 
 Is the route of exposure appropriate? 
 Do the data relate to the DM? 
 Are there data from more than one laboratory? 
 Are there data for exercising humans? 

 
Selection of the most appropriate model depends on many of these factors 

as well as professional judgment. Evaluation of model performance depends 
heavily on the ability of the model to describe pharmacokinetic data, especially 
those data in the region of interest. This evaluation can be performed by visual 
observation of the plots of model predictions or by statistical analysis. Use of 
visual observation is consistent with EPA guidance at this time (EPA 2006), 
although implementation of statistical procedures to evaluate a particular model 
or to select from multiple models is also consistent with current guidance. If the 
results of the model performance indicate that model improvement is worth-
while, models can then be revised and compared with the existing models. The 
best overall model should then be selected for use based on considerations de-
scribed by the EPA (EPA 2006). 

 
4.4. Considerations for Model Modifications 

 
When modifications are being considered, sensitivity analysis should be 

used to guide the process. For new, modified, or existing models, sensitivity 
analysis should be performed and reported to help reviewers understand the rela-
tive importance of parameters. 

Optimization, the statistical process of modifying a parameter’s value until 
the best fit to a calibration data set is achieved, should be performed numerically 
after a best visual fit is obtained. Optimized parameter values should be within 
the range of existing measurements or estimates and should be reasonable when 
compared with values for similar compounds.  

Human parameter values for partition coefficients and metabolism are pre-
ferred to animal values when using the human versions of the models. Although 
these parameters are often similar, the differences that occur can have a signifi-
cant impact on DMs. Parameters that were determined experimentally rather 
than through optimization are preferred. However, optimization is acceptable, 
particularly in the range of experimental results. All resulting parameter values 
should be reasonable and should be compared with parameter values reported in 
the literature. 

Generally, models published in the peer-reviewed literature would be used 
in an unmodified manner for AEGLs. In some instances, modified models offer 
significant improvement to warrant the investment required to modify them. For 
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example, available models might have been developed for exposure levels far 
lower than the range from which AEGL values will be set. When a significant 
improvement can be made, these modified models may be used for setting 
AEGLs, but peer review of the modified model is required before such use. 

 
4.5. Model Evaluation and Verification 

 
Model evaluation is one the most critical aspects in selection and use of a 

PBPK model. Evaluation of PBPK models has been discussed elsewhere (Clark 
et al. 2004) and pertinent points are discussed below. The evaluation should be 
performed using as much data as practicable. In particular, data in the strain and 
species for which the model is developed, for the exposure route of interest, in 
the concentration range of interest, and for the DM of interest should be used. 
Data from as many different laboratories as possible will strengthen the model. 
Data for pharmacokinetics during workload conditions should also be used if 
workload is an appropriate consideration. Data for more than one tissue, even 
for tissues that are not target tissues, will strengthen the model. 

Models should be evaluated with the following considerations: 
 

 Are the deviations between simulations and experimental data large or 
small? 

 Do the deviations have a systematic component; for example, does the 
model consistently over- or underpredict portions of the data such as early time 
points or high exposures? 

 How does the magnitude of the deviations compare among the model 
undergoing evaluation and other models that have been used for risk assess-
ment? 

 How well does the model perform in the exposure and duration range 
of interest? 

 How rich were the animal and particularly the human data? 
 

Results of model evaluation should be reported, generally in graphic format.  

 
4.6. Model Quality Assurance and Documentation 

 
As with other parts of the AEGL risk assessment, the PBPK model should 

be formulated into a report for inserting into a technical support document 
(TSD). Before issuance, it should go through a quality assurance review. This 
review would have two parts: editorial review and technical review that would 
include reproduction of some model output and calculations to check for accu-
racy. 
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To facilitate the review process, the model and all related calculations 
should be fully documented in the model report. This report should include true 
copies of all model codes, parameter lists, data sets, and outputs. They should 
also be made available electronically. Standardized software should be used so 
that model runs can be repeated with minimal effort. If any scripts are used, they 
should be designed to take the user through the steps required to reproduce all 
evaluations and calculation processes. For example, a statement could be pro-
vided such as “Fig. X is produced by running Script A, then B with a concentra-
tion of C.” Additional guidance on evaluation and documentation of PBPK 
models is available (Clark et al. 2004). 

 
5. APPLICATION OF PBPK MODELING TO THE  

AEGL DEVELOPMENT PROCESS 
 

Figure 7-3 describes the process by which PBPK modeling can be used in 
AEGL development as a series of sequential steps. 
 

 
FIGURE 7-3 Use of PBPK models in AEGL development. 

1. Determine Point of Departure (POD) and  
Dose Metric (DM)

3. Use PBPK Model to 
Calculate DM at POD 
(target internal dose)

5. Scale Model to 
Humans (if necessary) 

6. Use Model to Determine 
Equivalent Exposure Level 
That Yields the DM  

7. Next Time 
Point

4. Apply UFs to  
the DM 

2. Evaluate Available 
PBPK Models and Select 
Most Appropriate for Use 
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Step 1. Determine POD and DM. The key study and effect are determined 
through a review of all available literature. If the mode of toxicologic action is 
understood so that a DM can be determined through a PBPK (or PBPD) model, 
then modeling will be undertaken. For example, the AEGL-2 POD for toluene 
was based on a study in which the NOAEL for toluene exposure was 700 ppm 
for 20 min.  

Step 2. Evaluate available PBPK models and select most appropriate for 
use. Available PBPK models will be evaluated. The most appropriate model will 
be selected for use, as described in Section 4. This step is often the most time-
consuming step of the process, but it is critical. Returning to the example of the 
toluene AEGL PBPK model, existing models poorly described high-exposure-
level data, so a modified model was selected for AEGL development. 

Step 3. Use PBPK model to calculate DM @ POD (target internal dose). 
Use the selected model to calculate the DM at the POD. In the case of toluene, 
the AEGL-2 critical study involved an experimental design that made it difficult 
to determine the POD for two reasons. First, it required extrapolation from the 
very short exposure to longer exposure periods. Second, the 700-ppm exposure 
was preceded by exposures at 100, 300, and 500 ppm and a break, confounding 
the assessment of the POD. PBPK modeling was used to determine the internal 
DM for the exposure at the NOAEL. This yielded a DM of toluene in venous 
blood of 6.5 mg/L.  

Step 4. Apply uncertainty factors to the DM. UFs for toluene consisted of 
a total of 3 for intraspecies. This DM would be applied to the internal DM but in 
some instances might be applied to final values instead (see discussion in Sec-
tion 5.1). Thus, the final target dose of toluene in venous blood was 6.5/3, or 
2.16 mg/L. 

Step 5. Scale model to humans (if necessary). The model is scaled to hu-
mans if the original was an animal model. For example, in the toluene AEGL, 
no scaling was required because the human model was used to determine the 
internal DM level in the critical study, which involved human subjects. On the 
other hand, the AEGL-3 for toluene was based on animal data. In either case, the 
model selected for use had been evaluated against human data and accepted for 
use. 

Step 6. Use model to determine equivalent exposure level that yields the 
DM. The model is then used to determine the human equivalent concentration 
for one exposure duration, such as 10 min. This method is referred to as “boot-
strapping” because the model is iteratively run until the concentration input that 
leads to the targeted internal dose is found. For example, with toluene, the model 
was bootstrapped until the concentration was found that yielded a venous blood 
concentration of 2.16 mg/L after 10 min of exposure. 

Step 7. Next time point. The bootstrapping method is repeated for each 
exposure period. The process is repeated for each AEGL level where modeling 
will be used. 
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5.1. Application of UFs 
 

In the AEGL process that does not generally incorporate modeling, two 
UFs are frequently applied to the POD: the interspecies UF when the POD is 
obtained from an animal study and the intraspecies UF that adjusts for human 
variability. The intraspecies UF may be reduced in some cases by PBPK model-
ing, although the methods for doing so are not as readily accepted by the scien-
tific community. For instance, if data were available to allow modeling of the 
most sensitive human subpopulation, a reduction in the intraspecies UF may be 
justified. Other UFs can be considered but are used less often in the AEGL de-
velopment process, including LOAEL to NOAEL and database UFs. PBPK 
modeling can be a useful tool in replacing some of these UFs, but its most fre-
quent applications are in the interspecies context and in temporal extrapolation.  

The interspecies UF default of 10 can be subdivided into a pharmacoki-
netic component and a pharmacodynamic component according to the existing 
standard operating procedures for AEGLs (NRC 2001). Typically, the practice is 
to split the interspecies UF into 3 for pharmacokinetics and 3 for pharmacody-
namics (EPA 2006). When PBPK modeling is used to perform the internal dose 
calculations for extrapolation, the EPA supports an appropriate reduction in the 
pharmacokinetic portion of the interspecies UF (EPA 2006). Similar reductions 
in other UFs should be considered if PBPK (or PBPD) modeling can be used to 
reduce uncertainty in the extrapolation.  

During AEGL development without PBPK modeling, the UFs are gener-
ally applied only to the POD. When PBPK modeling is used, the UFs can rea-
sonably be applied in two places. First, they can be applied to the target DM 
level, the internal dose that corresponds to the POD. For example, if the POD 
corresponds to a tissue dose of 20 mg/L and the UF is 3, the target tissue dose 
would become 6.67 mg/L. The PBPK model would then be run again to deter-
mine the human exposure that yields that target dose level. The second option is 
to apply the UFs after the human equivalent concentration is determined via the 
model. Thus, for the example above, the model would determine the human 
equivalent concentration that yields an internal dose of 20 mg/L and that con-
centration would be divided by 3. Given that there often are UFs pertaining to 
inter- and intraspecies extrapolations, a third choice of application is also pre-
sent: one of the UFs could be applied to the DM and the other to the final values.  

