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Preface

Extremely hazardous substances (EHSs)? 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 AEGLSs 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

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

Xi

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9

http://lwww.nap.edu/catalog/12978.html

Xii 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 Xiii

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, |
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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National Research Council Committee
Review of Acute Exposure Guideline
L evels of Selected Airborne Chemicals

This report is the ninth volume in the series Acute Exposure Guideline
Levelsfor Selected Airborne Chemicals.

In the Bhopal disaster of 1984, approximately 2,000 residents living near a
chemical plant werekilled 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 communitiesin
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 afirst 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 trandlated into emergency exposure limits for exposures at high levels

3
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4 Acute Exposure Guideline Levels

but of short duration, usually less than 1 hour (h), and only once in alifetime 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, 20003, 2002a, 20073, 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 resullts.

In November 1995, the National Advisory Committee (NAC)* 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 (AEGL s) 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.

AEGL s represent threshold exposure limits (exposure levels below which
adverse health effects are not likely to occur) for the genera 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 AEGL s are defined as follows:

AEGL-1 is the airborne concentration (expressed as ppm [parts per mil-
lion] or mg/m® [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

INAC 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/m°) 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 hedlth effects or an impaired ability to escape.

AEGL-3 is the airborne concentration (expressed as ppm or mg/m°) 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 bel ow 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
AEGLsfor achemical isto 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 AEGLSs 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 AEGLSs. 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 AEGL s corresponding
to carcinogenic risks of 1 in 10,000 (1 x 10, 1 in 100,000 (1 x 10®), and 1 in
1,000,000 (1 x 10°°) 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, 20014). 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 chemica 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
Levelsfor find 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-
seguent 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 vaid
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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Xylenes'

Acute Exposure Guideline Levels

PREFACE

Under the authority of the Federal Advisory Committee Act (FACA) P.L.
92-463 of 1972, the National Advisory Committee for Acute Exposure Guide-
line Levels for Hazardous Substances (NAC/AEGL Committee) has been estab-
lished to identify, review, and interpret relevant toxicologic and other scientific
data and develop AEGLs for high-priority, acutely toxic chemicals. AEGLs rep-
resent threshold exposure limits for the general public and are applicable to
emergency exposure periods ranging from 10 minutes (min) to 8 hours (h).
Three levels—AEGL-1, AEGL-2, and AEGL-3—are developed for each of five
exposure periods (10 and 30 min and 1, 4, and 8 h) and are distinguished by
varying degrees of severity of toxic effects. The three AEGLs have been defined
as follows:

AEGL-1 is the airborne concentration (expressed as parts per million
[ppm] or milligrams per cubic meter [mg/m’]) of a substance above which it is
predicted that the general population, including susceptible individuals, could
experience notable discomfort, irritation, or certain asymptomatic, nonsensory

'This document was prepared by the AEGL Development Team composed of Clau-
dia Troxel (Oak Ridge National Laboratory) and Chemical Manager Loren Koller (Na-
tional Advisory Committee [NAC] on Acute Exposure Guideline Levels for Hazardous
Substances). The NAC reviewed and revised the document and AEGLs as deemed neces-
sary. Both the document and the AEGL values were then reviewed by the National Re-
search Council (NRC) Committee on Acute Exposure Guideline Levels. The NRC com-
mittee has concluded that the AEGLs developed in this document are scientifically valid
conclusions based on the data reviewed by the NRC and are consistent with the NRC
guideline reports (NRC 1993, 2001).

293
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effects. However, the effects are not disabling and are transient and reversible
upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m’) 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/m’) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening health effects or death.

Airborne concentrations below the AEGL-1 represent exposure levels that
could produce mild and progressively increasing but transient and nondisabling
odor, taste, and sensory irritation or certain asymptomatic, nonsensory 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 AEGLs represent threshold levels
for the general public, including susceptible subpopulations, such as infants,
children, the elderly, persons with asthma, and those with other illnesses, it is
recognized that individuals, subject to idiosyncratic responses, could experience
the effects described at concentrations below the corresponding AEGL.

SUMMARY

Xylene is found in a number of consumer products, including solvents,
paints and coatings, and as a blend in gasoline. Mixed xylenes are composed of
three isomers: m-xylene, o-xylene, and p-xylene, with the m-isomer predominat-
ing. Ethylbenzene is also present in the technical product formulation. Absorbed
xylene is rapidly metabolized and is excreted almost exclusively in the urine as
methylhippuric acid isomers in humans and as methylhippuric acid isomers and
toluic acid glucuronides in animals. Xylene causes mucus irritation and affects
the central nervous system (CNS) in humans and animals after acute inhalation
exposure. Hepatic effects have been noted in humans after acute inhalation ex-
posure to high concentrations and in rats after subchronic oral or inhalation ex-
posure. No consistent developmental or reproductive effects were observed in
the studies found in the available literature. Commercial xylene and all three
isomers have generally tested negative for genotoxicity. Xylenes are currently
not classifiable as to carcinogenicity by the International Agency for Research
on Cancer (IARC) or the Environmental Protection Agency (EPA).

The AEGL-1 is based on the no-effect level for notable discomfort in hu-
man subjects. Only mild eye irritation was noted during a 30-min exposure to
mixed xylenes at 400 ppm (Hastings et al. 1984). An interspecies uncertainty
factor was not applied because the key study used human data. An intraspecies
uncertainty factor of 3 was applied because slight eye irritation is caused by a
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direct effect of the chemical and the response is not expected to vary greatly
among individuals. Because irritation is considered a threshold effect, which
should not vary over time, the AEGL-1 value was not scaled across time, but
rather the same value is applied at all times. The resulting value of 130 ppm is
supported by several other studies, including a 150-ppm p-xylene exposure re-
sulting in eye irritation in a contact lens wearer (Hake et al. 1981); a 15-min
exposure to mixed xylenes at 230 ppm resulting in mild eye irritation and dizzi-
ness with no loss of coordination in one individual (Carpenter et al. 1975b); and
a 3-h exposure to m- or p-xylene at 200 ppm (Ogata et al. 1970), a 4-h exposure
to m-xylene at 200 ppm (Savolainen et al. 1981), and a 5.5-h exposure to
m-xylene at 200 ppm (Laine et al. 1993), all representing no-effect levels for
notable discomfort.

The AEGL-2 is based on the no-effect level for impaired ability to escape.
During a 4-h exposure to mixed xylenes at 1,300 ppm, rats developed poor co-
ordination (slight coordination loss) after 2 h of exposure, returning to normal
coordination postexposure (Carpenter et al. 1975b). The point of departure of
1,300 ppm for 2 h therefore represents the threshold for reversible equilibrium
disturbances and the no-effect level for impaired ability to escape. This concen-
tration and end point are consistent with the preponderance of available data for
4-h exposures in rats: the median effective concentration (ECsy) for decreased
rotarod performance was 1,982 ppm (Korsak et al. 1993); the minimum narcotic
concentration for m-, o-, and p-xylene ranged from 1,940 to 2,180 ppm (Molnar
et al. 1986); and exposure to p-xylene at 1,600 ppm resulted in hyperactivity,
fine tremor, and unsteadiness (Bushnell 1989) and caused changes in the flash
evoked potential suggestive of increased arousal (Dyer et al. 1988). It is as-
sumed that the CNS response observed after xylene exposure is directly related
to the concentration of parent material reaching the brain, and that venous blood
concentrations (CV) correlate with brain concentrations. Therefore, the CV of
xylene after a 2-h exposure to xylene at 1,300 ppm is expected to provide an
internal dose measurement correlating with the clinical sign of poor coordina-
tion. With a physiologically based pharmacokinetic (PBPK) model (see Appen-
dix C), the internal dose (CV) producing impaired coordination in rats was de-
termined. Then, the human PBPK model was run for each defined AEGL time
period to determine the equivalent exposure concentration producing the target
CV.

The AEGL-3 derivation is based on reversible prostration in rats and a no-
observed-effect level (NOEL) for death in rats exposed to 2,800 ppm for 4 h
(Carpenter et al. 1975b). Although coordination initially remained poor, it re-
turned to normal the next day. This concentration represents a threshold for
marked CNS depression, which could lead to death. As for the AEGL-2, it is
assumed that the CNS effects observed after xylene exposure are directly related
to the concentration of parent material reaching the brain. Therefore, PBPK
modeling (see Appendix C) was again used to calculate the internal dose (CV)
correlating with an exposure of rats to 2,800 ppm for 4 h that produced prostra-
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tion. The human PBPK model was then run for each defined AEGL time period
to determine the equivalent exposure concentration producing the target CV.

A total uncertainty factor of 3 was applied to the AEGL-2 and -3 dose
metrics. An intraspecies uncertainty factor of 3 was applied for the pharmacoki-
netic and pharmacodynamic uncertainty because the minimum alveolar concen-
tration (MAC) for volatile anesthetics should not vary by more than 2- to 3-fold
among humans (NRC 2002). An interspecies uncertainty factor of 3 would usu-
ally be applied. PBPK modeling reduced the toxicokinetic component of the
uncertainty factor to 1, but the pharmacodynamic component would normally be
retained and assigned a 3 (although it appears that similar CNS effects occur in
humans and animals, it is not known if they occur at the same tissue dose). A
total uncertainty factor of 10, however, drives the 8-h AEGL-2 value to 180 ppm
and the 4-h AEGL-3 value to 447 ppm. These amounts are exposure concentra-
tions that humans are known to tolerate with minimal or no adverse effects.
With regard to the AEGL-2, humans exposed to p-xylene at 150 ppm for 7.5 h
exhibited no effects on performance tests and noted only mild eye irritation
(Hake et al. 1981). With regard to the AEGL-3, numerous human studies inves-
tigated the effects of exposure to m-xylene at 130 to 200 ppm for 4 to 6 h, with
20-min peaks of 400 ppm with or without exercise, and found no effect or re-
ported minimal CNS effects (Savolainen and Linnavuo 1979; Savolainen et al.
1984, 1985a,b; Seppalainen et al. 1989, 1991; Laine et al. 1993). Therefore, the
interspecies uncertainty factor is reduced to 1, and a total uncertainty factor of 3
is applied to the AEGL-2 and AEGL-3 values (NRC 2002).

The proposed xylene AEGL values apply to all three xylene isomers or a
mixture of xylene isomers. No significant differences in the potency of the iso-
mers after oral or inhalation exposure were identified, metabolism of each iso-
mer proceeds via the same pathways, and PBPK model predictions indicate that
the internal dose (CV) after exposure does not vary significantly among the in-
dividual isomers.

The AEGL values are listed in Table 6-1. AEGL-2 and AEGL-3 values
are greater than 10% of the lower explosive limit.

1. INTRODUCTION

Commercial or mixed xylene is composed of three isomers: meta-xylene
(m-xylene), ortho-xylene (o-xylene), and para-xylene (p-xylene), of which the
m-isomer usually predominates (40% to 70% of the mixture) (Fishbein 1988;
ATSDR 2007). The exact composition of the isomers depends on the xylene
formulation. Ethylbenzene is often present in mixed xylenes; in fact, the techni-
cal product contains approximately 40% m-xylene and approximately 20% each
o- and p-xylene and ethylbenzene (Fishbein 1988). Other minor contaminants of
xylene include toluene and Cy aromatic fractions. Mixed xylenes are used in
production of the individual isomers or ethylbenzene, as a solvent, in paints and
coatings, and as a blend in gasoline (Fishbein 1988; ATSDR 2007). The annual
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production capacity of mixed xylenes has been estimated at 13.1 billion pounds,
with 1990 and 1991 production estimates of about 6 billion pounds (ATSDR
2007). The individual isomers are used primarily as chemical intermediates
(OECD 2003). Almost all o-xylene produced in the United States is consumed
in the manufacture of phthalic anhydride. Other minor uses include the use of o-
xylene as a feedstock in the production of bactericides, soybean herbicides, and
dyes. Most m-xylene is used as a chemical intermediate in the production of
isophthalic acid. Small amounts of m-xylene are also consumed in the produc-
tion of m-tolic acid, isophthalonitrile, and other compounds. Almost all U.S.
production of p-xylene is consumed in the manufacture of dimethyl terephtha-
late and terephthalic acid, which are used in the production of polyester fiber
and plastics.

The physical and chemical properties of xylenes are presented in Table 6-
2. The odor of xylenes is described as an aromatic hydrocarbon odor. The odor
threshold ranges between 0.8 and 40 ppm, and the irritating concentration is 100
ppm (Ruth 1986).