Whether there is a difference in the final AEGL value when the UF is ap-
plied to the internal DM or the POD depends on the shape of the exposure-dose 
curves. The exposure-dose curve may be quite linear, depending on the chemical 
and the concentration range. In these cases, there is no difference in the resulting 
AEGL value determined by either method. However, when there are significant 
nonlinearities in the concentration-dose curve, differences can occur.  

To assess the potential magnitude of these differences, AEGL values were 
calculated both ways for two chemicals: toluene and xylene. In the proposed 
AEGLs for toluene and xylene, under standard AEGL derivation the comparison 
was made with UFs of 3, 10, and 30. For these two chemicals, no appreciable 
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difference between the approaches was found when the total UF was assumed to 
be 3. More frequently, an appreciable difference was found when the total UF 
was 10 or 30, particularly the latter. The differences were greater for the 8-h 
AEGLs than for the shorter time periods. Either method could yield the larger 
AEGL value at different times. When a difference was found, most of the time 
the two values were within a factor of 2 and occasionally were as high as 2.5. 

The argument for applying the UF to the DM is that this approach results 
in a more reliable reduction of risk as the internal dose is more closely correlated 
with risk than the external exposure level (Clewell and Jarnot 1994; Clewell et 
al. 1997, 2002). Stated another way, if the UF is applied to the final values, the 
reduction in internal dose will not exactly equal the intended UF reduction based 
on the net reduction in the internal dose, so applying the UF to the internal dose 
is more scientifically defensible. On the other hand, it has been observed that 
default UFs represent policy decisions rather than clear estimates of uncertainty 
and thus should be applied to final values. There is some consensus indicating 
that the interspecies UF (pharmacodynamics) is best applied to the DM, while 
there is less consensus indicating that the intraspecies UF should be applied to 
the DM. While the EPA position on this matter is being established, the AEGL 
program will need to implement one of the following options: 
 

 Option 1: Apply all UFs to the DM. 
 Option 2: Apply all UFs to the final values. 
 Option 3: If both intraspecies (PD) and interspecies (PD/PK) UFs are to 

be applied, apply the interspecies to the DM and the intraspecies to the final 
values.  
 

As the best approach is undecided, another factor should be considered. In 
many cases in the AEGL program, human pharmacokinetic data are at lower 
levels than the POD, especially for AEGL-3, which is usually obtained from 
animal studies. When the UFs are applied to the DM, they reduce the target tis-
sue dose before modeling is used to determine human equivalent concentrations 
, thereby reducing the extent of the high-dose extrapolation of the human model. 
For these reasons, Option 1 is the default choice of method. However, the NAC 
at its discretion may select one of the alternative methods on a case-by-case ba-
sis where indicated by scientific data. 

 
5.2. Use of Benchmark Dose Statistical Modeling 

 
An alternative to using a NOAEL as the POD is the use of a BMD. If a 

BMD is to be calculated and a PBPK model is available, the model should be 
used to calculate the DM for each exposure level in the critical study. The DM 
values should be used as inputs into the BMD calculation rather than the expo-
sure levels. For example, for the toluene AEGL-3, the BMD can be determined 
by using the PBPK model to determine the peak blood concentration of toluene 
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at each exposure level that goes into the BMD calculation, and these blood con-
centrations are used for the dose side of the BMD input. This approach is prefer-
able because the closer relationship between the DM and toxicity subjects the 
statistical model to less confounding by the nonlinear relationship between ex-
posure and internal dose (Clewell et al. 2002). Examples of the use of BMD and 
PBPK modeling were developed for acute and longer-term exposure guidelines 
at the Agency for Toxic Substances and Disease Registry (Clewell et al. 1997).  

 
5.3. Inclusion of Exercise Physiology 

 
The current AEGL standard operating procedure does not recommend ad-

justing AEGL values based on activity levels. Therefore, the NAC has decided 
not to adjust values for activity levels even when possible by using the PBPK 
model. 
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APPENDIX A 
 

PBPK Modeling-Based Derivation of AEGL Values for Toluene 
 
 

SUMMARY 
 

The method used in this study to determine human equivalent AEGL val-
ues is similar to that previously reported (Bruckner et al. 2004; Krewski et al. 
2004). The method reduces the uncertainty inherent in extrapolating rat toxicity 
data to humans and extrapolating toxicity data across time-scales by using vali-
dated PBPK models to perform the extrapolation based on an internal measure 
of dose. This reduces the uncertainty in the pharmacokinetic component of the 
extrapolation. Uncertainty in the pharmacodynamic component of the rat-to-
human extrapolation is handled with standard UFs.  

The end points found in the critical studies for all three AEGLs can be rea-
sonably associated with the blood concentration of toluene. The blood concen-
tration is superior to the applied concentration (exposure concentration) as a 
measure of dose because, as an internal measure of dose, pharmacokinetic al-
terations in tissue dosimetry are addressed in extrapolation by explicit quantifi-
cation. In extrapolation, for example, of a 1-h AEGL to an 8-h AEGL, the in-
crease in blood concentration over time is explicitly compensated for by 
reducing the 8-h AEGL to the point where blood concentrations are equivalent. 
This process obviates the need for algorithms such as the ten Berge (ten Berge et 
al. 1986) equation, which can result in corresponding errors when the empirical 
parameters are unknown.  

Fundamentally, the PBPK-based AEGL values are based on the same 
critical studies as the AEGL values established in the TSD; only the method of 
extrapolating from rat to human (dosimetry replaces pharmacokinetic uncer-
tainty factors) and over time (dosimetry replaces empirical formulas) differs. 
When the PBPK-based approach replaces pharmacokinetic UFs, the resulting 
AEGL value may be higher, potentially avoiding issues with AEGLs that are 
close to occupational exposure limits. Thus, this approach may avoid the prob-
lem of overconservatism in setting AEGLs caused by extrapolative uncertainty. 

The PBPK risk assessment method involves the following specific steps:  
 

Step 1. At the NOAEL found in the critical study for setting AEGL-1 (of 
X ppm in rats), the CV is determined. This CV is the target internal dose for any 
time period at that AEGL. If the AEGL is based on human data, the CV is com-
puted directly in the human model (skip to Step 2). 

Step 2. The human version of the model is used to determine the exposure 
level that yields the same internal dose for each exposure period (10 and 30 min 
and 1, 4, and 8 h). This value is then divided by applicable pharmacodynamic or 
intraspecies UFs to yield the final AEGL value. 
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As humans may be under exertion during emergency events, the human 
model has been run using physiologic parameters corresponding to each of four 
states: resting state, 50 watts (W) of workload, 75 W of workload, and 100 W of 
workload.  
 

Step 3. Repeat for AEGL-2 and AEGL-3. 
 

This appendix has three parts. First, the structure and parameterization of 
the toluene PBPK model are described. Second, the model is validated by show-
ing model performance against rat and human data sets obtained from the litera-
ture. Third, recommended AEGL values are derived. 

The AEGLs based on PBPK dosimetry are often quite different from those 
based on the ten Berge equation (as described in the TSD document). When 
extrapolated to shorter timeframes, the toluene PBPK-based AEGLs tend to be 
much higher than the ones derived with the ten Berge equation. Conversely, the 
PBPK-based AEGLs are much reduced if the exercise scenario is considered. 
From the 10-min to 8-h AEGLs, the PBPK-based approach yields values that 
decrease quickly, as toluene takes longer to reach steady state in this PBPK 
model than previously thought. 

 
INTRODUCTION 

 
The critical studies that provide the NOAEL used in this analysis are the 

same as those used in the TSD (Table A-1) to calculate AEGL values. As in the 
TSD, supporting studies were not used in any of the AEGL calculations. 

Additional information and justification of these choices of critical studies 
are available in the TSD. The target tissue dose (CV) was determined from these 
studies. 

 
Selection of Dose Metric 

 
The DM used for the PBPK-based risk assessment is the CV of toluene. 

The critical effect of toluene for setting AEGLs is depression of the central 
nervous system (CNS), based on the analysis of toxicity studies presented in the 
TSD. It has been generally suggested that CNS depression caused by organic 
solvents such as toluene is mediated by the action of the parent chemical and not 
metabolites (Bruckner and Warren 2001). The concentration of toluene in the 
target tissue, such as brain, is proportional to the CV (van Asperen et al. 2003), 
so AEGL values determined using either DM should be equivalent. Further-
more, although substantial data are available to validate a model for blood tolu-
ene, only limited data for brain concentrations exist. Therefore, CV has been 
selected as the DM for the analysis. It has previously been used as a surrogate 
DM for CNS effects (Haddad et al. 1999a; Dobrev et al. 2001), although arterial 
concentrations (CA) have also been used (Benignus et al. 1998; Bruckner et al. 
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2004). The PBPK models have been optimized to provide CV as model output 
under the exposure conditions indicated for this assessment. 

 
Model Selection 

 
The current approach requires a validated PBPK model for rats and hu-

mans. Three options exist for developing or selecting a model to use: develop a 
new model, modify an existing model, or select an existing model and use it in 
its current form. If an existing model would serve the needs of this risk assess-
ment, option 3 is the preferred choice and was the first approach to be used. Ul-
timately, an existing model was used with minor modifications for the current 
risk assessment. 

An evaluation of all existing models can be performed in principle to de-
termine the best available model. However, this process is time-consuming and 
can be arbitrary to some extent. Therefore, the method of selecting a model was 
to screen models for good candidates by using specific criteria and evaluate 
models one by one until an acceptable model was identified. The criteria used to 
screen models included the following: (1) the model should include the inhala-
tion route of exposure (primarily), (2) development of the model should incorpo-
rate validation against venous blood data, (3) the model should be reported in 
the peer-reviewed literature, and (4) the model should have as a primary purpose 
the goal of rat-to-human extrapolation. 

A number of PBPK models have been developed for inhalation of toluene 
(Purcell et al. 1990; Tardif et al. 1993; Pierce et al. 1996a; Tardif et al. 1997; 
Benignus et al. 1998; Pierce et al. 1998; Ali and Tardif 1999; Haddad et al. 
1999a; Pierce et al. 1999; Vicini et al. 1999; Jonsson and Johanson 2001; Tardif 
et al. 2002; van Asperen et al. 2003). Several of them are quite similar. Some 
were developed for rats, others for humans, and some for both (with modifica-
tion of appropriate parameter values). The purpose of some models was to 
evaluate mixture interactions, although in each case a model was first developed 
for toluene as a single chemical.  
 
 
TABLE A-1 Critical Studies for Toluene AEGLs 
AEGL Study Species NOAEL Duration 

AEGL-1 Weight-of-evidence Human 200 ppm 8 h 

AEGL-2 Gamberale and  
Hultengren 1972 

Human 700 ppma 20 min 

AEGL3 Mullin and Krivanek 1982 Rat 6,250 ppm 2 h 
aAfter initial exposures at 100 to 500 ppm.  
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The first models of this group that generally met the criteria expressed 
above were the models published by Tardif et al. (Tardif et al. 1993, 1997; 
Haddad et al. 1999a). It is quite possible, although outside the scope of this work 
to determine, that other models may perform similarly or better.  

The models described in these publications (Tardif et al. 1993, 1997; 
Haddad et al. 1999a) are “essentially equivalent” models with some minor 
changes from one to another. The Tardif et al. (1993, 1997) models were essen-
tially the same. Haddad et al. (1999a) used a slightly different set of physiologic 
parameters, and that led to reoptimization of metabolic parameters, which then 
varied slightly from the earlier versions. The two models by Tardif et al. (1993, 
1997) addressed rats and humans, while the Haddad et al. (1999a) model ad-
dressed only rats. However, the human version of the final model could be eas-
ily inferred from the earlier work. The final version of this model (Haddad et al. 
(1999a)) was therefore selected for initial validation studies. 

Most experimental data in rats, and more so in humans, are at moderate 
exposures of less than 500 ppm, and often less than 100 ppm. However, the pur-
pose of this PBPK model is to perform high-dose extrapolations. Therefore, spe-
cial attention was paid to validating the model with all available data sets for 
high-level exposure. In addition, attention was paid to validating the model for 
work and exercise. 

 
Model Structure 

 
A four-compartment PBPK model was used in this analysis, similar to that 

used in the past (Figure A-1). 
In this model, the four compartments (fat, liver, and slowly and rapidly 

perfused tissues) are linked by the arterial and venous blood supply. The CA is 
set equal to the concentration in a small volume of lung blood, which is assumed 
to be in equilibrium with the exhaled air concentration. All metabolism is as-
sumed to occur in the liver, because only slight differences were noted when a 
proportion of the metabolism occurs in extrahepatic tissues (data not shown). In 
tissues, equilibrium is assumed to exist between the venous blood returning from 
the tissues and the tissue itself, according to the tissue-blood partition coeffi-
cient. This equilibrium requires that diffusional resistance to mass transfer of the 
chemical is insignificant, which has ordinarily been observed in PBPK models 
for small molecular weight organic solvents (Ramsey and Andersen 1984; Den-
nison et al. 2003). All structural model details are identical to those of Haddad et 
al. (1999a) except for (1) the lung blood compartment, the use of which is a 
slightly better approach than the use of a steady-state assumption, although dif-
ferences are not noted for most chemicals; and (2) the incorporation of a second 
metabolic pathway, as described below. 



Copyright © National Academy of Sciences. All rights reserved.

Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9 
http://www.nap.edu/catalog/12978.html

410                  
 

Acute Exposure Guideline Levels  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Rapidly 

Slowly 

Fat 

Liver 

 
Ambient 

Environment 

Equilibration 
at lung 

Metabolism by 2E1 
 

Metabolism by Enzyme 2  
 
FIGURE A-1 Structure of the PBPK model used in this analysis. The four-compartment 
model includes fat, liver, and slowly and rapidly perfused tissue groups. A small lung 
blood compartment is present where equilibration occurs between the arterial blood and 
the exhaled air. All metabolism is assumed to occur in the liver. 

 
 

PHYSIOLOGIC PARAMETER VALUES 
 

Physiologic parameter values used in the current model for rats and for 
humans at different levels of exercise are listed in Tables A-2 and A-3.  

In summary, all parameter values were set to be the same as those in the 
Haddad et al. (1999a) study except as noted here. The Haddad et al. (1999a) 
study did not include a PBPK model for humans. Therefore, the PBPK model 
parameters for human tissue volumes were taken from the earlier version of the 
model (Tardif et al. 1997). These parameter values are similar to values used in 
similar studies. The PB was also taken from another study, for reasons described 
below.  

The body weight parameter depends on the context of the model. For vali-
dation studies, actual or assumed body weights are used. Validation studies in-
clude relevant studies in which venous blood and other data are provided. In 
some of these studies, actual body weight ranges are provided. In these cases, 
the arithmetic average of the weight range is used when simulating the blood 
data with the model. In some cases, the age and strain of the animal is provided 
without body weight. In these cases, the average weight of the species or closest 
species of rat was used, as provided by a laboratory animal supplier (Harlan 
2004). In human studies, if no body weights are provided, 70 kg is assumed. It 
was further verified that model output was generally insensitive to the body 
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weight (see below). Therefore, this assumption was justifiable. When AEGL 
values were calculated, 70 kg was also used as the human body weight. 

Several studies have shown that the blood concentrations of several small 
molecular weight organic solvents are highly dependent on physiologic parame-
ters, which in turn are highly dependent on workload (Droz and Fernandez 
1977; Johanson 1986; Kumagai et al. 1998; Jonsson et al. 2001). In an assess-
ment of the effect of the PB on blood concentrations, modified by exercise level, 
Csanady et al. recommended that exercise be incorporated in risk assessments if 
the PB is greater than ~6 (Csanady and Filser 2001). As the PB of toluene is 
~15, it is relevant for derivation of toluene AEGL values. 
 
 
TABLE A-2 Summary of Parameter Values Used in Rat and Human PBPK 
Model 
Variable Rat Human 

Body weight (BW) (kg)  a 70b 

Tissue compartment weight (kg/(kg/BW)): 

Fraction fat tissue (VFC) 0.07c 0.19d 

Fraction liver tissue (VLC) 0.04c 0.026d 

Fraction rapidly perfused (VRC) 0.05c 0.05d 

Fraction slowly perfused (VSC) 0.75c 0.62d 

Fraction lung blood (VBC) 0.0005e 0.0005e 

Partition coefficients 

Blood-air (PB) 18f 13.9g 

Fat-air (PFA) 1021f 1021f 

Slowly perfused air (PSA) 27.7f 27.7f 

Rapidly perfused air (PRA) 83.6f 83.6f 

Liver-air (PLA)] 83.6f 83.6f  

Maximum velocity of metabolism (before  
scaling for body weight) (mg/h/kg0.75) VmaxC  

3.44c,h 3.44c,h 

Affinity constant (mg/L) (Km) 0.13c 0.13c 

Linear metabolism rate constant 
(mg/L/kg0.3 (KFC) 

0.05e 0.05e 

Note: Names of parameters are provided in the left column, followed by the units used, and 
acronym (if applicable). 
aBody weights were set equal to those reported or inferred from applicable studies. 
bHuman body weight is 70 kg in the AEGL analysis and was 70 kg in validation studies unless 
indicated otherwise in the study description. 
cHaddad et al. 1999a. 
dTardif et al. 1997. 
eThis study. 
fUsed by Haddad et al. (1999a) and Tardif et al. (1997), as originally determined by Gargas et 
al. (1989). 
gThrall et al. (2002). 
hScaled to L/h/kg0.75, as done previously (Haddad et al. 1999a). 
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TABLE A-3 Summary of Blood Flow Parameter Values and Alveolar 
Ventilation at Rest and Workloads 
 Rat  Human 
Variable Rest Rest 50 W 75 W 100 W 150 W 

Alveolar ventilation (QPC) 
(L/h/kg0.75) 

15a 18b 53c 70d 87c 100e 

Cardiac output (QCC) 
(L/h/kg0.75) 

15a 18b 50f 59d 68.5f 79f 

Fraction of QCC to liver  
(QLC) (%) 

25a 26b 13f 10d 7.6f 4.2f 

Fraction of QCC to Fat  
(QFC) (%) 

9a 9 3.1f 3d 3.4f 2.4f 

Fraction of QCC to Rapidly 
perfused (QRC) (%) 

51a 55 60f 59d 58f 58f 

Fraction of QCC to Slowly 
perfused (QSC) (%) 

15a 10 23.9f 28d 31f 35.4f 

c(Jonsson et al. 2001). 
fRecalculated from Johanson 1986.  
a(Haddad et al. 1999a). 
b(Tardif et al. 1997). 
dAverage of 50- and 100-W values. 
eThis study. 
 
 

The principal effects of exercise on an organic solvent’s pharmacokinetics 
involve alveolar ventilation, cardiac output, and blood flow to tissues. Data are 
incomplete on these rates in human exercise conditions. Therefore, the approach 
used should be improved in the future, when possible. For the current analysis, 
parameters were taken from the literature, as listed in Table A-3. 