TABLE 6-1 Summary of Proposed AEGL Values for Xylenes

End Point
Classification I0min 30min 1h 4h 8h (Reference)
AEGL-1 130 130 130 130 130 Eye irritation in
(Nondisabling) ppm ppm ppm ppm ppm human volunteers

(560 (560 (560 (560 (560 exposed to mixed

mg/m’) mgm’) mgm’) mgm’) mgm’) xylenes at 400 ppm
for 30 min (Hastings
et al. 1984)

AEGL-2 2,500 1,300 920 500 400 Rats exposed to
(Disabling) ppm* ppm’ ppm* ppm ppm mixed xylenes at
(11,000 (5,600 (4,000 (2,200 (1,700 1,300 ppm exhibited
mg/m’) mg/m’) mgm’) mgm’) mgm’) poor coordination
2 hinto a 4-h
exposure (Carpenter
et al. 1975b)
AEGL-3 S 3,600 2,500 1,300 1,000 Rats exposed to
(Lethal) ppm* ppm* ppm* ppm* mixed xylenes at
(16,000 (11,000 (5,600 (4,300 2,800 ppm for4 h
mg/m’) mg/m’) mgm’) mgm’) exhibited prostration
followed by a full
recovery (Carpenter
et al. 1975b)

“Concentrations are at or higher than 1/10th of the lower explosive limit (LEL) for all
forms of xylene (o-xylene LEL, 9,000 ppm; m- and p-xylene LEL, 11,000 ppm). There-
fore, safety considerations against the hazard of explosion must be taken into account.
?10-min AEGL-3 = 7,200 ppm is >50% of LEL. Therefore, extreme safety considerations
against the hazards of explosions must be taken into account.
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TABLE 6-2 Physical and Chemical Data for Xylenes

Parameter Value Reference
Synonyms Dimethylbenzene (1,2-; 1,3-; or 1,4-); ACGIH 1991;
xylol, m-xylene (m-isomer); o-xylene = Budavari et al. 1996
(o-isomer); p-xylene (p-isomer);
methyltoluene
CAS registry no. 1330-20-7
108-38-3 (m-isomer)
95-47-6 (o-isomer)
106-42-3 (p-isomer)
Chemical formula CsHio Budavari et al. 1996
Molecular weight 106.17 Budavari et al. 1996
Physical state Liquid Budavari et al. 1996
Color Colorless Budavari et al. 1996
Melting point No data for mixture Budavari et al. 1996
—47.4°C (m-isomer)
—25°C (o-isomer)
13-14°C (p-isomer)
Boiling point 137-140°C Budavari et al. 1996
Solubility Practically insoluble in water; ATSDR 2007
106 mg/L at 25°C
Vapor pressure 6.72 mmHg ATSDR 2007
at 21°C
Density 0.864 g/em’ ATSDR 2007
Log Kow 3.12-3.20 ATSDR 2007
Conversion 1 ppm = 4.34 mg/m’ NRC 1984
factors in air 1 mg/m® = 0.23 ppm
2. HUMAN TOXICITY DATA

2.1. Acute Lethality

Three men were employed to paint a double-bottomed tank in the engine
room of a ship (Morley et al. 1970). Solvent composed 34% of the total weight
of the paint, with xylene composing in excess of 90% of the solvents, and only a
trace amount of toluene was present. The men started work at 10:30 am, and
after being reported missing later that evening were found unconscious at 5:00
am the next day. The first patient was dead upon admission to the hospital. Au-
topsy revealed severe pulmonary congestion with focal alveolar hemorrhage and
acute pulmonary edema, hepatic congestion with swelling and vacuolization of
many cells in the centrilobular areas, and microscopic petechial hemorrhages in

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9

http://lwww.nap.edu/catalog/12978.html

Xylenes 299

both the gray and white matter of the brain. In addition, evidence of axonal neu-
ronal damage was indicated by swelling and loss of Nissl substance. The second
patient was admitted to the hospital unconscious, exhibiting only a slight re-
sponse to painful stimuli. He was also hypothermic, had a flushed face, and had
peripheral cyanosis. Medium-grade moist sounds were present in his lungs, and
a chest x-ray revealed patchy diffuse opacity in both lungs. Five hours after
treatment with tracheal aspiration and oxygen, the patient regained conscious-
ness, but was amnesic for 2 to 3 days. Evidence of renal damage was indicated
by an increase in blood urea of 59 mg/100 milliliters (mL) to 204 mg/100 mL 3
days after admission. Endogenous creatinine clearance was also reduced at this
time. Slight hepatic impairment was indicated by a rise in serum transaminase
activity to 100 international units (IU) over 48 h, followed by a return to normal
levels. Patient 3 recovered consciousness after admission and was confused and
amnesic, had slurred speech, and was ataxic upon walking. Within 24 h of ad-
mission, he was fully conscious and alert, and the ataxia disappeared over 48 h.
There was no evidence of renal impairment, and slight hepatic impairment was
indicated by a slight rise in serum transaminase activity (52 IU) over 48 h, fol-
lowed by a return to normal levels.

The circumstances of the accident were re-created by the study authors.
On the basis of the quantity of paint applied, the volume of the space, and the
assumption of still air conditions (based on the limited ventilation present), the
probable xylene concentration was estimated to have been 10,000 ppm. Al-
though two cans of cleaning fluid composed primarily of toluene were also
found at the scene, neither of the survivors remembered using the cleaning fluid.
Therefore, it was assumed by the study authors that exposure was mainly to xy-
lene.

2.2. Nonlethal Toxicity
2.2.1. Case Reports

Two case reports of seizures after exposure to xylene-based products have
been reported in the literature. Goldie (1960) reported a case in which eight
painters were exposed to paint containing 80% xylene and 20% methylgly-
colacetate. When they were painting the inside of a gun tower, adequate ventila-
tion was not present because the ventilation system created too great a draft for
painting. The workers complained of headache, vertigo, gastric discomfort, dry-
ness of the throat, and slight drunkenness after 30 min of exposure; therefore,
the painters worked in the unventilated area for 30 min at a time followed by 10-
min breaks to breathe fresh air. After working for about 2 months, an 18-year-
old male exhibited behavior indicative of a convulsive seizure one day after
leaving work. Signs included weakness, dizziness, inability to speak, uncon-
sciousness, eyes and head rotated to one side, chewing but no foaming, and
short, sharp interrupted jerks of the upper and lower limbs. The patient recov-
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ered consciousness 20 min later. Although the patient experienced another
shorter seizure after admission to the hospital, hospital tests were unable to con-
firm the diagnosis. In another case, Arthur and Curnock (1982) reported that an
adolescent male developed major and minor seizures after using a xylene-based
glue used for building model airplanes. Neither case report provides an exposure
concentration, and exposures were not limited to xylene.

Klaucke et al. (1982) reported that during work one day, 15 male and fe-
male employees of a small community hospital reported at least two of the fol-
lowing symptoms lasting from 2 to 48 h: headache, nausea, vomiting, dizziness
or vertigo, eye irritation, and nose or throat irritation. The frequency of the
symptoms was as follows: headache, 12/15; nausea, 10/15; eye irritation, 8/15;
nose or throat irritation, 7/15; dizziness or vertigo, 7/15; and vomiting, 6/15.
Fourteen of the 15 employees noted an unusual odor 15 to 30 min before the
onset of symptoms. After investigation, it was determined that the “illness” was
caused when 1 L of liquid xylene was poured down a drain in a pathology labo-
ratory, and the vapors were then drawn into the room, which contained a ventila-
tion fan that distributed the vapors throughout the affected area of the hospital. It
was estimated that workers were exposed to levels as high as 700 ppm.

2.2.2. Controlled Exposures

Twenty-three male volunteers (mean age 23 years) were divided in groups
of four or five and exposed to air containing measured concentrations of m-
xylene, p-xylene, or toluene at 100 or 200 ppm for 3 h or for 7 h with a 1-h
lunch break (Ogata et al. 1970). Vapor concentrations were analyzed every half-
hour by gas chromatography. Systolic and diastolic blood pressure, pulse rate,
flicker value, and reaction time were assessed in all volunteers at the beginning
and end of exposures. Exposure to m- or p-xylene did not significantly influence
any of these parameters.

Six or seven7 volunteers (21 to 60 years of age; sex not provided) were
exposed to air containing measured concentrations of mixed xylenes (p-xylene,
7.84%; m-xylene, 65.01%; o-xylene, 7.63%; ethylbenzene, 19.27%) for 15 min
in the following order: 230, 110, 460, or 690 ppm, with exposures limited to one
per day (Carpenter et al. 1975a,b). Volunteers provided written responses at 1-
min intervals throughout the 15-min exposure. Xylene concentration was ana-
lyzed by gas chromatography. Results of the exposure are summarized in Table
6-3. Complaints at 110 ppm were limited to mild throat discomfort in one volun-
teer during the first and seventh minute of exposure; this individual did not ex-
perience discomfort during exposure to 230 ppm. Exposure to 230 ppm resulted
in one volunteer complaining of eye irritation during the 4th, 5th, and 15th min-
ute of exposure; another noting sleepiness at the 13th minute followed by eye
wetness (but no tears formed) at the 14th and 15th minute of exposure; one vol-
unteer reporting possible mild nasal irritation; and another volunteer reporting
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TABLE 6-3 Xylene Irritation Thresholds (Subjects Exposed for 15 Min)

Concentrations (ppm)

Condition of Subjects 110 230 460 690

Volunteers 6 7 6 6
Throat irritation 1 0 1 2
Eye irritation 0 1 4 4
Tears 0 1 1 2
Dizziness and light-headedness 0 1 1 4

Source: Carpenter et al. 1975b. Reprinted with permission; copyright 1975, Toxicology
and Applied Pharmacology.

intermittent dizziness and light-headedness (with no loss of coordination) during
the last 2 min of exposure. At 460 ppm, four volunteers reported intermittent or
continuous mild eye irritation, with one additionally reporting eye wetness when
leaving the chamber; one volunteer noted mild dizziness at the sixth minute of
exposure that persisted throughout the 15-min exposure (the same individual
who noted dizziness at 230 ppm); and one volunteer reported possible mild nasal
and throat irritation (the same individual who reported nasal irritation at 230
ppm). Exposure to 690 ppm resulted in dizziness and light-headedness in four
volunteers. Three of the volunteers reported the dizziness to be mild and not
associated with a loss of balance, while the other volunteer reported a slight loss
of balance. Eye, nose, and throat irritation was noted during exposure but ceased
within 10 min postexposure. Carpenter and associates (1975b) concluded that
exposure to xylene at 100 ppm would not be objectionable to most people, while
none of the volunteers thought that 690 ppm could be tolerated over an 8-h work
day.

Volunteer male college students 18 to 30 years old were exposed to air
containing mixed xylenes at 0, 100, 200, or 400 ppm (0, 0.43, 0.86, and 1.72
mg/L) for 30 min (p-xylene, 7.84%; m-xylene, 65.01%; o-xylene, 7.63%; ethyl-
benzene, 19.27%) (Hastings et al. 1984). The students were exposed using an
olfactometer delivery hood made of transparent Lucite, which allowed adequate
air flow. Solvent or distilled water (for control exposures) was delivered with a
motorized syringe, and heating tapes vaporized the solvent or water before in-
troduction into the hood. Samples of air taken from the breathing zone in the
hood were analyzed by gas chromatography for the actual exposure concentra-
tions and were acceptable. A contact electrode was taped near the skin of the
outer canthus of one eye on each subject to measure eye blinks, and an indiffer-
ent electrode was clipped to the ipsilateral ear. Respiratory measurements were
recorded with the aid of a thermistor placed near one naris. Behavioral tests, two
measuring psychomotor performance (consisting of the Michigan Eye-Hand
Coordination Test and a visuomotor-skill TV game) and one measuring cogni-
tive performance (choice reaction time), were administered before, during, and
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after exposure (10 min after placement in the hood when exposed to control air,
during the last 5 min of the 30-min exposure to xylene, and 10 min after the sub-
jects were again exposed to control air for 10 min). The reader is referred to the
study for additional details about the behavioral testing. The subjects were asked
every 5 min during the experiment if they detected any odor or experienced eye,
nose, or throat irritation.

The only clear concentration-related effect of exposure in the Hastings et
al. (1984) study was mild eye irritation reported by 56%, 60%, 70%, and 90% of
the subjects in the 0-, 100-, 200-, and 400-ppm groups, respectively (not statisti-
cally significant). No concentration-related increase in the percentage of ex-
posed subjects experiencing nose or throat irritation was observed and the num-
ber of eye blinks per minute and respiration rate (breaths per minute) were not
statistically increased in any of the exposure groups compared with the controls,
confirming that the reported irritation was mild. No statistically significant dif-
ferences in the performance of the behavioral tasks by the exposed subjects were
observed compared with controls.

Gamberale et al. (1978) conducted two series of experiments assessing the
effects of xylene exposure in healthy male volunteers age 21 to 33 years. In the
first investigation, groups of five males were exposed to xylene at 0, 100, or 300
ppm for 70 min on day 1, 2, or 3, with the sequence of the exposure balanced
among the three groups (on day 1, groups 1, 2, and 3 were exposed to 0, 300,
and 100 ppm, respectively). In the second investigation, a group of eight volun-
teers (who had also participated in the first series) were exposed to xylene at 300
ppm for 70 min; they exercised four times per day on a bicycle equipped with an
ergometer at 100 watts [W]) for the first 30 min of exposure and sat in a chair
the remaining 40 min of exposure. In both experiments, a breathing valve with
low resistance was used to supply the air or xylene, and menthol crystals were
placed in the tube of the mouthpiece to mask the odor of solvent. A total hydro-
carbon analyzer was used to continuously measure the inspired xylene concen-
tration during exposure, and a gas chromatographic technique was used to
measure the alveolar air concentration of xylene (further details were not pro-
vided). Heart rate was checked regularly. Five performance tests were adminis-
tered to volunteers during the exposures: one administered at the beginning of
the exposure period and all five during the last 35 min of exposure. The per-
formance tests included critical flicker fusion, reaction time addition, simple
reaction time, short-term memory, and choice reaction time. All the tests utilized
visual stimulation with electronic recording of responses. After each exposure
trial, subjects were asked to fill out a questionnaire addressing subjective symp-
toms experienced during exposures.

The concentration of xylene in the alveolar air at 30 and 70 min of expo-
sure corresponded to the nominal concentration: the alveolar air concentration in
the 300-ppm group was three times that of the 100-ppm group (Gamberale et al.
1978). After subjects exercised during exposure to 300 ppm, the alveolar xylene
concentration increased 3.7- and 2.2-fold at 30 and 70 min, respectively, com-
pared with exposure to 300 ppm at rest. No exposure-related changes in heart
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rate were observed. Although a slight increase in the frequency of headache and
feeling of “sickness” were noted, the number of subjects with these complaints
was not provided. However, the authors stated that most subjects reported no or
negligible symptoms. Xylene exposure at rest did not significantly affect the
results of the performance tests of subjects exposed to xylene at 100 or 300 ppm.
When xylene exposure was combined with 100 W of work, impaired perform-
ance was observed on all tests, significantly so (p < 0.05) in the reaction time
addition test and the short-term memory test (further details not provided).

Exposure of groups of four male volunteers to p-xylene at 70 ppm, toluene
at 80 ppm, or a combination of toluene at 50 ppm and p-xylene at 20 ppm for 4
h did not affect the results of choice reaction time, simple reaction time, or
short-term memory performance tests as assessed by microcomputers immedi-
ately upon entry into the exposure chamber, after 2 h of exposure, or after 4 h of
exposure compared with control air exposure (Olson et al. 1985). Solvent expo-
sure did not affect heart rate or the reporting of subjective symptoms recorded
by questionnaire at the end of the exposures.