The model was coded into the ordinary differential equation solver, Berke-
ley Madonna, 8.0.2a8. The model code is included in Attachment A-1. Data sets 
were electronically read with Digimatic (Digimatic 2004). Numerical optimiza-
tion was performed by visually estimating the best fit, as Berkeley Madonna is 
not capable of optimizing against multiple experiments at the same time. 

 
RAT PBPK MODEL 

 
Model Calibration 

 
Two aspects of the Haddad et al. (1999a) model were reoptimized during 

the evaluation process: metabolism and the PB. These aspects of the model were 
selected after observation of the model’s performance versus data sets from 
other laboratories. The error structure in model deviations and other literature on 
toluene suggested that these parameters should be reconsidered. 
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The PB is an important parameter in this toluene PBPK model (see Sensi-
tivity Analysis section below). However, there is uncertainty about the correct 
parameter value. Various studies have reported different values for the PB of 
toluene (Table A-4).  

Many PBPK models have used a value of 18 for PB in rats (Purcell et al. 
1990; Haddad et al. 1999a). van Asperen et al. (2003) used a PB of 13; however, 
it was based on optimization and not on in vitro data. The value selected for the 
rat PB in this model (18) has been used in numerous toluene PBPK models for 
rats and lies in the middle of three published values; it appears to allow a suc-
cessful description of rat blood data (see below). 

Human PB values tend to be lower than those of rats (Gargas et al. 1989). 
For example, Thrall et al. (2002) measured a toluene PB in humans of 13.9 and 
in rats of 21, although Sato and Nakajima (1979a,b) measured a toluene PB in 
humans of 15.6 and in rats of 15.2. Gargas et al. (1989) examined the relation-
ship between human and rat (Fischer 344) PBs for 36 organic solvents. Their 
regression equation predicts a human PB for toluene of 11.0. The value of 13.9 
published by Thrall et al. (2002) was used in this model because it is closest to 
the arithmetic average of the four published values (Table A-4), it is more con-
sistent with the empirical relationship published by Gargas et al. (1989), and it 
permitted a reasonable description of the human blood data (see below). This 
value does not work well with the data from Tardif et al. (1997) (not shown), but 
this data set consisted of blood data after exposure of four male volunteers at a 
single low concentration. The concentration used by Tardif et al. (1997) (17 
ppm) was much lower than concentrations of concern in this model, and addi-
tional verification at other exposure levels is not available. The value of 15.6 
used by Tardif et al. (1997) was not substantially higher than the value used 
here.  
 
 
TABLE A-4 Reported Blood-Air Partition Coefficients for Toluene in Rats  
and Humans 
PB Value (unitless) Species Study 

18 F344 rats (Gargas et al. 1989) 

21 F344 rats (Thrall et al. 2002) 

15.2 Wistar rats (Sato and Nakajima 1979b) 

13 WAG/RijCrlBR rats (van Asperen et al. 2003) 

13.9 Human (Thrall et al. 2002) 

15.6 Human (Sato and Nakajima 1979b) 

10.0 Human (Fiserova-Bergerova and Diaz 1986) 

18.3 Human (Pierce et al. 1996b) 

11.0 Human (Gargas et al. 1989) 
Abbreviation: F344 rats, Fischer rats. 
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At high exposure levels, previous models have sometimes incorporated a 
second metabolic pathway (Leavens and Bond 1996; Clewell et al. 2001). The 
initial step of toluene metabolism is oxidation by CYP. The primary isozyme 
responsible for toluene metabolism is CYP2E1 but other CYP isozymes are also 
involved, particularly at higher substrate concentrations (Kim et al. 1997; Naka-
jima et al. 1997). Thus, CYP2E1 is the high-affinity, low-capacity isozyme, and 
a second metabolic pathway can be used to represent the total metabolism by 
high-capacity, low-affinity isozymes. In this model, it is represented by satur-
able (Michaelis-Menten) metabolism (Vmax, Km) for CYP2E1 and by linear me-
tabolism for the total metabolism by other CYPs.  

The parameter value for the linear metabolic pathway rate constant (KFC) 
was determined by using data sets from Kishi et al. (1988). The Kishi et al. data 
(Figure A-2) were overpredicted by the Haddad et al. (1999a) model (data not 
shown) and the degree of overprediction increased at higher exposure concentra-
tions, suggesting that a low-affinity enzyme was involved. Increasing the maxi-
mum rate of metabolism (Vmax) or decreasing the affinity constant (Km) im-
proved the model at some exposure levels but did not achieve a reasonable fit at 
others. Adding the second metabolic pathway with a rate constant of 0.05/h to 
increase metabolism at the higher concentrations allowed a reasonable fit to the 
Kishi et al. data at all exposures (Figure A-2).  

Tardif et al. (1993, 1997) and Haddad et al. (1999a) incorporated a single 
saturable enzyme in the model. The Tardif et al. (1993) gas uptake pharmacoki-
netic data (Figure A-3) were reasonably well represented with the single enzyme 
(upper curves). However, adding a second enzyme with a metabolic constant of 
0.05/h (lower curves) improved the fit of the second and third exposure levels. 
At the highest exposure level, the model with the second enzyme tended to un-
derpredict by a greater margin. Possible reasons for this underprediction include 
suppression of ventilation and blood flow (Dennison et al. 2003). In addition, 
including the second enzyme provided a better fit to other data sets. Therefore, 
the second metabolic pathway was retained. 

 
Rat Model Validation 

 
The following data sets were used to evaluate the model with parameters 

listed above. In other words, these data sets were not used to further optimize 
parameter values but served as model validation.  

In two publications, Tardif and co-workers published blood data on 
Fischer 344 rats (Tardif et al. 1997; Haddad et al. 1999a). The data were col-
lected for 2 h in the postexposure period after a 4-h exposure to toluene at 50, 
100, and 200 ppm. A reasonable correspondence was obtained between the re-
vised model and these data (see Figure A-4). 
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Another group conducted pharmacokinetic experiments with toluene (van 
Asperen et al. 2003). These studies used WAG/RijCrlBR rats, which are slowly 
growing rats produced in the Netherlands, derived from the Wistar strain. At an 
age of 14 weeks, this rat weighs only about 212 g (J.H. Lammers, TNO Nutri-
tion and Food Research, personal commun., August 11, 2004), compared with 
Wistar and other strains, which weigh 300 to 400 g at that age.  

In the model by van Asperen et al. (2003), the PB was set at 13 after the 
authors observed that the model overpredicted the data when a PB of 18 was 
used. This value is much lower than other published values and could imply that 
the human value would need to be lower yet. At the same time, with PB at 13, 
the data for the lower concentration were slightly underpredicted, suggesting 
that the PB may not be the only parameter that should be considered.  

A reasonable fit between the present PBPK model with a rat PB of 18 and 
the van Asperen et al. (2003) experimental data from exposure at 2,667 ppm for 
7.5 h was obtained (Figure A-5). Possible reasons why this model described the 
data without a reduction in the rat PB include the fact that the models differed 
structurally in some ways, and the current model included a second metabolic 
pathway. Interstrain differences in the rats are also possible. Given the reason-
able fit with the existing model, the current value of PB appears to be justifiable. 

 
Human Model Validation 

 
After development and validation of the model using rat data and parame-

ters, the model was scaled up to humans and revalidated against additional human 
data. The scaling was done by changing the values of anatomic and physiologic 
parameters to human values as listed in Tables A-2 and A-3. No equations in the 
model were altered.  

After scaling to humans, the model was run in a manner corresponding to 
various experiments in which data were available for validation. On the basis of 
the reported information in each paper from which data were taken, the body 
weight was altered (or assumed to be 70 kg if not reported), and the concentra-
tion and duration of exposure were used in the model. Of the large number of 
potential data sets, key data sets were selected based on the following primary 
criteria: (1) exposure concentration and duration were clearly reported; (2) em-
phasis was placed on data sets that included exposure during exercise; (3) em-
phasis was placed on high exposure levels. Several of the data sets selected ac-
cording to these criteria were unique in that exposure concentrations and 
workloads both varied or were varied several times during a single pharmacoki-
netic experiment, challenging the model from several perspectives. In the fig-
ures, when complex variations in exposure concentration or workload occurred, 
the model incorporated the changes as step functions that are displayed on the 
right axis to help clarify the experimental protocol. 
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Astrand et al. (1972) exposed a subject to toluene at 0, 95, or 175 ppm at 
rest or a workload of 50 W (Figure A-6). While the model somewhat underpre-
dicted the CV, it closely predicted the exhaled air concentration except at the 
end of the experiment. During the final segment of the experiment, the volunteer 
ceased exercising at 50 W and rested. However, the relevant physiologic func-
tions do not immediately step down to basal rates as specified in this model. The 
actual rate of the decrease to the basal state is unknown, but in principle it could 
be included in the model. Ultimately, if the increases were gradually relaxed to 
basal levels, both exhaled air and venous blood levels would be lower than the 
model currently predicts. Therefore, a model coded with a more realistic pa-
rameter set for the postexercise period would better simulate the last-stage data. 
This phenomenon could affect other model outputs at cessation of exercise. 

Astrand et al. (1972) exposed a volunteer to toluene at 105 ppm for 1 h at 
75 and 150 W of workload (Figure A-7). While the model predicted the uptake 
phase reasonably well, it grossly overpredicted the postexposure phase (data not 
shown). Because of the extreme change in physiologic parameters, the current 
model was recoded to extend the exercise (but not exposure) for 10 min after it 
was ceased in the experiment and then immediately decreased to a basal state. 
This revision resulted in better correspondence between the data and the model 
(Figure A-7). A closer fit might occur if the actual parameters were known. 

This issue raises the question of whether the noninstantaneous rise in pa-
rameter values at the onset of exercise would have any effect. Most likely, the 
current approach of simulating work as an instantaneous rise overstates the up-
take of chemical into the body by some amount. However, the error introduced 
at the onset of exercise should be smaller than at the cessation of exercise be-
cause physiologic function reaches the new steady state faster at the onset of a 
higher workload than at the onset of a lower workload. 

Astrand et al. (1972) also exposed a volunteer to toluene at 200 ppm at 
rest and at 50 W of workload (Figure A-8). A reasonable correspondence was 
obtained between the model and data during uptake, although the venous blood 
prediction was high during the first segment. In the postexposure phase, the fit 
was not good. However, the venous blood data do not track well with the ex-
haled air data in the final stage of the experiment, so experimental issues may be 
present with this part of the data.  

The model performs reasonably well against these three Astrand et al. 
(1972) data sets, although only a single volunteer was used in all three experi-
ments.  
 
 



Copyright © National Academy of Sciences. All rights reserved.

Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9 
http://www.nap.edu/catalog/12978.html

 

 
 F

IG
U

R
E

 A
-6

 P
B

P
K

 m
od

el
 a

nd
 d

at
a 

fr
om

 A
st

ra
nd

 e
t 

al
. (

19
72

, F
ig

ur
e 

3)
. O

ne
 s

ub
je

ct
 w

as
 e

xp
os

ed
 t

o 
to

lu
en

e 
at

 0
, 9

5,
 a

nd
 1

75
 p

pm
 a

t 
re

st
 o

r 
at

 5
0 

W
 o

f 
w

or
k 

(r
ig

ht
 a

xi
s)

. T
he

 u
pp

er
 c

ur
ve

 a
nd

 d
at

a 
ar

e 
to

lu
en

e 
co

nc
en

tr
at

io
ns

 in
 e

xh
al

ed
 a

ir
 a

nd
 th

e 
lo

w
er

 c
ur

ve
 is

 to
lu

en
e 

C
V

. 
  

421



Copyright © National Academy of Sciences. All rights reserved.

Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9 
http://www.nap.edu/catalog/12978.html

 

3
2.

5
2

1.
5

1
0.

5
0

10
0 10 1

0.
1

0.
01

12
0

10
0

80 60 40 20 0

Ti
m

e,
 h

rs
.

Toluene in Venous Blood (mg/L), Exhaled Air, ppm

Toluene Exposure ppm,  Alveolar Ventilation, L/hr/kg^

#
A

st
ra

nd
_F

ig
4_

C
V

#
A

st
ra

nd
_F

ig
4_

C
X

cv
:1

cx
pp

m
:1

C
O

N
C

:1
Q

P
C

:1

 
 F

IG
U

R
E

 A
-7

 P
B

P
K

 m
od

el
 a

nd
 d

at
a 

fr
om

 A
st

ra
nd

 e
t a

l. 
(1

97
2,

 F
ig

ur
e 

4)
. O

ne
 s

ub
je

ct
 w

as
 e

xp
os

ed
 to

 to
lu

en
e 

at
 1

05
 p

pm
 f

or
 1

 h
. T

he
 f

ir
st

 h
al

f 
ho

ur
 w

as
 a

t 7
5 

W
 a

nd
 th

e 
se

co
nd

 h
al

f 
ho

ur
 w

as
 a

t 1
50

 W
 o

f 
w

or
k.

 T
he

 u
pp

er
 c

ur
ve

 is
 e

xh
al

ed
 a

ir
 a

nd
 th

e 
lo

w
er

 c
ur

ve
 is

 C
V

. T
he

 r
ap

id
 d

ec
re

as
e 

in
 t

ol
ue

ne
 c

on
ce

nt
ra

ti
on

s 
af

te
r 

ex
po

su
re

 e
nd

ed
 w

as
 n

ot
 s

im
ul

at
ed

 w
el

l 
w

he
n 

th
e 

si
m

ul
at

ed
 w

or
k 

le
ve

l 
de

cr
ea

se
d 

to
 r

es
ti

ng
 l

ev
el

s 
im

m
ed

ia
te

ly
. 

H
er

e,
 it

 w
as

 a
ss

um
ed

 th
at

 e
xe

rc
is

e 
co

nt
in

ue
d 

fo
r 

10
 m

in
 a

ft
er

 e
xp

os
ur

e 
en

de
d.

 

422 



Copyright © National Academy of Sciences. All rights reserved.

Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9 
http://www.nap.edu/catalog/12978.html

 

2.
5

2
1.

5
1

0.
5

0

10
0 10 1

0.
1

0.
01

20
0

18
0

16
0

14
0

12
0

10
0

80 60 40 20 0

Ti
m

e,
 h

rs
.

Toluene in Venous Blood (mg/L), Exhaled Air, ppm

Toluene Exposure ppm,  Alveolar Ventilation, L/hr/kg^

#
A

st
ra

nd
_F

ig
9_

C
V

#
A

st
ra

nd
_F

ig
9_

C
X

cv
:1

cx
pp

m
:1

C
O

N
C

:1
Q

P
C

:1

 
 F

IG
U

R
E

 A
-8

 P
B

P
K

 m
od

el
 a

nd
 d

at
a 

fr
om

 A
st

ra
nd

 e
t a

l. 
(1

97
2)

 (
F

ig
ur

e 
9)

. O
ne

 s
ub

je
ct

 w
as

 e
xp

os
ed

 to
 to

lu
en

e 
at

 2
00

 p
pm

 a
t r

es
t a

nd
 a

t 5
0 

W
 

of
 w

or
kl

oa
d,

 a
s 

in
di

ca
te

d 
on

 th
e 

ri
gh

t a
xi

s.
 T

he
 u

pp
er

 c
ur

ve
 is

 th
e 

co
nc

en
tr

at
io

n 
of

 to
lu

en
e 

in
 e

xh
al

ed
 a

ir
 a

nd
 th

e 
lo

w
er

 c
ur

ve
 is

 C
V

. 
   

423



Copyright © National Academy of Sciences. All rights reserved.

Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9 
http://www.nap.edu/catalog/12978.html

424                  
 

Acute Exposure Guideline Levels  

Carlsson (1982) exposed volunteers to toluene at about 80 ppm for 2 h at 
rest, 50 W of workload, and at workloads of rest, 50, 100, and 150 W in equal 
segments (Figures A-9 to A-11). A good correspondence between the data for 
venous blood and exhaled air was obtained at rest and at 50 W (Figures A-9 and 
A-10). In the third experiment, the workload was increased from resting to 150 
W in four equal segments of 30 min each (Figure A-11). An excellent descrip-
tion of the blood data was obtained at all workloads and a good fit to the exhaled 
air data was obtained except during the resting period. Because of the cumula-
tive nature of the error, the model performs well at all three levels of exercise 
but underpredicts at the end of the resting period. 

To check the validity of the model against the data set with the highest 
available human exposures, the data of Gamberale and Hultengren (1972) were 
used. These investigators exposed a group of volunteers to variable concentra-
tions of toluene. Twenty-minute sequential exposures to toluene at 100, 300, 
500, and 700 ppm with a brief break in the middle were conducted (Figure A-
12). The model with the resting parameter set (lower curve) provided an excel-
lent description of the exhaled air data at all concentrations. The upper curve 
(modeled at 50 W) underscores the fact that exercise is an important determinant 
of the dosimetry. 

 
Time to Steady State 

 
The time it takes toluene to reach steady state in the blood can be easily 

calculated with the PBPK model. As the concentration of toluene in blood ap-
proaches the pharmacokinetic limit asymptotically, it is common to speak of 
benchmarks such as 95% of steady state or 99% of steady state. The time to 
steady state was plotted (Figure A-13) over time for exposures to 200 ppm at 50 
W and at rest. The time to steady state for other exposure levels is almost identi-
cal (not shown). As shown in Figure A-13, the approach to steady state is gov-
erned in part by exercise conditions; as the workload increases, steady state is 
approached faster. The current model varies in its ability to describe different 
data sets in the approach to the steady-state period. For example, data from 
Carlsson (1982) and Gamberale and Hultengren (1972) are reasonably well pre-
dicted in the first few minutes of exposure, while data from Astrand et al. (1972) 
are not as well predicted. The reason for this discrepancy is not clear, but evi-
dently the data sets are not consistent with each other. Which data better repre-
sent actual conditions is unknown. A possible explanation is that the subjects in 
the studies that exhibit higher initial blood concentration data were not fully at 
rest or were at a higher workload than reported (stress). If data such as those of 
Astrand et al. (1972) are more representative of normal conditions, then the cur-
rent PBPK model will overstate the AEGL values for short timeframes, espe-
cially the 10-min values. A previous model explored this issue for a series of 
anesthetic gases (Vinegar et al. 1998). For these chemicals, it was shown that a 



Copyright © National Academy of Sciences. All rights reserved.

Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9 
http://www.nap.edu/catalog/12978.html

425 
 
PBPK Modeling White Paper 

simple model of lung structure did not adequately describe data in the very early 
stages of uptake. However, the deviations for these chemicals were observed 
only in the period up to 2 min, and thereafter the simple model (similar to the 
one used here) performed adequately.  

 
Sensitivity Analysis 

 
A sensitivity analysis was conducted on the model with the parameter val-

ues listed in Tables A-2 and A-3. A sensitivity analysis is performed by assess-
ing the relative impact of a small change in a parameter value on model output. 
The parameters that exhibit the most sensitivity are ones that should be given the 
most careful consideration. The sensitivity of a given parameter, however, varies 
with experimental settings, such as exposure concentration, exposure duration, 
and workload. Therefore, the sensitivity analysis was conducted on the human 
model at two exposures—one at rest and one at 50 W for an 8-h period. The 
output variable used for the analysis was venous blood concentration, as it is the 
DM used for the risk assessment.  