Groups of two healthy male volunteers aged 22 to 35 years were exposed
in random sequence to air containing toluene at 100 ppm, xylene at 100 ppm, a
mixture of toluene at 50 ppm and xylene at 50 ppm, or control air for 4-h ses-
sions, with each exposure session separated by 7-day intervals (Dudek et al.
1990). No information about the purity or composition of xylene was provided.
Exposures occurred in a chamber, with the test solvent concentrations controlled
by monitoring with gas chromatography and infrared spectrophotometry. Terpon
vapors were used to mask the odor of the test solvents. A battery of nine psycho-
logical tests was used to evaluate the effects of the solvents on the subjects dur-
ing exposure. The tests evaluated memory (Sperling’s test), interference of cog-
nitive processes (Stroop’s test), cognitive processes (Sternberg’s test), motor-
visual coordination (Flanagan’s test), speed and precision of hand movements
(aiming), psychomotor efficiency (simple reaction time, choice reaction time,
and Santa Ana), and mood (profile of mood state). The volunteers completed a
training session on these performance tests 1 week before the exposure. On the
day of the exposure, the performance tests were administered 1 h before expo-
sure, at the commencement of exposure, and 3 h into the exposure; only the re-
sults with xylene are reported here. Xylene exposure for 3 h resulted in signifi-
cant reductions in performance of the simple reaction time test (prolongation of
simple reaction time; p < 0.001) and the choice reaction time test (p < 0.001).
No statistically significant effects were observed in any of the other psychologi-
cal tests.

An average of 10 subjects (mix of males and females) were exposed to xy-
lene in a 1,200-cubic-foot gas chamber for 3 to 5 min, and the level of irritation
experienced by the subjects was recorded upon exit from the chamber (Nelson et
al. 1943). Further experimental details were not provided. The study authors
reported that exposure to xylene at 200 ppm resulted in eye, nose, and throat
irritation in most subjects and it was classified as objectionable.
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In 1981, Hake et al. published the results of a study that established the re-
lationship between exposure concentration and p-xylene body burden as meas-
ured by urine, blood, breath, and saliva, and they evaluated the effects of re-
peated p-xylene vapor exposure in humans. Nine adult Caucasian males and
seven adult Caucasian females were exposed at rest to p-xylene vapors. The
subjects were subdivided into three daily groups for 7.5, 3, or 1 h of daily expo-
sures. Males and females were exposed the first week (five consecutive days) to
p-xylene at 100 ppm. Males were also exposed to 20 ppm the second week, 150
ppm the third week, and fluctuating concentrations of 50 to 150 ppm (for a time-
weighted average [TWA] of 100 ppm) the fourth week. Subjects were exposed
to 0 ppm Thursday and Friday of the week preceding xylene exposure, and
Monday and Tuesday of the week following the last week of xylene exposure to
provide control data. Exposures were conducted in a controlled environment
chamber (20 x 20 x 8 feet). The p-xylene vapor was introduced into the cham-
ber’s circulating air by a stream of air-sweeping vapor from a warm flask. The
p-xylene chamber vapor concentrations were continuously monitored and an
infrared spectrometer with a gas chromatograph served as a back-up monitor.
End points selected to evaluate p-xylene included neurologic testing (modified
Romberg, heel-to-toe test, electroencephalogram [EEG], and visual evoked po-
tentials [VEPs]), cardiopulmonary function tests, cognitive testing (Flanagan
coordination test, time estimation tests, arithmetic test, inspection test), and sub-
jective responses (noted by these volunteers during the exposure or during the
first 3 h of exposure).

Irritation was the only subjective response noted that was related to xylene
exposure (Hake et al. 1981). In males, eye irritation was noted seven times and
eight times during the week-long exposures to 100 and 150 ppm, respectively,
compared with three mentions during the four control days. Of these notations,
one individual in the 7.5-h exposure group wearing contact lenses noted eye
irritation almost every day, while another subject complained twice at 100 ppm
and three times at 150 ppm. No irritation was noted by males during any 3-h
exposure, but one subject complained of eye irritation during a 1-h exposure to
150 ppm. No visible reddening of the eyes or conjunctiva was observed. Irrita-
tion was also noted by females, but it was confined to nose and throat irritation.
During the 5-day exposure to 100 ppm, irritation was noted 17 times, compared
with 5 times during two control days. No significant neurologic, cardiopulmon-
ary, or cognitive abnormalities were definitively correlated with exposure to any
concentration of p-xylene. Although a decrement in the performance of the
Flanagen coordination test was noted in males exposed to p-xylene at 150 ppm
for 7.5 h/day, the decrement was almost entirely due to the performance of one
subject who had previously been ill. The changes in EEG activity (increase in
delta activity) observed in males exposed for 7.5 h to p-xylene at 100 or 150
ppm could not definitely be ascribed to exposure because the changes were not
evident during every exposure and were not correlated with exposure concentra-
tion.
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Nine male student volunteers (aged 20 to 25 years) were exposed at rest to
m-xylene at 200 ppm, trichloroethane at 200 or 400 ppm, or a combination of
xylene at 200 ppm and trichloroethane at 400 ppm for 4 h/day, once a week,
with a 6-day interval between succeeding exposures over six consecutive weeks
(Savolainen et al. 1981; Seppalainen et al. 1983). The exposures were single
blind, with each subject acting as his own control. The end points examined by
each author were body sway, reaction times, flicker fusion, and subjective symp-
toms (Savolainen et al. 1981) and pattern VEP (Seppalainen et al. 1983). Body
sway along the anteroposterior and lateral axes was recorded with a strain gauge
platform with the eyes open and closed and was measured 1 h before exposure
and after 20 min and 3.75 h of exposure. Reaction time (manual response to
stimuli) and tapping of the dominant hand was measured before exposure, and
after 1 and 3 h of exposure. Flicker fusion was assessed before exposure and at
1.5 and 3.5 h of exposure. Pattern VEP was measured before exposure and 5 to
30 min after exposure ended. Exposure to xylene alone did not result in any
marked adverse effects. A slight improvement in performance was observed as a
slight decrease in body sway and slightly shortened reaction time (Savolainen et
al. 1981). No effects on tapping speed were observed, and a slight increase in
the critical fusion thresholds were noted in the afternoon sessions (Savolainen et
al. 1981). No statistically significant effects were observed in the pattern VEP
after exposure to m-xylene (Seppalainen et al. 1983).

Nine male student volunteers (mean age 21 years) in three groups of three,
were exposed for 3 h in the morning and 40 min in the afternoon, with a 40-min
lunch break, to air containing a fixed concentration of m-xylene at 200 ppm, a
basal concentration of m-xylene at 135 ppm with 20-min peak concentrations of
400 ppm at the beginning of the morning and afternoon sessions, or to control
air (Seppalainen et al. 1989, 1991; Laine et al. 1993). The subjects were exposed
sedentary or with 10 min of exercise (100 W) at the beginning of each exposure
session. The exposures occurred on six separate days, with a minimum of a 5-
day interval separating the xylene exposures. The subjects were exposed in a
dynamic chamber, and the concentration of atmospheric xylene was continu-
ously monitored (further details not provided). Peppermint oil was used to mask
control exposure and the solvent odor, with the experiment being a single-blind
experiment with crossover design, with each subject acting as his own control.
The end points examined by each author were VEPs and brainstem auditory
evoked potentials (BAEPs) (Seppalainen et al. 1989), EEG recordings (Sep-
palainen et al. 1991), and body sway and reaction times (Laine et al. 1993).

VEPs were recorded in the morning before the subjects entered the expo-
sure chamber and at the end of the morning and afternoon exposure session
(Seppalainen et al. 1989). For pattern VEPs (pattern reverse stimulus), latencies
of P50, N70, P100, N135, P170, and the peak-to-peak amplitude of N70 to P100
were measured. For flash VEPs (light flash), latencies of P50, N70, P100, N150,
P200, and the peak-to-peak amplitude of P100 to N150 were measured. BAEPs
were also recorded. The results from the study demonstrated that xylene expo-
sure at rest did not result in any consistent effects on VEPs, while xylene expo-
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sure combined with exercise resulted in minor but statistically significant de-
creases in the latency of N135 in the pattern VEP and of P200 in the flash VEP
at fluctuating concentrations of 400 ppm. No exposure-related changes were
noted in BAEPs. The study authors suggested that “the most intensive exposure
situations” may result in an aroused state but that the changes did not indicate
hazards to healthy workers.

EEG recordings were made during the first 18 min of the morning and af-
ternoon exposure sessions and included 10 min of exercise and 3 to 4 min after
exercise ceased on the days subjects were exercising (Seppalainen et al. 1991).
Five-minute recordings were also made 1 and 2 h after the subject entered the
chamber in the morning and 45 min after the afternoon exposure ceased. Expo-
sure to m-xylene resulted in minor changes that suggested a stimulating, excita-
tory effect (slight alpha activation).

Body sway and reaction times were measured before exposure in the
morning, 20 and 120 min after the beginning of the morning exposure, 20 min
after the beginning of the afternoon exposure, and 50 min after termination of
the afternoon exposure (Laine et al. 1993). Body sway along the anteroposterior
and lateral axes was recorded with a strain gauge platform with the eyes open
and closed. Simple reaction time of the dominant hand after visual stimuli and
choice reaction time after auditory and visual stimuli were used to assess reac-
tion times. The authors also measured gaze deviation nystagmus. Exposure to
peak concentrations of m-xylene (400 ppm) resulted in decreased body sway in
sedentary and exercising subjects. No definitive conclusions on the effects of m-
xylene exposure on reaction times could be drawn because reaction times did
not consistently change with the intensity of exposure. In the afternoon, longer
simple reaction times were noted after exposure to peaks of m-xylene at rest,
while prolonged audiomotor choice reaction times were prolonged after expo-
sure to peaks of m-xylene while exercising. No nystagmus was noted.

Laine et al. (1993) also exposed 12 healthy male volunteers (four groups
of three) at rest to stable concentrations of m-xylene at 200 ppm for 5 h and 30
min on 2 days, with 1 week separating the exposures. Body sway and reaction
time (auditory, visual, and associative signals) were measured in the morning
before exposure and after cessation of the exposure. Body movement while the
subjects slept was recorded the night of the exposure at each subject’s home
using a static charge sensitive bed. No effect on body sway was observed, and
no statistical difference in reaction times was noted. The only statistically sig-
nificant effect observed when the subjects were sleeping was a slightly de-
creased number of body movements. No effect on active and quiet sleep was
observed. No differences in body sway or reaction time were observed the
morning after the exposure.

Nine male student volunteers (mean age 21 years) in three groups of three
were exposed for 3 h in the morning and 1 h in the afternoon, with a 40-min
lunch break, to air containing a fixed concentration of m-xylene at 200 ppm, a
basal concentration of m-xylene at 135 ppm with 20-min peak concentrations of
400 ppm at the beginning of the morning and afternoon sessions, or to control
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air (Savolainen et al. 1984, 1985a,b). The subjects were exposed sedentary or
with 10 min of exercise (100 W) at the beginning of each exposure session. The
exposure occurred at 6-day intervals during six succeeding weeks. The subjects
were exposed in a dynamic chamber, and the concentration of atmospheric xy-
lene was continuously monitored with an infrared monitor. Peppermint oil was
used to mask control exposure and the solvent odor, with the experiment being a
single-blind experiment with crossover design, with each subject acting as his
own control. The end points examined by each author were body sway
(Savolainen et al. 1985a) and body sway and reaction time (Savolainen et al.
1984, 1985b). Body sway along the anteroposterior and lateral axes was re-
corded with a strain gauge platform with the eyes open and closed and was
measured before exposure in the morning, at the time of peak exposure and ex-
ercise (about 15 to 20 min into exposure), and after exposure. Simple reaction
time of the dominant hand following visual stimuli and choice reaction time
following auditory stimuli or auditory and visual stimuli were used to assess
reaction times (Savolainen et al. 1984, 1985b).

Savolainen et al. (1984) found that body sway along the anteroposterior
axis was impaired by exposure to peak xylene concentrations at rest but im-
proved with peak xylene concentrations with exercise. Opposite results were
observed when body sway was measured along the lateral axis: only fluctuating
concentration with exercise impaired balance, while body sway improved (de-
creased) with exposure at rest. Savolainen et al. (1985b) found that body sway
was negatively correlated with xylene concentration; that is, xylene exposure
improved (decreased) body sway, while no correlation was evident between
blood xylene concentration and body sway. In contrast, Savolainen et al. (1985a)
reported that changes in body sway were positively correlated with blood xylene
concentration from exposure to stable and fluctuating m-xylene concentrations.

No consistent, significant effects on reaction time after exposure to m-
xylene were found by Savolainen et al. (1985b). Savolainen et al. (1984) re-
ported that choice reaction times as assessed by using auditory stimuli were sta-
tistically impaired in subjects exposed to peak m-xylene concentrations with
exercise during the afternoon session. In the afternoon sessions, simple reaction
times were impaired in sedentary subjects after peak exposure to m-xylene but
improved in subjects exposed to peak concentration with exercise.

A total of 22 male student volunteers (mean age 24 years) were exposed to
laboratory grade m-xylene (Riihimaki and Savolainen 1980; Savolainen and
Riihimaki 1981). Six sedentary subjects were exposed for 6 h/day (with a 1-h
lunch break) for five consecutive days and for 1 to 3 days after a 2-day weekend.
Exposures on Monday to Friday were to stable concentrations of 100 ppm for
the morning and afternoon sessions except on Friday afternoon when the con-
centration was doubled to 200 ppm. Exposures on Monday to Wednesday of the
following week were to fluctuating concentrations of m-xylene: subjects were
exposed to an approximate baseline concentration of 70 ppm with peaks of 200
ppm lasting 10 min (TWA of 100 ppm). On Wednesday afternoon, exposure
concentrations were approximately doubled (baseline concentration of 130 ppm
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with peaks of 400 ppm; TWA of 200 ppm). The remaining 16 subjects were
divided into two groups of eight. Both groups exercised on a bicycle ergometer
at 100 W 4x/day for 10 min, exercising at 1 and 2 h of exposure in the morning
and afternoon sessions. One group was exposed to a stable concentration of
m-xylene at 100 ppm, with concentrations doubled to 200 ppm Friday afternoon,
and the other group was exposed to fluctuating concentrations (baseline concen-
tration of 70 ppm with hourly peaks of 200 ppm over 10 min; mean concentra-
tion of 100 ppm), with concentrations doubled on the last day (baseline concen-
tration of 130 ppm with peaks of 400 ppm; mean concentration of 200 ppm).
The subjects were exposed in a dynamic chamber, with peppermint oil used to
mask control exposure and the solvent odor. Control days preceded and suc-
ceeded exposure days, so that each subject acted as his own control. The end
points examined by each author included body sway (Riihimaki and Savolainen
1980; Savolainen and Riihimaki 1981), subjective symptoms, choice and simple
reaction times, critical flicker fusion, Santa Ana manual dexterity test, nystag-
mus, and EEG recordings on a limited number of subjects (Riihimaki and
Savolainen 1980).

Body balance was affected when a rapid increase in blood xylene concen-
tration occurred (after peak exposures to fluctuating concentrations, particularly
to 400 ppm), with tolerance developing upon continuing exposure (Riihimaki
and Savolainen 1980; Savolainen and Riihimaki 1981). Changes in EEG re-
cordings suggestive of a slight decrease in vigilance (increased number of slow
occipital transients) were observed in 4/4 subjects after exposure to peak con-
centrations of xylene combined with exercise (Riihimaki and Savolainen 1980).
One volunteer also exhibited bilateral spike and wave complexes. Although Rii-
himaki and Savolainen (1980) reported impairment of simple and choice reac-
tion times after exposure to xylene with the development of tolerance upon con-
tinuing exposure, further details were not provided. Xylene exposure did not
affect nystagmus, Santa Ana manual dexterity test, or critical flicker fusion (Rii-
himaki and Savolainen 1980). Symptoms were limited to mild nose and throat
irritation reported by 1/6 sedentary subjects during the 400-ppm peaks (Riihi-
maki and Savolainen 1980). The results of testing the 6 sedentary subjects and
the 16 volunteers divided into 2 groups of 8 were also reported by Savolainen et
al. (1979b) and Savolainen et al. (1980), respectively.

Savolainen and Linnavuo (1979) assessed body balance in 17 healthy male
volunteers (mean age 24 years) by means of a strain gauge transducer. Then, 6
of the 17 volunteers were exposed to m-xylene in the morning for 3 hto a TWA
of 100 ppm with hourly peaks of 200 ppm and in the afternoon for 3 hto a TWA
of 200 ppm with hourly peaks of 400 ppm, with a 1-h lunch break separating the
morning and afternoon exposures. Body balance was assessed 1 h before the
morning exposure and at the end of the morning and afternoon sessions. Control
days preceded and succeeded exposure days. Although no differences in body
balance were observed after xylene exposure in the morning session, impaired
body balance was noted in the subjects during the afternoon session, particularly
with the eyes closed.
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With six xylene concentrations (composition not specified) and 18 sub-
jects familiar with the smell of xylene, the odor threshold for xylene was re-
ported as 0.1 to 0.4 ppm (reported as 0.6 to 1.9 mg/m’) for the minimum percep-
tible concentration and 0.09 to 0.3 ppm (0.4 to 1.4 mg/m’) for the maximum
imperceptible concentration (Gusev 1965). EEG recordings of four subjects ex-
posed to xylene for 6 min indicated reductions in the electrical activity of the
cerebral cortex at 0.07 ppm (0.32 mg/m’) but not at 0.05 ppm (0.21 mg/m®). The
reason for this effect at this relatively low exposure concentration is unknown.

2.3. Developmental and Reproductive Effects

A limited number of studies suggest an association between xylene expo-
sure and an increased risk of spontaneous abortion (Windham et al. 1991;
Taskinen et al. 1994) or developmental toxicity (Kucera 1968; Holmberg and
Nurminen 1980; Taskinen et al. 1989). A number of limitations preclude the
usefulness of these studies, including small sample sizes, no quantified exposure
concentrations, and concurrent exposures to other solvents.

2.4. Genotoxicity

No increase in the frequency of sister chromatid exchanges was observed
in peripheral lymphocytes from individuals exposed to xylene in occupational
(Haglund et al. 1980; Pap and Varga 1987) or experimental settings (Richer et
al. 1993).

2.5. Carcinogenicity

Occupational exposure to xylene has been associated with an increased risk
of leukemia (Arp et al. 1983; Wilcosky et al. 1984; Anttila et al. 1995); non-
Hodgkin’s lymphoma (Wilcosky et al. 1984; Anttila et al. 1995); or cancer of the
rectum, colon (Siemiatycki 1991; Gérin et al. 1998), or nervous system (Spirtas et
al. 1991; Anttila et al. 1995). Despite these associations, however, a number of
limitations preclude the usefulness of these data, including small sample sizes, no
quantified exposure concentrations, and concurrent exposures to other solvents
including benzene.

2.6. Summary

A summary of the effects of xylene exposure on humans is provided in
Table 6-4. CNS disturbances after acute and chronic inhalation exposure to xy-
lene include headache, vertigo, nausea, fatigue, irritability, dizziness, impaired
concentration, and confusion. Case reports of xylene inhalation have included
signs and symptoms such as seizures, unconsciousness and coma, acute pulmo-
nary edema, and transient renal and hepatic impairment. Death occurred due to
pulmonary failure after inhalation of mixed xylenes at about 10,000 ppm.

Copyright © National Academy of Sciences. All rights reserved.
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3. ANIMAL TOXICITY DATA
3.1. Acute Lethality
3.1.1. Cats

Four male cats of mixed breed were exposed to air containing a mean
measured concentration of mixed xylenes at 9,500 ppm (p-xylene, 7.84%; m-
xylene, 65.01%; o-xylene, 7.63%; ethylbenzene, 19.27%) (Carpenter et al.
1975b). Clinical signs during the exposure included salivation, ataxia, tonic and
clonic spasms, and anesthesia. All cats were dead within 2 h of exposure. Ne-
cropsy failed to reveal any exposure-related histologic lesions.

3.1.2. Rats

Groups of 10 female, Sprague-Dawley rats were exposed to a mixture of
xylenes (o-, p-, and m-xylene; percentage of each not provided) by inhalation in
a 60-L chamber for 4 h (Lundberg et al. 1986). Xylene concentrations were not
provided, but it was stated that they were administered in a geometric series.
Solvent concentrations in the chamber were monitored by infrared analysis of a
stream of chamber air continuously drawn through an infrared analyzer, and
exposure levels were adjusted accordingly. Animals were observed for mortality
for 24 h after the start of the exposure. A 4-h 50% lethal concentration (LCsg)
value of 11,000 ppm (reported as 47,635 mg/m’; 95% confidence interval,
10,000 to 12,000 ppm) was determined by the Weil method. In another study,
rats were exposed to concentrations of 1/32 to 1/2 of the LCsy value, and liver
damage was assessed by measuring serum levels of sorbitol dehydrogenase ac-
tivity or by histologic analysis of liver sections. Xylene exposure at these con-
centrations failed to induce any measurable hepatotoxicity.

Bonnet et al. (1982) exposed groups of 12 male Sprague-Dawley rats to
various concentrations of o-xylene (98% purity), m-xylene (97% purity), or p-
xylene (98% purity) for 6 h. Vapor concentrations were determined by gas
chromatography. Animals were observed for mortality for 14 days after expo-
sure, and LCs, values were calculated by the method of Bliss (1938). Individual
exposure concentrations and mortalities were not provided in the study. Clinical
signs reported for rats exposed to m-xylene and o-xylene consisted of loss of
muscle tone and somnolence, while rats exposed to p-xylene also exhibited
tremor, shaking, and repetitive movements. The 6-h LCs, values with 95% con-
fidence limits were m-xylene, 5,984 (5,796 to 6,181); o-xylene, 4,330 ppm
(4,247 to 4,432); and p-xylene, 4,591 ppm (4,353 to 5,049).

Groups of 15 or 16 male albino rats (Harlan-Wistar strain) approximately
5 weeks of age were exposed for 4 h to air containing measured concentrations
of mixed xylenes at 580, 1,300, 2,800, 6,000, or 9,000 ppm (p-xylene, 7.84%;
m-xylene, 65.01%; o-xylene, 7.63%,; ethylbenzene, 19.27%) (Carpenter et al.
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1975b; methods are given by Carpenter et al. 1975a). Ten rats per group were
used for the LCsy determination, while five rats per group were sacrificed after
exposure and necropsied. Animals were observed continuously for the first 5
min of exposure, at 15 and 30 min, then at 30-min intervals until 1 and 2 h post-
exposure, and daily thereafter. All organs were evaluated grossly at death or
sacrifice. Histopathologic evaluation was done of the respiratory tract and liver
from three animals (or fewer) per exposure concentration at the end of the 4-h
exposure and after 2 days postexposure and of the respiratory tract, liver, kid-
ney, brain, and bone marrow at sacrifice after the 14-day postexposure observa-
tion. Mortality results and clinical signs are reported in Table 6-5. A 4-h LCs, of
6,700 ppm (95% confidence interval, 5,100 to 8,500 ppm) was calculated by the
Thompson method of moving averages. The only findings at necropsy ascribed
to treatment were two cases each of pulmonary atelectasis, hemorrhage, and
interlobular edema in rats that died after exposure to the highest concentration.

Male Long-Evans rats weighing between 150 and 300 g were exposed to a
mixture of o-xylene, m-xylene, p-xylene, and ethylbenzene by inhalation for 4 h
and were observed for 14 days for mortality for determination of a 4-h LCs, us-
ing the method of Litchfield and Wilcoxon (Hine and Zuidema 1970). Informa-
tion not provided by the study authors included the number of rats per group, the
percent of each component in the mixture, the exposure concentration, and
whether the LCs, calculation was based on nominal or analytic concentrations.
The 4-h LCsy was 6,350 ppm (confidence limits [not further defined], 4,670 to
8,640 ppm). The authors reported that all deaths occurred during exposure; sur-
vivors were comatose upon removal from the chamber but recovered shortly
thereafter.

TABLE 6-5 Mortality of Male Rats Exposed to Xylene Vapor for 4 Hours

Concentration (ppm)  Mortality Other Effects
580 0/10 None observed
1,300 0/10 Poor coordination (slight coordination loss)

after 2 h, did not persist after exposure

2,800 0/10 Irritation (not described further), all rats
prostrate between 2 and 3.5 h; recovered
within 1 h, but coordination remained poor;
return to normal following day

6,000 4/10 Rats prostrate within 30 min; all survivors
Died within 3.5 h prostrate but recovered promptly

9,900 10/10 None stated
Died within 2.25 h

6,700 4-h LCs

Source: Carpenter et al. 1975b. Reprinted with permission; copyright 1975, Toxicology
and Applied Pharmacology.
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To determine the effects of xenobiotic interactions with p-xylene, adult fe-
male CD rats were pretreated with saline, phenobarbital at 75 mg per kg of body
weight (mg/kg), chlorpromazine at 15 mg/kg, corn oil, or 3-methylcholanthrene at
20 mg/kg by intraperitoneal injection for three consecutive days before inhalation
exposure to p-xylene for 4 h for determination of LCs, values (Harper et al. 1975).
Methods for the xylene exposures were the same as those used for benzene in a
previous study (Drew and Fouts 1974). Chamber concentrations were monitored
at 30-min intervals by bubbling the air containing the vapor through methanol, and
the vapor absorbed in the methanol was measured with a spectrophotometer. The
concentrations used in calculating the 4-h LCs, are based on the arithmetic means
of eight determinations over the 4-h exposure period. Animals were observed for
14 days. The LCs values and the corresponding 95% confidence levels are pre-
sented in Table 6-6. Pretreatment with the xenobiotics resulted in minimal
changes: phenobarbital increased the LCsy by ~20%, while 3-methylcholanthrene
and chlorpromazine produced almost comparable LCs, values.

Cameron et al. (1938) exposed groups of 10 male and female albino rats or
mice by inhalation to p-, m-, or o-xylene (source and purity not specified) at
saturation or at one-half, one-fourth, or one-eighth of saturation and reported the
resultant mortalities (length of observation not provided). Mortality results are
presented in Table 6-7. No treatment-related changes were noted in organs of
animals that died after exposure.

Groups of five male albino rats (Harlan-Wistar strain) were exposed to a
measured concentration of mixed xylenes at 11,000 ppm for 2 h or for 15, 30, or
60 min (p-xylene, 7.84%; m-xylene, 65.01%; o-xylene, 7.63%; ethylbenzene,
19.27%) (Carpenter et al. 1975a; b). Animals were observed constantly during
the exposure—at 0.5, 1, 2, and 4 h postexposure and then once daily for 7 days.
Among rats exposed for 2 h, eye irritation was noted immediately at the start of
exposure, with prostration present 20 min into the exposure and tremors ob-
served at 45 min. Mortality was observed in 2/5 rats within 66 min and in 4/5
within 80 min. The rat that survived was said to have poor coordination, but the
duration of that condition was not stated. No mortality was observed in rats ex-
posed to mixed xylenes at 11,000 ppm for 15, 30, or 60 min. Eye irritation was
again noted, and prostration was observed in rats exposed for 30 or 60 min, with
full coordination returning 30 min or 2 h postexposure, respectively. The median
lethal time was 92 min.

Smyth et al. (1962) reported that 2 h was the maximum exposure time re-
sulting in no mortality within 14 days of exposure to a concentrated vapor of m-
xylene in albino rats. Inhalation of a nominal concentration of m-xylene at 8,000
ppm for 4 h resulted in a mortality of 10/12 within the 14-day observation pe-
riod.
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TABLE 6-6 Mortality of Male Rats Exposed to p-Xylene Vapor for 4 Hours
After Pretreatment with Xenobiotics

Pretreatment’ Dose (mg/kg) LCso (ppm) C.L

Saline - 4,740 4,520-4,960
Phenobarbital 75 5,810 5,460-6,160
Chlorpromazine 15 4970 4,700-5,240
Corn oil - 4,550 3,850-4,750
3-Methylcholanthrene 20 4,960 4,710-5,200

“Pretreatment by intraperitoneal injection for 3 days before exposure to xylenes.
Abbreviation: C.I., confidence interval.

Source: Harper et al. 1975. Reprinted with permission; copyright 1975, Kluwer Aca-
demic Publishers.

TABLE 6-7 Mortality of Rats Exposed to Xylene Vapor

Isomer Concentration (ppm) Length of Exposure (h) Mortality
0-Xylene 12,250 12 2/10
6,125 24 8/10
3,062 24 1/10
1,531 24 0/10
1,531 8 x14h 0/10
m-Xylene 8,040 12 1/10
2,010 24 0/10
1,005 24 0/10
1,005 8x14h 0/10
p-Xylene 19,650 12 8/10
4912 24-28 0/10
2,451 24 0/10
1,226 8 x14h 0/10
Source: Cameron et al. 1938. Reprinted with permission; copyright 1938, Journal of
Pathology & Bacteriology.
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3.1.3. Mice

Bonnet et al. (1979; 1982) exposed groups of 20 to 25 female mice (spe-
cific-pathogen-free of stock OF-1) to various concentrations of o-xylene (98%
purity), m-xylene (97% purity), or p-xylene (98% purity) for 6 h. Vapor concen-
trations measured by gas chromatography were 90% to 100% of nominal con-
centrations. Animals were observed for mortality for 14 days after exposure and
LCs, values were calculated by the method of Bliss (1938). Individual exposure
concentrations and mortalities were not provided in the study; it was stated that
mice exposed to o-xylene had incidences of delayed mortality between 5 and 10
days postexposure. The 6-h LCs, values with 95% confidence limits were m-
xylene, 5,267 ppm (5,025 to 5,490); o-xylene, 4,595 ppm (4,468 to 4,744); and
p-xylene, 3,907 ppm (3,747 to 4,015).