The analysis results in a sensitivity coefficient (S) that is computed ac-
cording to S = 100  (CV1 – CV2)/CV1, where CV1 is the venous blood con-
centration predicted by the base model (no parameter change) and CV2 is the 
venous blood concentration predicted when one parameter was increased by 1% 
of its normal value in the model. The absolute values of the changes are plotted 
in Figure A-14 a and b. Under both conditions, the model was sensitive to PB 
and the alveolar ventilation rate (QPC). These parameters were given careful 
consideration during model validation. 

 
Overview of Validation Data 

 
For the rat model validations, the model reasonably predicts blood data 

from three different labs at toluene exposures ranging from 50 to 4,000 ppm. 
The lower limit of this range is below the range of exposures considered in the 
AEGL extrapolations and the upper limit is close to the upper limit of the ex-
trapolations. The gas uptake data are reasonably well predicted by the model. 
Therefore, the rat version of the model is deemed adequate for risk assessment 
extrapolation in or near these ranges. 
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The human version of the model also reasonably represents the data sets 
used for validation. These data sets include data from seven experiments from 
three labs and include both venous blood and exhaled air data. Where available, 
modeling of arterial blood concentrations (CA) provided a similar fit to arterial 
data, although not shown because of overlap on the figures. The range of toluene 
exposures was 80 to 700 ppm. The lower bound of this range is less than the 
lower bound of the AEGL extrapolations, although the upper bound of valida-
tion is lower than some of the AEGL values. The quality of the fit in many cases 
was very close, and the deviations did not tend to show an overall low or high 
bias, so the model could be viewed as evening out differences from lab to lab.  

The model appears to perform well at resting and exercise levels. The sen-
sitivity of the model to the exercise parameters is shown by the upper curve in 
Figure A-12. The large differences between the exhaled air concentrations at rest 
and work support the observation that the model deals well with exercise, as the 
differences are large compared with the errors between the model and the vali-
dation data sets. Furthermore, the numerous changes in exposure levels and 
workload in some of the data sets provide a comparatively demanding test of the 
model’s validity. Therefore, the human version of the model is also deemed 
adequate for the AEGL risk assessment. 

 
DERIVATION OF AEGLS WITH PBPK-BASED RISK APPROACH 

 
For AEGL-1, no specific critical study was identified in the TSD. How-

ever, based on numerous studies (weight of evidence), a critical effect level of 
200 ppm for 8 h was selected. This value is shown in parentheses in Table A-5. 
With the PBPK model, this value was time-scaled back to 10 min. Increasing the 
workload greatly increases the CV, thereby decreasing the exposure needed to 
produce the critical effect.  

The AEGL-2 critical study was by Gamberale and Hultengren (1972), in 
which subjects were exposed to toluene vapor at 100, 300, 500, and 700 ppm for 
20 min at each level and with a short break in the middle. The CV calculated by 
the PBPK model is much greater when the full exposure regimen was simulated, 
compared with the concentration after only a 20-min exposure (~6.5 versus 4.5 
mg/L). The exposures were roughly equivalent to a 20-min exposure to ~1,000 
ppm. Therefore, the CV determined for the actual experimental conditions was 
used to derive AEGL-2 values. Because of the prior exposure to lower levels of 
toluene, the 30-min AEGL (at rest) is actually more than 700 ppm. The 20-min 
value was time-scaled down to 10 min and up to 8 h and was extrapolated to 
higher workloads (Table A-6). 

The AEGL-3 was based on a rat NOAEL for lethality. The CV of toluene 
during this experimental scenario (6,250 ppm for 2 h) was determined and 
served as the target concentration for setting the AEGLs. The human model was 
then used to determine the exposure levels in humans that yield the same con-
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centrations. This exposure level (top section of Table A-7) was then divided by 
the same intraspecies UF that was used in the TSD (3).  

 
TABLE A-5 AEGL-1 Values Determined with PBPK Model, ppm 
Workload 10 min 30 min 1 h 4 h 8 h 

Rest 820 420 330 230 (200) 

50 W 410 230 160 110 100 

75 W 360 190 140 100 100 

100 W 320 170 120 100 90 
Notes: Based on a weight-of-evidence determination that 200 ppm for 8 h constitutes the 
AEGL-1 target concentration of 200 ppm (8 h) in human studies. Target CV is 3.27 mg/L. 

 
TABLE A-6 AEGL-2 Values Determined with PBPK Model, ppm 
Workload 10 min 30 min 1 h 4 h 8 h 

Rest 1,580 780 590 410 350 

50 W 810 430 300 200 190 

75 W 700 370 260 190 180 

100 W 630 330 240 180 170 
Notes: Based on Gamberale and Hultengren (1972). CV was 6.54 mg/L after exposure of hu-
mans to toluene at100 to 700 ppm (stepped).  

 
TABLE A-7 AEGL-3 Values Determined with PBPK Model, ppm 
Workload 10 min 30 min 1 h 4 h 8 h 

Rest 38,420 18,200 13,470 8,890 7,320 

50 W 20,020 10,480 7,190 4,580 4,300 

75 W 17,450 8,950 6,190 4,310 4,100 

100 W 15,740 8,060 5,710 4,300 4,060 

AEGL-3 AEGL recommendation after application of UF (3), ppm 

Workload 10 min 30 min 1 h 4 h 8 h 

Rest 12,800 6,070 4,490 2,960 2,440 

50 W 6,670 3,490 2,400 1,530 1,430 

75 W 5,820 2,980 2,060 1,440 1,370 

100 W 5,250 2,690 1,900 1,430 1,350 

Notes: Based on Mullin and Krivanek (1982), NOAEL for lethality, 6,250 ppm (2 h). Target 
CV of toluene is 165 mg/L. Upper section of the table is the equivalent human exposure to 
produce this target concentration at various workloads. Bottom portion of the table is the 
AEGL recommendation after application of an intraspecies UF of 3. As the critical study 
lasted 2 h, the AEGLs were time-scaled up and down. While the PBPK-based AEGLs at rest 
were somewhat higher than those determined in the TSD, at 50 W the two sets of values were 
similar. 
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Order of Application of Uncertainty Factors 
 

The uncertainty factor for intraspecies (3) can be applied before or after 
the PBPK dosimetric adjustment is made. In a previous PBPK-based determina-
tion of AEGLs for xylene, the UF was applied after dosimetric adjustment (see 
the TSD for xylene). However, in a case example, the UF was applied first 
(Bruckner et al. 2004). The argument can be made that, as the dosimetric ad-
justment is being applied to “real data,” in a biologically plausible manner (us-
ing a PBPK model), and the UF is more loosely determined, dividing the final 
values is more appropriate. However, for toluene, the order of application was 
inconsequential. To evaluate this, the AEGL-3 at 50 W was also determined by 
dividing the rat NOAEL by 3 to obtain a target CV, and the human model was 
then used to determine the equivalent human concentration for the five time 
points (Table A-8). The results were quite similar, although not identical. For 
example, the 1-h AEGL determined above was 2,397 ppm, while applying the 
UF first led to an AEGL of 2,360.  

 
Comparison of PBPK-Based AEGL Values with ten Berge Approach 

 
A useful comparison can be made between the AEGL values determined 

using the ten Berge approach (ten Berge et al. 1986) and the PBPK model. In 
Figure A-15, the CV of toluene was calculated using the PBPK model for three 
scenarios: the AEGL values determined with the PBPK model, the AEGL values 
recommended with the ten Berge time-scaling equation assuming the subject is 
at rest during the emergency event, and the AEGL values recommended with the 
ten Berge time-scaling equation assuming the subject is at work, 50 W, during 
the emergency event. As the AEGL values were reverse-calculated with the 
PBPK model, the PBPK model predicted a consistent CV of 6.54 mg/L. The 
CVs based on the ten Berge approach were highly variable. If the subject is at 
rest during an emergency event, the ten Berge values may be below or above the 
target dose. However, if the subject is exercising, the ten Berge values are con-
sistently above the target dose; in other words, the ten Berge AEGL values were 
underprotective. 

 
Advantages of the PBPK Model Approach 

 
The PBPK model has several distinct advantages that make the modeling 

effort worthwhile. First, the AEGL values for different timeframes determined 
by using the PBPK model are all equally protective, assuming that peak CV is 
an appropriate DM for a given AEGL level toxicity end point. The ten Berge-
derived AEGL values can vary in protectiveness because peak CV can vary by a 
factor of 2 to 3. Whether the calculated target tissue dose is appropriate depends 
primarily on appropriate selection of the critical data and not on the validity of 
the PBPK model used.  
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TABLE A-8 AEGL-3 Based on Target CV of 53.8 (rat CV for NOAEL of 6,250 
ppm divided by UF of 3), ppm 
Workload 10 min 30 min 1 h 4 h 8 h 

50 W 6,540 3,430 2,360 1,520 1,410 

 
 

Comparison of PBPK-Based and ten Berge 
Approaches

0

5

10

15

20

10 Min 30 Min 1 Hour 4 Hour 8 Hour

AEGL Length

V
en

ou
s 

Bl
oo

d 
Co

nc
en

tra
tio

n 
of

 
To

lu
en

e,
 m

g/
L

ten Berge-Rest
ten Berge-50W
PBPK-50W

 

FIGURE A-15 Comparison of CVs of toluene resulting from exposure for each AEGL 
time period at the values resulting from the PBPK-based approach and the ten Berge 
equation. The CV for toluene was determined with the PBPK model for each AEGL-2 
value determined by using the ten Berge equation (as listed in the TSD) or with the PBPK 
model. The PBPK model, for obvious reasons, predicts a constant CV of 6.54 mg/L. The 
CVs from the AEGLs derived using the ten Berge equation were determined both at rest 
and at a workload of 50 W. If the exposed subject is at rest, the CVs associated with the 
ten Berge-derived AEGLs are lower or higher than those derived by using the PBPK 
approach. At 50 W, the CVs associated with the ten Berge-derived AEGLs are consis-
tently higher than those corresponding to the human NOAEL, by a factor of up to ~3.  
 