The concentrations of the xylene isomers required to produce narcosis in
white mice were 3,500 to 4,600 ppm for o-xylene, 2,300 to 3, 500 ppm for m-
xylene, and 2,300 ppm for p-xylene, while the lethal concentrations were 6,900
ppm for o-xylene, 11,500 ppm for m-xylene, and 3,500 to 8,100 ppm for p-
xylene (Lazarew 1929).

Cameron et al. (1938) exposed groups of 10 male and female mice by in-
halation to p-, m-, or o-xylene (source and purity not specified) at saturation or
at one-half, one-fourth, or one-eighth of saturation and reported the resultant
mortalities (length of observation not provided). Mortality results are presented
in Table 6-8. No treatment-related changes were noted in organs from animals
that died after exposure.

TABLE 6-8 Mortality of Mice Exposed to Xylene Vapor

Isomer Concentration (ppm) Length of exposure (h) Mortality
o-Xylene 12,250 12 2/10
6,125 24 9/10
3,062 24 4/10
1,531 24 0/10
m-Xylene 8,040 12 6/10
2,010 24 6/10
1,005 24 0/10
p-Xylene 19,650 12 9/10
4,912 24-28 0/10
2,451 24 0/10
1,226 8x14h 0/10

Source: Cameron et al. 1938. Reprinted with permission; copyright 1938, Journal of
Pathology & Bacteriology.
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3.2. Nonlethal Toxicity
3.2.1. Dogs

Lacrimation developed in male beagles (number of animals not provided)
exposed to mixed xylenes at 1,200 ppm for 4 h, while a 4-h exposure to mixed
xylenes at 530 ppm had no observable effects (xylene composed of p-xylene,
7.84%; m-xylene, 65.01%; o-xylene, 7.63%; ethylbenzene, 19.27%) (Carpenter
et al. 1975b; methods reported by Carpenter et al. 1975a). It is not clear if the
concentrations reported by the authors are nominal or were corrected for the
50% to 60% loss that occurred during exposure.

3.2.2. Rats

Flash evoked potentials were assessed in groups of adult male Long-Evans
hooded rats after a 4-h exposure to air containing p-xylene at 0, 800, or 1,600
ppm (99.8% pure; number of animals not indicated) (Dyer et al. 1988). Expo-
sure to p-xylene at 1,600 ppm resulted in a significant depression (p < 0.003) in
the amplitude of peak N3 depending on time, with a return to control levels 75
min postexposure. The authors postulated that the depression in the N3 peak was
the result of increased arousal from the p-xylene exposure. This idea is sup-
ported by a similar depression in the N3 peak observed after amphetamine ad-
ministration in rats.

To assess the potential for p-xylene exposure to alter serum enzyme activ-
ity, groups of female Sprague-Dawley rats were exposed to air containing p-
xylene at 0, 1,000, 1,500, or 2,000 ppm for 4 h (Patel et al. 1979). Blood sam-
ples were collected from the heart from four animals per group immediately
after exposure and 24 h after initiation of exposure. By 24 h, increases were ob-
served in the activities of serum glutamic pyruvic transaminase, oxaloacetic
transaminase, and 5'-nucleotidase in all exposure groups and of glucose-6-
phosphate dehydrogenase, isocitric dehydrogenase, glutathione reductase, and
lactic dehydrogenase in the 1,500- and 2,000-ppm groups. In general, the activ-
ity of the enzymes was increased in a concentration-related manner. Pseudocho-
linesterase activity exhibited a concentration-related increase immediately after
exposure, but activity returned to control levels 24 h later.

The toxicity of inhaled p-xylene was investigated in male Long-Evans rats
using a conditioned flavor aversion paradigm, which operates on the premise
that pairing the consumption of a novel compound, such as saccharin, with a
toxic agent results in a conditioned aversion to the novel flavor (Bushnell and
Peele 1988). After acclimation for 1 week, rats were placed on a restricted water
schedule of 30 min/day for 10 days. Then rats were given a 0.1% saccharin solu-
tion for 30 min instead of water on day 11, followed 30 min later by exposure to
p-xylene (99.7% pure). Rats were exposed for 4 h to 0, 50, 100, 200, 400, 800,
or 1,600 ppm, or for 0.5, 1, 2, 4, or 8 h to p-xylene at 0 or 400 ppm. A third
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group of rats were exposed to p-xylene at 0, 200, or 800 ppm after a 24-h delay
after saccharin exposure. After exposure to p-xylene, rats were kept on a re-
stricted water schedule but were offered a choice between tap water and a 0.1%
saccharin solution. A concentration-related decrease in relative saccharin con-
sumption was observed in all groups exposed to p-xylene for 4 h, with maximal
aversion occurring in the 800- and 1,600-ppm groups. In rats exposed to p-
xylene at 400 ppm for various time periods, maximal aversion was noted at 2 to
8 h. Although exposure to p-xylene affected saccharin intake, total water con-
sumption was not affected. Rats exposed to p-xylene following a 24-h delay
after saccharin exposure did not exhibit any aversion to saccharin, demonstrat-
ing that there must be close temporal pairing of p-xylene and saccharin to pro-
duce conditioned flavor aversion.

Groups of eight male Long-Evans hooded rats exposed to p-xylene at
1,600 ppm for 4 h/day for 1 to 5 days had improved autoshaping compared with
controls as assessed by retraction of a single response lever on a variable 35-
second (s) schedule followed by delivery of a food pellet (Bushnell 1989). When
the force of the lever was doubled, however, xylene exposure did not facilitate
autoshaping compared with controls. Assessment of motor activity after daily
exposure indicated that horizontally directed movement in xylene-exposed rats
was increased by 30% for the first 15 min of testing, while vertically directed
movement was not affected. The activity level of xylene-exposed animals re-
turned to control levels every day, and no difference in activity level of xylene-
exposed rats was observed 3.5 h postexposure compared with 0.5 h postexpo-
sure. Clinical signs in rats after exposure to p-xylene at 1,600 ppm included
slight activation, fine tremor, and unsteadiness.

Ghosh et al. (1987) investigated the effects of xylene exposure on fixed-
ratio responding in male Fischer 344 (F344) rats. The mixed xylenes comprised
m-, p-, and o-xylene with ethylbenzene present as a contaminant; the percent
composition was not provided. Xylene exposures and behavioral testing were
both carried out in a dynamic exposure behavioral chamber. Chamber concen-
trations were measured by gas chromatography in 15-min increments. For 6 to 8
weeks, rats were first trained to push a lever 24 times (FR24), which resulted in
receiving a 5% sucrose solution. After the initial training, the rats were divided
into three groups for further training specific to the experimental protocol of
interest. In all three experiments, the recording of the stabilized reinforcement
rate for 3 to 4 days before xylene exposure served as the control. In the first
group, four rats were further trained for 6.25-h sessions, where lever pressing
was rewarded only in the last 15-min period of each hour. After training, rats
were successively exposed to graded concentrations of xylenes at 113, 216, and
430 ppm for 2 h each. A concentration-related decrease in the reinforcement rate
was observed during the first, third, and fifth hours, while no significant change
was observed at the second, fourth, and sixth hours, indicating that tolerance had
developed. In the second group, five rats were trained for 2.25-h sessions, where
behavioral performance was restricted to the second and fourth 15-min periods
of each hour (15 to 30, 45 to 60, 75 to 90, and 105 to 120 min). After training,
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rats were exposed for 2 h to xylenes at 114, 212, or 446 ppm, with a minimum
of 7 days separating each of the exposures so that tolerance would not develop.
A significant decrease in the reinforcement rate was noted at all three concentra-
tions during the 45- to 60-min period (20%, 27%, and 23% decrease in the 114-,
212-, and 446-ppm groups, respectively). Although some decreases in perform-
ance were also present in the 212-ppm group at 75 to 90 min (11% decrease)
and in the 446-ppm group at 75 to 90 and 105 to 120 min (19% and 17%, re-
spectively), the differences were not statistically significant. In the last group,
four rats were trained for 5.25-h sessions in which behavioral performance was
limited to the last 15-min period of each hour. Rats were then exposed to xy-
lenes at 98.5 ppm for 5 h. No effects on behavioral performance were observed
at any of the time periods during the exposure. The study authors therefore con-
cluded that the minimum effective concentration for xylenes to cause a decrease
in reinforcement rate was 113 ppm.

In a similarly designed experiment, Wimolwattanapun et al. (1987) inves-
tigated the effect of xylene exposure on intracranial self-stimulation behavior in
male F344 rats. The mixed xylenes comprised m-, p-, and o-xylene with ethyl-
benzene present as a contaminant; the percent composition was not provided.
Xylene exposure and behavioral testing were carried out in a dynamic exposure
behavioral chamber. Chamber concentrations were measured by gas chromatog-
raphy in 15-min increments. To study the effects of xylene exposure on intrac-
ranial self-stimulation behavior in rats, groups of male F344 rats had bipolar
electrodes surgically implanted into the ventral tegmental area of the rats. One
week after surgery, rats were trained to press a lever to receive reinforcing elec-
trical stimulation. After the initial training, the rats were divided into three
groups for training specific to the experimental protocol of interest. In all three
experiments, the recording of the stabilized reinforcement rate for 3 to 4 days
before xylene exposure(s) served as the control, and rate of response during ex-
posure was recorded for each 20-min period, with the first and last 20-min peri-
ods being control exposures. In the first group, five rats were further trained for
2.67-h periods. After training, rats were exposed to xylene at 102, 192, 419, or
613 ppm for 2 h, with a minimum of 7 days separating the exposures so that
tolerance would not develop. Significant decreases (p < 0.05) in the rate of re-
sponse were observed in rats exposed to at least 192 ppm; results are presented
in Table 6-9. In the second experiment, no effects on self-stimulation behavior
were observed in four rats trained for 4.67-h sessions followed by exposure to
106 ppm for 4 h. The third experiment consisted of exposure of four rats to 444
ppm for 2-h periods for five consecutive days. Results indicated the develop-
ment of tolerance. Rate of response significantly decreased during the fourth,
fifth, and sixth periods on the first day; during all periods on the third day; dur-
ing the sixth period on the fourth day; and at no time on the fifth day.

To assess the effects of xylene exposure on motility, groups of eight CFY
white male rats were exposed by inhalation for 4 h to at least six concentrations
each of m-xylene (>96% pure), o-xylene (>99% pure), or p-xylene (>99% pure)
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TABLE 6-9 Effect of Xylene Exposure on Self-Stimulation Behavior in Rats

Responses/20-min period (as percentage of control)

Concentration —20-0 Ist 2nd 3rd 4th 5th 6th 120-140
(ppm) (control) (0-20)  (20-40)  (40-60)  (60-80)  (80-100) (100-120) (control)
102 112 106 96 105 96 91 98 103
192 100 101 82 75 73% 94 75 90
419 103 98 87 85 61% 75% 76% 84
623 99 87* 81* 84% 89% 5% 87* 99

* Significant decrease (p < 0.05) in the rate of response.
Source: Wimolwattanapun et al. 1987. Reprinted with permission; copyright 1987, Neu-
ropharmacology.

(individual concentrations not provided) (Molnar et al. 1986). Animals were
exposed in a 30-L cylindrical glass chamber, with a solvent-saturated airstream
diluted with clean air introduced at the top of the chamber and exhausted at the
bottom of the chamber. Concentrations were determined every 30 min by use of
an ultraviolet spectrophotometer. Motility during exposure was assessed by
means of four electromechanical transducers housed in metal tubes placed per-
pendicularly throughout the exposure chamber. An electric counter continuously
recorded the number of nose touches. The experiments required more than 1 day
for completion, and it was not stated if rats were reused for the various expo-
sures. It was stated that exposure to m-xylene at 130 to 1,500 ppm and to p-
xylene at 400 to 1,500 ppm resulted in a concentration-related increase in group
motility, while exposure to o-xylene at 150 to 1,800 ppm resulted in a slight
depression of activity. At higher concentrations, activity decreased in all groups,
with the minimum narcotic concentration for the three isomers reported as 2,180
ppm for o-xylene, 2,100 ppm for m-xylene, and 1,940 ppm for p-xylene.

To determine the median effective concentration (ECsy) of xylene on ro-
tarod performance, groups of 10 male Wistar rats were exposed to 1,050, 2,030,
2,610, 2,710, 4,130, or 4,700 ppm (reagent grade o-, m-, p-xylene) for 4 h, with
a parallel control group of 15 rats exposed to 0 ppm (Korsak et al. 1988). Cham-
ber concentrations were analyzed by gas chromatography. The rotarod test was
run both before and immediately after the exposure. All animals survived expo-
sure. The ECs, for decreased rotarod performance with a 95% confidence inter-
val was 4,520 ppm (3,800 to 5,390 ppm).

Korsak et al. (1990) exposed groups of 10 male Wistar rats for 6 h to o-,
m-, or p-xylene at approximately 3,000 ppm to determine any potential differ-
ences in the toxicity of the individual isomers as measured by a rotarod test.
Exposures were conducted in a dynamic inhalation chamber (1.3 m’), where
xylene concentrations were measured by gas chromatography. Rats were trained
on the rotarod for at least 1 week before exposure. During testing, rotarod per-
formance was measured before and after termination of exposure. The results of
the testing given in terms of the number of failures/number of tested animals
were as follows: o-xylene at an average concentration of 3,027 ppm, 19/20; m-
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xylene at an average concentration of 3,093 ppm, 6/20; p-xylene at an average
concentration of 3,065 ppm, 1/20. From this limited experiment, it appeared that
o-xylene was a more potent CNS depressant in rats than the other two isomers.