 

Second, the existing ten Berge approach does not permit consideration of 
exertion, which has a pronounced impact on tissue dosimetry. Recent research 
has indicated that exercise is an important factor in determining internal dose 
related to toxicity for toluene and similar chemicals (Csanady and Filser 2001). 
Therefore, if exercise during emergency events is the probable physiologic 
mode for exposed persons, the ten Berge approach will not be adequately pro-
tective. 

Third, the PBPK modeling approach is uniquely suited for use when a 
critical study had a complex exposure scenario, as in the case of the Gamberale 
and Hultengren (1972) model. The ten Berge approach used a DM of 700 ppm 
(the final experimental concentration). It was separately determined that the ex-
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perimental concentration was equivalent to an exposure to 1,000 ppm (for 20 
min), but this could not be accounted for without the PBPK model. 

Fourth, the PBPK-based approach allows an improvement in the basis for 
the animal-to-human extrapolation. While this advantage was not relevant at all 
levels, the AEGL-3 for toluene was based on a rat-to-human extrapolation of 
lethality data. 

Some concern may exist over setting AEGLs at less than the existing per-
missible exposure limits (PEL) from OSHA (200 ppm). However, the current 
PEL for toluene was derived from toxicologic assessment performed in the mid-
1940s. The Threshold Limit Value (TLV) was 200 ppm until adoption as a PEL 
in 1970 by OSHA, but the TLV was reduced to 100 ppm in the early 1970s and 
to 50 ppm in 1991-1992. Thus, the studies that are the basis for the AEGLs had 
not even been conducted when the current PEL was established, the organization 
that set the value that eventually became the PEL has since lowered the value 
two times, and the current PEL is effectively a 60-year-old standard. 
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Abbreviations 

 
AEGL acute exposure guideline level 
AT  amount of chemical in each tissue 
AUC area under the curve  
BMD  benchmark dose 
BW body weight 
CA  arterial blood concentration 
Cmax maximum concentration 
CNS central nervous system 
CT  chemical concentration in each tissue  
CV venous blood concentration 
CVi  chemical concentration in the venous blood leaving tissue i 
CVL concentration of chemical in venous blood leaving the liver 
CYP cytochrome P-450 
DM  dose metric 
EPA U.S. Environmental Protection Agency 
h hour 
KFC linear metabolism rate constant 
Km affinity constant for the chemical 
LC50 median lethal concentration  
LOAEL lowest-observed-adverse-effect level 
mg/L milligram per liter 
min minute 
NAC National Advisory Committee 
NOAEL no-observed-adverse-effect level 
NRC National Research Council 
OSHA Occupational Safety and Health Administration 
PB blood-air partition coefficient 
PBPD  physiologically based pharmacodynamic 
PBPK  physiologically based pharmacokinetic  
PEL permissible exposure limits 
PFA fat-air coefficient 
PLA liver-air coefficient 
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POD  point of departure 
ppm parts per million 
PRA rapidly perfused air coefficient 
PSA slowly perfused air coefficient 
PT  partition coefficient between the tissue and blood 
QCC cardiac output  
QFC percentage of blood flow going to fat 
Qi  blood flow to tissue i 
QLC fraction of QCC to liver 
QPC alveolar ventilation rate 
QRC percentage of blood flow going to rapidly perfused tissues 
QSC percentage of blood flow going to slowly perfused tissues 
S sensitivity coefficient 
TLV Threshold Limit Value 
Tmax time (of maximum concentration) 
TSD technical support document 
UF uncertainty factor 
VBC fraction lung blood 
VFC fraction fat tissue 
VLC fraction liver tissue 
Vmax maximum rate of metabolism 
VmaxC maximum velocity of metabolism 
VRC fraction rapidly perfused 
VSC fraction slowly perfused 
VT  volume of each tissue 
W watt 
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ATTACHMENT 1 
 
 

PBPK MODEL EQUATIONS FOR TOLUENE AEGL MODEL2 
 
 
This is a four-compartment model for toluene inhalation in the rat and human. 
 
;Physiologic parameters 
 BW = 70    ;Body weight (kg) 
 VFC = 0.19    ;Fraction fat tissue (kg/(kg/BW)) 
 VLC = 0.026    ;Fraction liver tissue (kg/(kg/BW)) 
 VRC= 0.05   ;Fraction rapidly perfused (kg/(kg/BW)) 
 VSC = 0.62   ;Fraction slowly perfused (kg/(kg/BW)) 
 SF =    .75   ;Scaling coefficient 
 QPC = 18    ;Alveolar ventilation rate (L/h/kg) 
 QCC = 18    ;Cardiac output (L/h/kg) 
 QFC = 0.09    ;Fractional blood flow to fat ((L/h)/QC) 
 QLC = 0.26    ;Fractional blood flow to liver ((L/h)/QC) 
 QRC= 0.55   ;Fractional blood flow to rapidly perfused 
    ((L/h)/QC) 
 
;Chemical-specific parameters 
 PLA = 83.6   ;Liver-air partition coefficient 
 PFA = 1021    ;Fat-air partition coefficient 
 PSA = 27.7    ;Slowly perfused air partition coefficient 
 PRA = 83.6   ;Rapidly perfused air partition coefficient 
 PB =   18    ;Blood-air partition coefficient 
 PL = PLA/PB    ;Liver-blood partition coefficient 
 PF = PFA/PB   ;Fat-blood partition coefficient 
 PS = PSA/PB   ;Slowly perfused blood partition coefficient 
 PR = PRA/PB   ;Rapidly perfused blood partition coefficient  
 MW = 92.13    ;Molecular weight (g/mol) 
 VMAXC  = 3.44   ;Maximum velocity of metabolism  
    (mg/h/kg) 
 KM = 0.13    ;Michaelis-Menten (mg/L) 
 KFC = 0.05   ;First-order rate constant  
 
;Calculated parameters 
 QC = QCC  BWSF  ;Cardiac output 
 QP = QPC  BWSF  ;Alveolar vent 
 VS = VSC  BW   ;Volume slowly perfused tissue (L) 

                                                 
2PROGRAM: Toluene, last Revision 08-11-04; J Dennison. 
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 VF = VFC  BW   ;Volume fat tissue (L) 
 VL = VLC  BW   ;Volume liver (L) 
 VR= VRC  BW   ;Volume rapidly perfused (L) 
 VB = 0.0005  BW  ;Lung blood volume (L) 
 QF = QFC  QC   ;Blood flow to fat (L/h) 
 QL = QLC  QC   ;Blood flow to liver (L/h) 
 QS = QC – QF – QL – QR  ;Blood flow to nonfat tissue (L/h) 
 QR = QRC  QC  ;Blood flow to rapidly perfused (L/h)  
 VMAX  = VMAXC  BWSF ;Maximum rate of metabolism (mg/h) 
 KF = KFC/BW0.3  ;Linear metabolic rate 
 
;Parameters for simulated experiment 
 
CONC = 500    ;Inhaled concentration (ppm) 
 
;Parameters for exercise (50 W, 75 W, 100 W, 150 W) 
QPC50 = 53 
QCC50 = 50 
QLC50 = 0.13 
QFC50 = 0.031 
QRC50 = 0.60 
 
QPC75 = 70 
QCC75 = 59 
QLC75 = 0.10 
QFC75 = 0.030 
QRC75 = 0.28 
 
QPC100 = 87 
QCC100 = 68.5 
QLC100 = 0.076 
QFC100 = 0.034 
QRC100 = 0.58 
 
QPC150 = 100 
QCC150 = 79 
QLC150 = 0.042 
QFC150 = 0.024 
QRC150 = 0.58 
 
;The following IF THEN statements implement the Carlsson Stage 3 exercise 

scenario (rest, 50 W, 100 W, 150 W) 
;QPC = IF TIME >= 1.5 THEN QPC150 ELSE IF TIME >= 1.0 THEN QPC100 

ELSE IF TIME >= .5 THEN QPC50 ELSE 18 
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;QCC = IF TIME >= 1.5 THEN QCC150 ELSE IF TIME >= 1.0 THEN 
QCC100 ELSE IF TIME >= 0.5 THEN QCC50 ELSE 18 