In a later experiment in which only m-xylene was tested, Korsak et al.
(1993) exposed groups of 8 to 10 male Wistar rats to different concentrations of
m-xylene in a dynamic inhalation chamber for 4 h immediately followed by ro-
tarod testing or measurement of spontaneous motor activity by an actometer for
1 h postexposure. Xylene concentrations were measured in the exposure cham-
ber in 30-min increments by gas chromatography. Exact exposure concentra-
tions were not provided, but graphic representation of data showed m-xylene
exposure concentrations of about 500, 1,000, 1,500, 2,000, or 3,000 ppm. The
effect of exposure on spontaneous motor activity was biphasic, with lower con-
centrations (up to 2,000 ppm) resulting in increased motor activity and higher
concentrations (3,000 ppm) resulting in decreased motor activity. The 4-h ECs
for m-xylene effects on rotarod performance was 1,982 ppm (95% confidence
interval, 1,530 to 2,565 ppm). This concentration is lower than that used in the
previous Korsak et al. (1990) experiment, in which the toxicity of the individual
isomers was assessed in rats by comparing rotarod performance after exposure
to 3,000 ppm for 6 h.

To assess erythrocyte fragility after exposure to xylene, groups of five
male albino rats (Harlan-Wistar strain) were exposed to air containing mixed
xylenes in metered concentrations of 0 or 15,000 ppm (64 mg/L) (corrected con-
centration approximately 8,800 ppm: composed of p-xylene, 7.84%; m-xylene,
65.01%; o-xylene, 7.63%; ecthylbenzene, 19.27%) for 45 min (Carpenter et al.
1975a,b). The rats were killed after exposure, and their blood was collected.
Erythrocyte fragility was determined by placing one drop of blood in a tube with
different concentrations of saline to determine the concentration of saline caus-
ing initial and complete hemolysis. Hemolysis in xylene-exposed rats was com-
parable to that in the concurrent controls. No increase in erythrocyte fragility
was observed in xylene-exposed rats compared with controls.

3.2.3. Mice

Groups of six male Swiss OF | mice inhaled air containing at least four dif-
ferent concentrations of o-xylene to determine the concentration of o-xylene
associated with a 50% decrease in respiratory rate (RDsy) (de Ceaurriz et al.
1981). The test concentrations were not stated, and, although it was stated that
xylene was of a high purity, the actual purity was not provided. Animals were
exposed in a 200-L exposure chamber with adjustable air flow. The air concen-
tration of o-xylene in the test chamber was determined by sweeping a sample
loop through the cell atmosphere and analyzing the sample by gas chromatogra-
phy. Respiratory rate was measured with a body plethysmograph. Recordings
were made for 10 min before exposure, and then the mice were placed in an ex-
posure cell with a predetermined concentration of o-xylene until the maximum
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decrease in respiration was reached. Exposure was generally for only 5 min. On
the basis of results from these exposures, the RDs, for o-xylene was 1,467 ppm.

Korsak et al. (1988) determined the RDs, for mixed xylenes (reagent grade
o-, m-, p-xylene; further details not provided), toluene, and a 50:50 (vol/vol)
mixture in groups of two to four BALB/c male mice. For determination of the
xylene RDs, mice were exposed to xylene at 2,600, 4,000, 4,600, or 7,000 ppm,
and their respiratory rates were measured with a body plethysmograph continu-
ously before exposure, during 6 min of exposure, and 2 to 3 min after termina-
tion of exposure. The RDs, for mixed xylenes was 2,440 ppm.

Korsak et al. (1993) also determined the RDs, for m-xylene, n-butyl alco-
hol, and the 50:50 mixture (supplied by Reachim and the Polish Chemical Re-
agent company, further information not provided) in groups of 8 to 10 BALB/c
male mice with a body plethysmograph. Actual test concentrations studied were
not provided. The RDs, for m-xylene was 1,361 ppm. In a second paper, Korsak
et al. (1990) exposed groups of six BALB/c male mice to p-, o-, or m-xylene at
3,000 ppm, and the respiratory rate was measured with a body plethysmograph
continuously before exposure, during 6 min of exposure, and 3 min after termi-
nation of exposure. The maximum reductions in respiratory rate were measured
during the first minute of exposure and were 54%, 46%, and 43% of controls for
the mice exposed to p-xylene, o-xylene, and m-xylene, respectively.

Carpenter et al. (1975a,b) exposed Swiss-Webster male mice to air con-
taining measured concentrations of mixed xylenes (p-xylene, 7.84%; m-xylene,
65.01%; o-xylene, 7.63%; ethylbenzene, 19.27%) for 1 min and then measured
respiratory rate during a 15-min postexposure period. A 50% or greater decrease
in respiratory rate was observed in 5/5 rats at 12,000 ppm, 4/6 rats at 6,500 ppm,
2/6 rats at 2,500 ppm, and 2/6 rats at 1,300 ppm. A 50% reduction in respiratory
rate was not observed in any of the rats exposed to 460 ppm.

A functional observational battery (FOB) was adapted to mice to evaluate
acute behavioral effects of alkylbenzenes (Tegeris and Balster 1994). Groups of
eight adult male CFW albino mice inhaled air containing m-xylene (98% purity)
at 0, 2,000, 4,000, or 8,000 ppm for 20 min under static conditions. After indi-
vidual mice were placed into 29-L glass jars sealed with a lid, xylene was in-
jected onto a filter paper in the jar, with a fan blade in the chamber distributing
the vapors equally. Analysis of air by infrared spectrometry confirmed nominal
vapor concentrations and demonstrated that maximal concentrations were
reached within 3 min of fan activation and remained constant throughout expo-
sure. Within 10 to 15 s after exposure, mice were removed from the jar and
evaluated according to a complete FOB.

During the last 2 min of the exposure, concentration-related, statistically
significant effects were observed including decreased arousal and rearing, ab-
normal posture, altered palpebral closure, and disturbances of gait (Tegeris and
Balster 1994). Because the statistical significance of the effects was reported at
two or more doses, it is not clear whether the changes were limited to the 4,000-
and 8,000-ppm groups or extended to the 2,000-ppm group. The authors stated
that exposure to all concentrations including 2,000 ppm resulted in decreased
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rearing. After exposure, the FOB revealed statistically significant reductions
among the 8,000-ppm group in the percentage of animals with a successful in-
version in the inverted screen test, in the percentage of animals with a normal
ranking in righting reflex, and in mean forelimb grip strength. Statistically in-
creased mean hindlimb foot splay was observed in all exposure groups. Expo-
sure to xylene also resulted in decreased responsiveness to stimulus presenta-
tion. Because the purpose of the study was to qualitatively compare six
alkylbenzenes, no attempt was made to determine minimally effective concen-
trations.

The effects of the individual xylene isomers and a commercial xylene
mixture on operant responding and motor performance were assessed in CD-1
male albino mice (Moser et al. 1985). All exposures occurred in a 29-L glass
chamber under static conditions, with measurements of chamber air by an infra-
red spectrophotometer confirming that solvent concentration remained stable
throughout the exposure. To measure operant response after xylene exposure, 15
mice were feed-deprived throughout the study. The mice were tested in three
squads, with the order of each isomer counterbalanced among the squads and a
week separating the testing of each isomer. The xylene mixture was tested dur-
ing the last week for all squads. Mice were exposed on Tuesday through Friday
of each week to air or ascending xylene concentrations of 500, 800, 1,400,
2,400, 4,000, 5,000, or 7,000 ppm for 30 min. Immediately after exposure, mice
were placed in an operant chamber. Before exposure, they were trained to lever-
press during daily 15-min sessions, followed by a differential-reinforcement-of-
low-rates 10-s schedule. Motor performance was assessed by measuring the per-
formance of mice in an inverted screen test study after exposure to the solvent.
Groups of 12 mice (two squads of six mice) were exposed to at least three con-
centrations producing between 0% and 100% effects (2,000 to 7,000 ppm). It is
assumed that the exposure duration was 30 min, but it was not stated definitively
in the paper.

The results of the operant studies indicated that the order of exposure to
the xylene isomers or mixture had no effect on the outcome (Moser et al. 1985).
The minimally effective concentration for disruption of operant performance
was 1,400 ppm for all isomers, with an ECsy (concentration producing half-
maximal decreases in response rate) of 6,176, 5,179, and 5,611 ppm for m-
xylene, o-xylene, and p-xylene, respectively. The operant response was biphasic,
with concentrations of 1,400 to 2,400 ppm producing increased rates of re-
sponse, and a concentration of 7,000 ppm suppressing the response rate and pro-
ducing gross ataxia and prostration. The minimally effective concentrations for
the inverted screen test were 3,000 ppm for m- and o-xylene and 2,000 ppm for
p-xylene, while the ECs, values for performance on the inverted screen test were
3,790, 3,640, and 2,676 ppm for m-xylene, o-xylene, and p-xylene, respectively.
Motor ability was recovered 5 to 15 min after exposure. The study authors con-
cluded that there was no consistent, significant difference in the potency of the
individual isomers. While o-xylene exhibited increased potency on operant be-
havior, p-xylene reduced motor performance.
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3.3. Developmental and Reproductive Effects

In a one-generation reproduction study, groups of male and female CD
rats were exposed to mixed xylenes at 0, 60, 250, and 500 ppm (Groups I, II, III,
and IV, respectively; technical grade xylene: 2.4% toluene, 12.8% ethylbenzene,
20.3% p-xylene, 44.2% m-xylene, 20.4% o-xylene) by inhalation for 6 h/day, 5
days/week, for 131 days before mating (Bio/dynamics Inc. 1983). Exposure con-
tinued in the females during gestation days (GD) 1 to 20 and throughout lacta-
tion days 5 to 20. Two additional 500-ppm groups were included: only the males
were exposed in Group V, and only the females were exposed in Group VI. Po-
tential pup exposure to xylenes was only through milk. No definite, exposure-
related adverse effects were noted in Fy adults or pups. Although marginal re-
ductions in pup body weight in exposed groups were observed, the changes were
not considered adverse because the concurrent control group had an elevated
mean pup body weight associated with a smaller mean litter size (mean number
of live pups per litter: 9.6, 11.8, 12.5, 12.4, 10.8, and 11.8 for Groups I to VI,
respectively). No decrease in pup body weight was observed in Group VI, in
which dams were exposed to the same concentration of xylene for the same pe-
riod of time as dams in Group IV.

To assess potential developmental toxicity, one-half of the Group I F fe-
males (20 females; control group) and Group IV F, females (12 females; mixed
xylenes at 500 ppm by inhalation for 6 h/day, 5 days/week, for 131 days before
to mating and during GD 1 to 20) were killed on GD 21 (Bio/dynamics Inc.
1983). No exposure-related signs of maternal toxicity were observed. No statis-
tically significant differences were noted between treated and control groups for
mean number of corpora lutea, implantations, resorption sites, live fetuses, mean
percentage of live fetuses/implants, or fetal sex ratios. No definitive treatment-
related external, visceral, or skeletal malformations or variations were observed.
The report stated that fetuses exposed to high doses had a slightly higher inci-
dence of unossified sternebrae and incompletely ossified cervical vertebral
transverse processes, but the data were provided in terms of fetal incidence in-
stead of litter incidence. Mean fetal body weight on GD 21 was marginally but
statistically reduced in female offspring from Group IV (93% of controls); how-
ever, male fetal body weight was comparable to that of controls. This marginal
reduction in body weight in female offspring is difficult to assess because male
fetal weight was unaffected.

No signs of maternal or developmental toxicity were observed after expo-
sure of pregnant CRL: COBS CD (SD) BR rats to xylene at 0, 100, or 400 ppm
(52% m-xylene, 11% o-xylene, 0.31% p-xylene, 36% ethylbenzene) for 6 h/day
on GD 6 to 15 (Litton Bionetics 1978a). The no-observed-adverse-effect level
(NOAEL) is therefore 2400 ppm.

To evaluate the effects of prenatal xylene exposure on postnatal develop-
ment, pregnant (Mol:WIST) rats were exposed by inhalation to xylene at 0 or
500 ppm (19% o-xylene, 45% m-xylene, 20% p-xylene, 15% ethylbenzene) 6
h/day, on GD 7 to 20 and were allowed to deliver (Hass et al. 1995). From each
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litter, two males and two females were kept for behavioral testing, one male and
one female were kept in standardized housing and left undisturbed other than
feeding and taking body weight measurements until 3 months of age when they
were tested in the Morris water maze test (tests learning and memory). One male
and one female were kept in enriched housing (cages contained various toys)
and tested for rotarod, open field, and Morris maze performance at about 3
months of age. The only possible effect observed was that offspring from xy-
lene-exposed rats raised in the standard housing had impaired performance in
the Morris maze test compared with controls. Testing at 12 weeks showed a
nonsignificant trend (p = 0.059) for increased latency for finding the platform at
the beginning of the learning test. At 16 weeks, these rats required significantly
more time to find a platform hidden in the center of the pool. Further analysis
revealed the effect was limited to the female offspring, which had an increased
swimming length (took a longer route to reach the platform), while swim speed
was unaffected. Offspring from xylene-exposed rats raised in the enriched envi-
ronment showed no difference in the Morris maze test compared with controls.

In a study designed to investigate the persistence of the decreased Morris
water maze test performance of the offspring from the xylene-exposed
(Mol:WIST) female rats, the female offspring raised in standard housing were
also evaluated at 28 and 52 weeks (Hass et al. 1997). At 28 weeks, increased
latency for finding a platform that was moved to a new position was observed in
the female offspring from exposed rats during the first trial of a testing block.
The next two trials resulted in similar latency in exposed but not control rats.
The increased latency again corresponded to increased swimming distance. No
significant differences were observed for other testing situations in the Morris
maze test. At 55 weeks, no statistically significant differences were observed
between groups.

The Hass et al. (1995, 1997) studies found that prenatal exposure to xy-
lenes affected the performance of female offspring in the Morris water maze
test: female offspring took longer to find the platform. While swim length in-
creased, swim speed was unaffected, indicating a cognitive rather than motor
effect. These studies are limited, however, in that a concentration response is
lacking because only one concentration was tested. Furthermore, no clear effect
was observed in any of the other neurologic tests.

Groups of 36 pregnant, female Wistar rats were exposed to technical grade
xylene at 0 or 200 ppm (exact composition not provided) for 6 h/day during GD
6 to 20 (Hass and Jakobsen 1993). On GD 21, two-thirds of the dams were
killed and used to assess developmental toxicity, and one-third of the dams were
allowed to deliver and developmental milestones and rotarod performance were
assessed in eight offspring (four males and four females) from each litter. No
signs of maternal toxicity were observed in any of the exposed dams. The only
effect noted in fetuses from xylene-treated dams was an increased incidence of
delayed ossification of the os maxcillare in the skull, with 18/26 exposed litters
affected versus 2/22 control litters. In the postnatal study, statistically decreased
rotarod performance was observed in female pups on postnatal days 22 and 23
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and in male pups on postnatal day 23. The Hass and Jakobsen (1993) study is
limited in that only one exposure concentration was tested and only a limited
battery of behavioral tests was used. Hass et al. (1995) conceded that the inves-
tigators were not blind to the exposure status of the animals.

Exposure of pregnant Sprague-Dawley rats to p-xylene at 800 or 1,600
ppm (3,500 or 7,000 mg/m’; 99% pure) on GD 7 to 16 failed to influence litter
size or pup weights at birth or on postnatal day 3; CNS development as meas-
ured by the acoustic startle response on postnatal days 13, 17, 21, and 63 or the
figure-eight maze activity evaluated on postnatal days 22 and 65; or the growth
rate of the pups (Rosen et al. 1986). The only effect of exposure was a signifi-
cant reduction in maternal body weight gain in the dams at 1,600 ppm (74% of
controls).

To investigate the effect of xylene inhalation on the liver of pregnant and
nonpregnant rats and pups of exposed litters, pregnant Wistar rats were exposed
to xylenes at 2,600 ppm (11,284 mg/m’) (purity and composition not stated) for
8 h/day on GD 6 until term (GD 21) (Kiikner et al. 1997-1998). Nonpregnant
female rats were exposed to xylenes at 2,600 ppm for the same period, and a
control group of pregnant rats inhaled clean air (not stated if nonpregnant con-
trols were also included). Biochemical analyses of the livers from pregnant rats
exposed to xylene found minimal increases in aspartate aminotransferase (18%),
alanine aminotransferase (19%), alkaline phosphatase (17%), and arginase
(63%) activity. Electron microscopic evaluation of pregnant and nonpregnant rat
liver tissue revealed mitochondria that concentrated near the periphery of hepa-
tocytes and nuclei, increased numbers of lysosomes, and expanded smooth en-
doplasmic reticulum. In fetal liver from exposed litters, findings included ex-
panded smooth endoplasmic reticulum, structurally deformed mitochondria, and
granular endoplasmic reticulum. No structural defects were observed in the kid-
neys or pancreas from exposed pregnant or nonpregnant rats or from fetuses
recovered from xylene-exposed litters.

A number of other developmental toxicity studies were identified in the
literature but were limited by several factors: composition and purity of the
tested xylenes was not stated, values for the toxicity end points were not pro-
vided, fetal instead of litter incidences were reported, or inadequate sample sizes
were available (Hudak and Ungvary 1978; Ungvary et al. 1980; Mirkova et al.
1983; Ungvary and Téatrai 1985).

3.4. Genotoxicity

The genotoxicity of commercial xylene and all three individual isomers
has been extensively tested and the results have generally been consistently
negative. All studies evaluated by the GENETOX panel and cited in the
GENETOX database were negative except for one study for which no conclu-
sion could be drawn (GENETOX 1992). Xylene was not mutagenic in bacterial
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test systems with strains of Salmonella typhimurium (Florin et al. 1980; Bos et
al. 1981; NTP 1986) and Escherichia coli (McCarroll et al. 1981) or in cultured
mouse lymphoma cells (Litton Bionetics 1978b). Xylene failed to induce chro-
mosomal aberrations or sister chromatid exchanges in cultured Chinese hamster
ovary cells (Anderson et al. 1990) or cultured human lymphocytes (Gerner-
Smidt and Friedrich 1978), chromosomal aberrations in rat bone marrow (Litton
Bionetics 1978b), micronuclei in mouse bone marrow (Mohtashamipur et al.
1985), or sperm head abnormalities in rats (Washington et al. 1983). Technical
grade xylene, but not o- and m-xylene, was weakly mutagenic in Drosophila
recessive lethal tests (Donner et al. 1980).

3.5. Carcinogenicity

No studies were found in the published literature on the carcinogenic po-
tential of inhaled xylene in animals.

In a National Toxicology Program (NTP 1986) chronic toxicity and car-
cinogenesis bioassay, groups of 50 male and 50 female F344 rats and 50 male
and 50 female B6C3F1 mice were administered mixed xylenes (60% m-xylene,
13.6% p-xylene, 17.0% ethylbenzene, and 9.1% o-xylene) in corn oil by gavage
at doses of 0, 250, or 500 mg/kg/day (rats) and 0, 500, or 1,000 mg/kg/day
(mice) for 5 days/week for 103 weeks. Histopathologic examination of the rats
revealed an increased incidence of interstitial cell tumors in the testis of high-
dose males after survival-adjusted analysis, but this increase was believed to be
a consequence of high-dose animals dying between weeks 62 and 92. The over-
all incidence of interstitial cell tumors between groups was comparable (43/50,
38/50, and 41/49 for the control, low-dose, and high-dose groups, respectively).
Therefore, the marginal increase in this tumor type was not ascribed to treat-
ment. The National Toxicology Program (NTP 1986) reported no significant
nonneoplastic or neoplastic effects in male or female mice.

Maltoni et al. (1983, 1985) exposed groups of 40 male and 40 female
Sprague-Dawley rats to xylene at 0 or 500 mg/kg (mix of o-, p-, and m-xylenes;
proportion of each isomer not stated) in olive oil orally by gavage 4 to 5
days/week for 104 weeks, followed by discontinuation of dosing to study termi-
nation at 141 weeks. Although Maltoni et al. reported an increase in the overall
number of malignant tumors in treated males (14/40 versus 11/50 for controls)
and females (22/40 versus 10/50 for controls), further results and explanation
were not provided.

TARC (1999) has concluded that evidence for the carcinogenicity of xy-
lene in humans or in experimental animals is inadequate and therefore stated that
xylene is not classifiable as to carcinogenicity in humans (Group 3). The EPA
(2003) has not classified xylenes as to carcinogenicity because data are inade-
quate to assess their carcinogenic potential.
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3.6. Summary

Xylene is an anesthetic solvent that may cause narcosis and death at suffi-
ciently high atmospheric concentrations. In rats and mice, 4-h LCs, values rang-
ing from 3,907 to 11,000 ppm have been reported (see Table 6-10). At lower
concentrations, CNS disturbances and irritation are evident (see Table 6-11). No
indication of consistent developmental or reproductive signs of toxicity was
documented in the available literature. Commercial xylene and the three indi-
vidual isomers failed to demonstrate any evidence of genotoxicity. Xylenes are
currently not classified as to carcinogenicity by IARC (1999) or the EPA (2003).

TABLE 6-10 Summary of Lethal Xylene Inhalation Data in Laboratory

Animals
Concentration Duration
(ppm) (h) Isomer Mortality and Other Effects Reference
Cat
9,500 2 Mixed Killed all 4 cats Carpenter et al. 1975b
Rat
6,700 4 Mixed LCs Carpenter et al. 1975b
6,350 4 Mixed LCs Hine and Zuidema
1970
4,645 4 p- LCs Harper et al. 1975
11,000 4 Mixed LCs Lundberg et al. 1986
5,984 6 m- LCsy m-xylene Bonnet et al. 1982
4,330 6 o- LCs o-xylene
4,591 6 - LCso p-xylene
1,531 24 o- Highest no-effect level for death ~ Cameron et al. 1938
2,010 24 m-
4912 24-28 -
Mouse
5,267 6 m- LCsy m-xylene Bonnet et al. 1979,
4,595 6 o- LCs o-xylene 1982
3,907 6 - LCso p-xylene
1,531 24 o- Highest no-effect level for death ~ Cameron et al. 1938
1,005 24 m-
4,912 24 -
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4. SPECIAL CONSIDERATIONS
4.1. Metabolism and Disposition

Pulmonary retention of inhaled xylene in humans has been reported to
range between 49.8% and 72.8% (ATSDR 2007). No difference in retention has
been observed among the individual isomers (Sedivec and Flek 1976) or be-
tween sexes (Senczuk and Orlowski 1978), but systemic uptake is increased by
exercise (Astrand et al. 1978; Gamberale et al. 1978). After uptake from the
lungs, xylene is distributed by the circulation to the peripheral tissues. The val-
ues for the human blood-air partition coefficient (PB) are 26.4, 31.9, and 32.5
for m-xylene; 31.1, 35.2, and 34.9 for o-xylene; and 37.6, 39.0, and 44.7 for p-
xylene (Sato and Nakajima 1979; Gargas et al. 1989; Pierce et al. 1996), and the
values for the rat PB are 46.0 for m-xylene, 44.3 for o-xylene, and 41.3 for p-
xylene (Gargas et al. 1989). In human blood, xylene is associated primarily with
serum proteins (Rithimaki et al. 1979). Distribution to human adipose tissue has
been estimated to represent 3.7% to 10% of total uptake after inhalation (Eng-
strom and Riihimaki 1979; Astrand 1982). Inhalation exposure of mice and rats
to radiolabeled xylene demonstrated that xylene is rapidly taken up from the
lungs by the blood and immediately distributed to the kidneys, brain, subcutane-
ous body fat, bone marrow, spinal cord and spinal nerves, liver, and nasal mu-
cosa; it is rapidly eliminated from these tissues with the exception of fat (Carls-
son 1981; Bergman 1983; Kumarathasan et al. 1997). Ghantous et al. (1990)
reported accumulation of xylene metabolites, primarily methylhippuric acid, in
the nasal mucosa and olfactory bulb of the brain in mice after inhalation of ra-
diolabeled p-xylene. Xylene has also been detected in the placenta, fetus, and
amniotic fluid after maternal exposure, but the concentrations in fetal tissues
were much lower than those in the maternal tissues (Ungvary et al. 1980; Ghan-
tous and Danielsson 1986).

The primary metabolic pathway in humans is side-chain dehydroxylation
by hepatic mixed-function oxidases to toluic acids (see Figure 6-1). The toluic
acids are then conjugated with glycine to form methylhippuric acid isomers and
excreted in urine. The methylhippuric acid isomers are produced almost exclu-
sively in humans, with urine accounting for elimination of 95% to 97% of the
absorbed dose in humans (Sedivec and Flek 1976; Riihimaki et al. 1979; Eng-
strom et al. 1984). Less than 10% of the absorbed dose is excreted unchanged by
the lungs or kidneys (Sedivec and Flek 1976; Riihimaki et al. 1979) or as minor
metabolites including urinary xylenols (Sedivec and Flek 1976; Riihimaki et al.
1979; Engstrom et al. 1984), toluic acid glucuronides (Ogata et al. 1979, 1980),
or mercapturic acid (Norstrom et al. 1988). Miller and Edwards (1999) found
evidence that of the three xylene isomers, m-xylene is preferentially metabolized
to methylhippuric acid in the presence of the other two isomers, regardless of the
isomer composition. The relevance of this finding in assessing the toxicity of the
individual isomers is not known at this time.
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FIGURE 6-1 Metabolic scheme for xylenes in humans. Source: ATSDR 2007.

Metabolism of xylenes in common laboratory animals also proceeds via
hepatic side-chain dehydroxylation by mixed function oxidases to toluic acids.
Further metabolism depends on species and isomer composition, with fluctua-
tions occurring primarily in the ratio of urinary methylhippuric acid and toluic
acid glucuronides (Bray et al. 1949; Ogata et al. 1980; Tardif et al. 1989). It has
been proposed that the differences observed between humans and animals in
xylene metabolism may be due to differences in the size of the doses adminis-
tered to each: the larger doses received by animals may saturate the glycine-
conjugation pathway (Figure 6-1) (ATSDR 2007).

In humans, excretion of xylenes after inhalation is rapid and occurs almost
exclusively as urinary methylhippuric acid isomers with a minor amount as
toluic acid glucuronides (Ogata et al. 1970; Senczuk and Orlowski 1978; Riihi-
maki et al. 1979; Ogata et al. 1980; Engstrom et al. 1984). Only a minor amount
(4% to 5%) of absorbed xylene is excreted unchanged by the lungs (Sedivec and
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Flek 1976; Riithimaki et al. 1979). Riithimaki et al. (1979) estimated that human
excretion of xylene in air and urine has an initial half-life of 1 h, followed by a
slow phase with an estimated half-life of 20 h. In general, a linear correlation
has been found between the intensity of xylene exposure and the amount of me-
thylhippuric acid isomers excreted in the urine (Lundberg and Sollenberg 1986;
Imbriani et al. 1987; Kawai et al. 1991, 1992; Inoue et al. 1993).

4.2. Mechanism of Toxicity

Xylene exposure of humans and common laboratory animals can result in
nervous system disturbance. CNS effects in humans after acute and chronic in-
halation exposure to xylene include headache, vertigo, nausea, fatigue, irritabil-
ity, dizziness, impaired concentration, and confusion (Carpenter et al. 1975b;
Hipolito 1980; Klaucke et al. 1982). Case reports of individuals exposed to high
concentrations of xylenes by inhalation, ingestion, or intravenous injection have
reported severe respiratory effects including respiratory failure (Morley et al.
1970; Recchia et al. 1985; Abu Al Ragheb et al. 1986; Sevcik et al. 1992). The
respiratory effects were most likely a secondary response to depression of the
respiratory center of the brain. Nonlethal effects after exposure to high concen-
trations of xylenes (~10,000 ppm) include unconsciousness, slurred speech, and
ataxia (Morley et al. 1970). Controlled acute inhalation exposure in human
males yielded mixed results after neurobehavioral testing. A number of studies
found that exposure to p- or m-xylene concentrations ranging from 70 to 400
ppm for up to 4 h either failed to affect the performance of subjects in neurobe-
havioral testing (Olson et al. 1985) or actually improved performance
(Savolainen et al. 1981, 1985b; Laine et al. 1993). Other studies found correla-
tions between acute exposure to m-xylene at concentrations ranging from 64 to
400 ppm for up to 4 h and impaired performance (Gamberale et al. 1978;
Savolainen and Linnavo 1979; Savolainen et al. 1979b, 1980; Savolainen and
Riihimaki 1981; Seppalainen et al. 1983; Savolainen et al. 1984, 1985a; Sep-
palainen et al. 1989; Dudek et al. 1990; Seppalainen et al. 1991). Some studies
evaluating the effects of acute exposure to m-xylene have indicated the devel-
opment of tolerance in exposed subjects (Savolainen et al. 1980; Savolainen and
Riihimaki 1981).