;QLC = IF TIME >= 1.5 THEN QLC150 ELSE IF TIME >= 1.0 THEN 
QLC100 ELSE IF TIME >= 0.5 THEN QLC50 ELSE 0.26 

;QFC = IF TIME >= 1.5 THEN QFC150 ELSE IF TIME >= 1.0 THEN QFC100 
ELSE IF TIME >= 0.5 THEN QFC50 ELSE 0.09 

;QRC = IF TIME >= 1.5 THEN QRC150 ELSE IF TIME >= 1.0 THEN 
QRC100 ELSE IF TIME >= 0.5 THEN QRC50 ELSE 0.55 

 
;The following IF THEN statements implement the Carlsson Stage 3 exercise 

scenario (rest, 50 W, 100 W, 150 W) with QPC and QCC from 
QCP2004 calculations 

;QPC = IF TIME >= 1.5 THEN 129 ELSE IF TIME >= 1.0 THEN 88.4 ELSE 
IF TIME >= .5 THEN 45 ELSE 14.7 

;QCC = IF TIME >= 1.5 THEN 46.6 ELSE IF TIME >= 1.0 THEN 37.1 ELSE 
IF TIME >= 0.5 THEN 26 ELSE 14.4 

;QLC = IF TIME >= 1.5 THEN 0.05 ELSE IF TIME >= 1.0 THEN .076 ELSE 
IF TIME >= 0.5 THEN 0.13 ELSE 0.26 

;QFC = IF TIME >= 1.5 THEN 0.03 ELSE IF TIME >= 1.0 THEN 0.03 ELSE 
IF TIME >= 0.5 THEN 0.03 ELSE 0.09 

;QRC = IF TIME >= 1.5 THEN 0.58 ELSE IF TIME >= 1.0 THEN 0.58 ELSE 
IF TIME >= 0.5 THEN 0.60 ELSE 0.55 

 
;The following IF THEN statements implement the Astrand et al. (1972) Figure 

3, Steps 1 and 2, exercise scenario (rest, 50 W) 
;QPC = IF TIME >= 0.5 THEN QPC50 ELSE 18 
;QCC = IF TIME >= 0.5 THEN QCC50 ELSE 18 
;QLC = IF TIME >= 0.5 THEN QLC50 ELSE 0.26 
;QFC = IF TIME >= 0.5 THEN QFC50 ELSE 0.09 
;QRC = IF TIME >= 0.5 THEN QRC50 ELSE 0.55 
 
;The following IF THEN statements implement the Astrand et al. (1972) Figure 

3, Steps 1 to 4, exercise scenario (rest, 50 W) 
;QPC = IF TIME >= 1.08 THEN 18 ELSE IF TIME >= .55 THEN 53 ELSE 18 
;QCC = IF TIME >= 1.08 THEN 18 ELSE IF TIME >= .55 THEN 50 ELSE 18 
;QLC = IF TIME >= 1.08 THEN 0.26 ELSE IF TIME >= .55 THEN .13 ELSE 

0.26 
;QFC = IF TIME >= 1.08 THEN 0.09 ELSE IF TIME >= .55 THEN 0.03 ELSE 

0.09 
;QRC = IF TIME >= 1.08 THEN 0.55 ELSE IF TIME >= .55 THEN 0.6 ELSE 

0.55 
;CONC = IF TIME >= 1.37 THEN 175 ELSE IF TIME >= 1.08 THEN 0 ELSE 

95 
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;The following IF THEN statements implement the Astrand et al. (1972) Figure 
3, Steps 1 to 6, exercise scenario (rest, 50 W) 

;QPC = IF TIME >= 2.4 THEN 18 ELSE IF TIME >= 1.9 THEN QPC50 ELSE 
IF TIME>= 1.08 THEN 18 ELSE IF TIME >= .55 THEN QPC50 
ELSE 18 

;QCC = IF TIME >= 2.4 THEN 18 ELSE IF TIME >= 1.9 THEN QCC50 ELSE 
IF TIME >= 1.08 THEN 18 ELSE IF TIME >= .55 THEN QCC50 
ELSE 18 

;QLC = IF TIME >= 2.4 THEN .26 ELSE IF TIME >= 1.9 THEN QLC50 ELSE 
IF TIME >= 1.08 THEN 0.26 ELSE IF TIME >= .55 THEN QLC50 
ELSE 0.26 

;QFC = IF TIME >= 2.4 THEN .09 ELSE IF TIME >= 1.9 THEN QFC50 ELSE 
IF TIME >= 1.08 THEN 0.09 ELSE IF TIME >= .55 THEN QFC50 
ELSE 0.09 

;QRC = IF TIME >= 2.4 THEN .55 ELSE IF TIME >= 1.9 THEN QRC50 
ELSE IF TIME >= 1.08 THEN 0.55 ELSE IF TIME >= .55 THEN 
QRC50 ELSE 0.55 

;CONC = IF TIME >= 2.4 THEN 0 ELSE IF TIME >= 1.37 THEN 175 ELSE 
IF TIME >= 1.08 THEN 0 ELSE 95 

 
;The following IF THEN statements implement the Astrand et al. (1972) Figure 

4 exercise scenario (75 W, 150 W, rest) 
;QPC = IF TIME >= 1.17 THEN 18 ELSE IF TIME >= .5 THEN QPC150 

ELSE QPC75 
;QCC = IF TIME >= 1.17 THEN 18 ELSE IF TIME >= .5 THEN QCC150 

ELSE QCC75 
;QLC = IF TIME >= 1.17 THEN 0.26 ELSE IF TIME >= .5 THEN QLC150 

ELSE QLC75 
;QFC = IF TIME >= 1.17 THEN 0.09 ELSE IF TIME >= .5 THEN QFC150 

ELSE QFC75 
;QRC = IF TIME >= 1.17 THEN 0.55 ELSE IF TIME >= .5 THEN QRC150 

ELSE QRC75 
;CONC = IF TIME >= 1 THEN 0 ELSE 105 
 
;The following IF THEN statements implement the Astrand et al. (1972) Figure 

9 exercise scenario 
;QPC = IF TIME >= 1.4 THEN 18 ELSE IF TIME >= 0.92 THEN 53 ELSE IF 

TIME >= .5 THEN 18 ELSE 18 
;QCC = IF TIME >= 1.4 THEN 18 ELSE IF TIME >= 0.92 THEN 50 ELSE IF 

TIME >= 0.5 THEN 18 ELSE 18 
;QLC = IF TIME >= 1.4 THEN 0.26 ELSE IF TIME >= 0.92 THEN .13 ELSE 

IF TIME >= 0.5 THEN 0.26 ELSE 0.26 
;QFC = IF TIME >= 1.4 THEN 0.09 ELSE IF TIME >= 0.92 THEN 0.03 ELSE 

IF TIME >= 0.5 THEN 0.09 ELSE 0.09 
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;QRC = IF TIME >= 1.4 THEN 0.55 ELSE IF TIME >= 0.92 THEN 0.6 ELSE 
IF TIME >= 0.5 THEN 0.55 ELSE 0.55 

;CONC = IF TIME >= 1.4 THEN 0 ELSE IF TIME >= .92 THEN 200 ELSE IF 
TIME >= .5 THEN 0 ELSE 200 

 
;The following IF THEN statements implement the Gamberale and Hultengren 

(1972) experiment (Figure 1) 
;CONC = IF TIME >= 1.08 THEN 714 ELSE IF TIME >= .75 THEN 501 

ELSE IF TIME >= .67 THEN 0 ELSE IF TIME >= .33 THEN 300 
ELSE 100 

 
 
CIX = CONC  MW/24,450  ;Exposure concentration (mg/L) 
 
 
 LENGTH = 4    ;Length of inhalation exposure (h) 
 INTERVAL = 8 
 CI = CIX  (mod(time,interval)<=length) 
 
 method RK4    ;Rosenbrock stiff solver 
 starttime = 0   ;start integration 
 stoptime = 8   ;end integration 
 dtmin = 0.0001    ;minimum (and initial) step size 
 dtmax = 1    ;maximum step size 
 tolerance = 0.0001   ;error tolerance for stiff solver 
 dtout = 0.1    ;communication interval (optional) 
 deltaT = stepsize   ;allows plotting step sizes used as deltaT 
      (optional) 
 
 display cv, ca, vlc, vrc, vfc, vsc, qfc, qlc, qrc, sf, dose, mass, massbal, pfa, pla, 

psa, pra 
 display length, bw, qpc, qcc, pb, vfc, km, vmaxc, interval, kfc 
 display cl, cr, cxppm, ci, conc, af, as, ar, al 
 
;INTEGRATIONS 
 
;Chemical in blood 
 AB' = QP  (CI – CX) + QC  (CV– CA) 
 INIT AB = 0 
 CA = AB/VB  
 CV = (QF  CVF + QR  CVR + QL  CVL + QS  CVS)/QC  

;Mixed venous (mg/L) 
 
;Exhaled chemical 
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 CX = CA/PB     ;Alveolar (mg/L) 
 CXPPM = CX  24,450/MW 
 
;Chemical in slowly perfused compartment 
 AS' = QS  (CA – CVS)    ;(mg/h) 
 init AS = 0. ;(mg) 
 CS = AS/VS ;(mg/L) 
 CVS = CS/PS     ;Venous blood (mg/L) 
 
Chemical in fat compartment 
 AF' = QF  (CA – CVF)    ;(mg/h) 
 init AF = 0     ;(mg) 
 CF = AF/VF     ;(mg/L) 
 CVF = CF/PF     ;Venous blood (mg/L) 
 
;Chemical in rapidly perfused compartment 
 AR' = QR  (CA – CVR)    ;(mg/h) 
 init AR = 0     ;(mg) 
 CR = AR/VR     ;(mg/L) 
 CVR = CR/PR     ;Venous blood (mg/L) 
 
;Chemical in liver compartment 
 AL' = QL  (CA – CVL) – AM'   ;(mg/h) 
 init AL = 0     ;(mg) 
 CL = AL/VL     ;(mg/L) 
 CVL = CL/PL     ;Venous blood (mg/L) 
 
;Metabolism 
 AMS' = VMAX  CVL/(KM + CVL)  ;Saturable metabolism (mg/h) 
 init AMS = 0  
 AML' = KF  CVL    ;Linear metabolism (mg/h) 
 init AML = 0 
 AM' = AMS' + AML'    ;Total metabolism 
 init AM = 0 
 
;Mass balance 
 DOSE' = QP  (CI – CX)    ;Net absorption (mg/h) 
 init DOSE = 0     ;Net absorption (mg) 
 MASS = AF + AS + AL + AM + AR + AB ;In tissues + metabolized (mg) 
 MASSBAL = DOSE – MASS + 1 
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