Signs of CNS toxicity after acute exposure to xylenes were also reported
in animals. Preanesthetic effects associated with acute exposure to high concen-
trations of xylenes include poor coordination and prostration (Carpenter et al.
1975b), increased hindlimb foot splay (Tegeris and Balster 1994), reduced per-
formance on the inverted screen test (Moser et al. 1985) and rotarod (Korsak et
al. 1988; 1993), and disrupted operant performance (Moser et al. 1985). CNS
effects after exposure to lower concentrations of xylenes include changes in
flash evoked potentials (Dyer et al. 1988), induced flavor aversion (Bushnell and
Peele 1988), decreased reinforcement rates of fixed-ratio responding (Ghosh et
al. 1987), decreased rates of response for self-stimulation behavior (Wimolwat-
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tanapun et al. 1987), and facilitated autoshaping (Bushnell 1989). Evidence of
tolerance was also reported in animals (Ghosh et al. 1987; Wimolwattanapun et
al. 1987).

The low molecular weight and lipophilic nature of xylenes allow the sol-
vent to readily cross the blood-brain barrier. Studies investigating the distribu-
tion of radiolabeled xylenes after inhalation confirmed high concentrations of
xylene in the brain and central and peripheral nervous systems immediately after
exposure, with elimination often occurring by 1 h postexposure (Carlsson 1981;
Bergman 1983; Ghantous and Danielsson 1986; Kumarathasan et al. 1997). The
transient nature of many of the xylene-induced nervous system disturbances is
likely due to the rapid elimination of xylene. The precise molecular mechanism
by which xylenes affect the nervous system is not known. An in vitro study us-
ing human and rat cell membranes demonstrated that xylene and other solvents
with anesthetic properties could bind in hydrophobic pockets in integral cell
membrane proteins, thereby altering the properties of integral enzymes (Tahti
1992). Others found that xylene exposure affected the enkephalinergic neuro-
modulatory system (de Gandarias et al. 1995), catecholamine neurotransmission
by altering levels of dopamine and noradrenaline (Andersson et al. 1981), and
levels of brain acetylcholine and glutamine (Honma et al. 1983). Xylene expo-
sure reduced transport of cellular materials to axons and nerve ending regions in
rats (Padilla and Lyerly 1989), affected microsomal superoxide dismutase activ-
ity in the brain of rats (Savolainen et al. 1979a), and resulted in findings com-
patible with astrogliosis in gerbils (increased brain concentrations of glial fibril-
lary acidic protein, S-100 protein, and DNA) (Rosengren et al. 1986). Xylene
exposure did not influence neutral or basic aminopeptidase activities in the
brains of rats (de Gandarias et al. 1993).

Data demonstrating the hepatoxicity of xylene are limited. Human data
were primarily limited to case reports. Morley et al. (1970) reported an acciden-
tal exposure to xylene at approximately 10,000 ppm. The autopsy of a worker
who died revealed hepatic congestion with swelling and vacuolization of cells in
the centrilobular areas. Two other xylene-exposed workers who survived had
only slight hepatic impairment as indicated by a rise in serum transaminase ac-
tivity over 48 h after exposure, after which the enzyme activity returned to nor-
mal levels. Hepatic changes in rats sometimes followed subchronic oral or inha-
lation exposure to xylenes and may be consistent with an adaptative response
(Téatrai and Ungvary 1980; Tatrai et al. 1981; Ungvary 1990).

Developmental toxicity in animals has generally been observed only at
doses or concentrations similar to or exceeding those resulting in maternal toxic-
ity. Two studies were found investigating the potential mechanism for xylene-
induced developmental toxicity (developmental retardation and death). In a
study investigating the role of maternal sex steroid production and metabolism
in p-xylene embryotoxicity, Ungvary et al. (1981) reported that exposure of
pregnant rats to p-xylene at 690 ppm (3,000 mg/m3) on GD 10 or GD 9 to 10 did
not affect maternal ovarian and uterine circulation or ovarian hormone secretion
rate as measured on GD 11 as compared with controls. However, exposure to p-

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9

http://lwww.nap.edu/catalog/12978.html

Xylenes 335

xylene for 48 h (GD 9 to 10) did result in a statistically significant decrease in
the peripheral levels of progesterone and B-estradiol and significantly decreased
fetal body weight (actual data not provided). It was proposed that the hepatic
enzyme induction by p-xylene was responsible for increased metabolism of the
sex hormones, which in turn was responsible for fetotoxicity. Ungvary and
Donath (1984) found that exposure of pregnant rats to p-xylene at approximately
350 ppm resulted in hyperinnervation or degeneration of noradrenergic nerves of
reproductive organs (uterus, ovaries). They proposed that damage to the periph-
eral noradrenergic nerves can result in altered control of uterine and ovarian
blood flow and steroid production, resulting in fetal toxicity.

4.3. Other Relevant Information
4.3.1. Interspecies Differences

Physiologically based pharmacokinetic (PBPK) modeling was done for
rats and humans (see Appendix C). PBPK modeling allows a comparison of the
internal dose in both species receiving identical external exposures. As shown in
Figure 6C-9 in Appendix C, rats achieve higher blood m-xylene concentrations
than humans at the same atmospheric xylene levels. This effect is primarily due
to a higher blood-air partition coefficient (PB) in rats (46) compared with hu-
mans (26.4, 31.9, and 32.5) (Sato and Nakajima 1979; Gargas et al. 1989; Pierce
et al. 1996). Other factors include the rats’ higher respiratory (alveolar ventila-
tion) rate and higher cardiovascular output and tissue blood flow rates.

The total interspecies factor includes the pharmacodynamic component as
well. The available data indicate relatively little difference in interspecies sensi-
tivity to xylene. Lethality data for mice and rats were nearly identical (Cameron
et al. 1938; Bonnet et al. 1982). Death was preceded by narcosis and was likely
the result of depression of the CNS resulting in respiratory arrest. Nonlethal ef-
fects in both humans and animals are similar and consist primarily of mucus
irritation and CNS depression.

4.3.2. Intraspecies Differences

Available data point to a 2- to 3-fold difference in interindividual sensitiv-
ity to xylenes.

At sufficiently high concentrations, xylene acts as an anesthetic (Fang et
al. 1996). Studies indicate that children, particularly infants, are more resistant
than adults to the pharmacologic actions of various volatile anesthetics (Gregory
et al. 1969; Stevens et al. 1975; Lerman et al. 1983; LeDez and Lerman 1987;
Katoh and Ikeda 1992; Chan et al. 1996). The susceptibility of different age
groups has been extensively studied in the medical literature where the concen-
trations of various anesthetic gases in the lung that produce “anesthesia” (lack of
movement) have been measured (NRC 2002). Values are usually reported as the
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minimum alveolar concentration (MAC) that produces lack of movement in
50% of persons exposed to that concentration. MACs for several anesthetic
gases have been measured as a function of age. The results consistently show a
pattern with maximal sensitivity (lowest MAC) in newborns, particularly prema-
tures, pregnant women, and the elderly. The least sensitivity (highest MAC val-
ues) occurs in older infants, toddlers, and children as compared with adults. The
total range of sensitivity is 2- to 3-fold. On the basis of this knowledge, it is not
unreasonable to conclude that the same 2- to 3-fold difference in sensitivity ex-
ists among individuals exposed to xylenes.

4.3.3. Concentration-Exposure Duration Relationship

The two primary effects of xylene exposure are irritation and CNS effects.
Irritation is considered a threshold effect and therefore should not vary over
time. An AEGL value based on irritation is therefore not scaled across time but
rather the same value is applied across all times.

The CNS effects of xylene are attributed to the low molecular weight and
lipophilic nature, which allow the solvent to readily cross the blood-brain barrier
(see Section 4.2). Distribution studies of xylene after inhalation have confirmed
high concentrations of xylene in the brain and central and peripheral nervous
system immediately after exposure, with substantial elimination often occurring
by 1 h postexposure. The rapid onset and transient nature of CNS effects caused
by xylene are likely due to direct interaction with molecular receptors in the
CNS followed by the rapid elimination of xylene. Xylenes readily diffuse bidi-
rectionally between the blood and brain, rapidly attaining and striving to main-
tain an equilibrium between the two compartments. The blood-brain partition
coefficient is the ratio of the xylene concentrations in blood and brain under
near-steady-state conditions. Thus, the arterial or venous blood concentration of
xylene is a reliable index of the brain concentration and, in turn, the magnitude
of the CNS depression that is due to the parent compound. Thus, the xylene-
blood concentration is a key determinant of impaired CNS activity. Therefore,
the venous xylene blood concentration (CV) after exposure would be expected
to provide an internal dose measurement correlating with clinical signs. PBPK
modeling (see Appendix C) was used to determine the internal dose (CV) pro-
ducing poor coordination for the AEGL-2 and prostration for the AEGL-3 in
rats. The human PBPK model of xylene was then run for each defined AEGL
time period to determine the equivalent atmospheric exposure concentration
producing the target CV.

4.3.4. PBPK Model
As discussed in Section 4.3.3, PBPK modeling was applied to derive the

AEGL-2 and AEGL-3 values. The PBPK modeling process for xylenes is de-
scribed in detail in Appendix C. Briefly, two research groups developed PBPK
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models for m-xylene: one group developed a six-compartment model in rats and
a seven-compartment model in humans; the other group developed a four-
compartment model in rats and humans (Kaneko et al. 1991a,b, Tardif et al.
1993, 1997; Haddad et al. 1999; Kaneko et al. 2000). The basic model generated
by Tardif et al. (1993, 1997) and Haddad et al. (1999) was chosen for the AEGL
derivations because it was more data rich. The main difference among the mod-
els was in the physiologic parameters used. The rat model from Haddad et al.
(1999) was chosen because it was the more recent, was more data rich, and had
a better fit. The Haddad et al. (1999) model was optimized by using the Tardiff
et al. (1993) gas uptake data (500, 1,000, 2,000, and 4,000 ppm). The acute le-
thality critical study (AEGL-3) is based on an exposure concentration (2,800
ppm) that lies within the range of concentrations used in the gas uptake study.
The model was then visually reoptimized for m- and p-xylene with the available
human data. Finally, the internal dose (CV) producing the toxicity end point of
concern in rats was determined. The human PBPK model of xylene was then run
for each defined AEGL time period to determine the equivalent atmospheric
exposure concentration producing the target CV.

4.3.5. Comparison of the Toxicity of Individual Xylene Isomers

Because xylene exists as a mixture or as any of three individual isomers,
the question arises as to whether there are differences in toxicity among the in-
dividual isomers and the mixture. PBPK model predictions indicate that the in-
ternal dose (CV) after exposure does not vary significantly among the individual
isomers (see Figure 6C-10 in Appendix C).

Fang et al. (1996) determined the MAC (the concentration that produces
anesthesia, or lack of movement, in 50% of those exposed) of the individual
isomers in rats. The MACs of o-, m-, and p-xylene were 0.00118 £ 0.00009,
0.00139 + 0.00010, and 00.00151 + 0.0007 atmospheres, respectively, with a
difference in MAC values of less than 30% among the isomers.

Only a limited number of studies were found in the open literature com-
paring the toxicity of the individual xylene isomers. Although differences did
exist among the studies, no consistent, significant differences in the toxicologic
potency of the xylene isomers after oral or inhalation exposure were identified
(Ungvary et al. 1980; Moser et al. 1985; Molnar et al. 1986; Condie et al. 1988;
Korsak et al. 1990).

5. DATA ANALYSIS AND PROPOSED AEGL-1
5.1. Human Data Relevant to AEGL-1
Exposure to mixed xylenes at 100, 200 or 400 ppm for 30 min resulted in

(nonstatistically) increased complaints of eye irritation; no increased nose or
throat irritation was noted and no changes in behavioral tests or respiratory
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measurements were evident in controlled studies (Hastings et al. 1984). That
mild degree of eye irritation is supported by observation that the number of eye
blinks per minute was not affected by exposure. Exposure to p-xylene at 100 or
150 ppm for 7.5 h/day, 5 days/week resulted in mild eye irritation, most often in
one male wearing contact lenses (irritation was noted on the first exposure day)
(Hake et al.1981). No effects on performance tests were observed at these levels.
Exposure to mixed xylenes at 110 ppm for 15 min resulted in intermittent, mild
throat irritation in 1/6 individuals, while exposure to 230 ppm for 15 min re-
sulted in eye irritation and mild dizziness in 1/7 individuals (Carpenter et al.
1975b).

A number of controlled human studies reported no adverse effects after
exposure to xylenes. Exposure to m- or p-xylene at 100 or 200 ppm for 3 or 7 h
failed to influence blood pressure, pulse rate, flicker value, or reaction time
(Ogata et al. 1970). Olson et al. (1985) found exposure to p-xylene at 70 ppm for
4 h had no effect on choice reaction time, simple reaction time, short-term
memory, heart rate, or subjective symptoms in exposed volunteers. No adverse
effects on VEP, tapping speed, body sway, reaction time, or critical flicker fu-
sion were measured in volunteers exposed to m-xylene at 200 ppm for 4 h
(Savolainen et al. 1981; Seppalainen et al. 1983). Body sway, reaction time, and
active or quiet sleep were not affected by exposure to 200 ppm for 5.5 h (Laine
et al. 1993).

5.2. Animal Data Relevant to AEGL-1

No signs of toxicity were observed in dogs exposed to mixed xylenes at
530 ppm or in rats exposed to 580 ppm for 4 h, while lacrimation in dogs and
poor coordination in rats were observed at 1,200 and 1,300 ppm, respectively
(Carpenter et al. 1975b). In the study investigating conditioned flavor aversion, a
concentration-related decrease in relative saccharin consumption was observed
in all groups exposed to p-xylene for 4 h, with maximal aversion occurring in
the 800- and 1,600-ppm groups (Bushnell and Peele 1988). The premise of the
conditioned flavor aversion paradigm is combining exposure to a chemical with
the introduction of something new, such as saccharine water. The animals then
associate any negative effects they experience from exposure to the chemical
with the consumption of the new food item and develop an aversion to the food
item. Although it is a nonsensory effect, aversion represents an AEGL-1 effect.

5.3. Derivation of AEGL-1

The AEGL-1 is based on mild eye irritation in human subjects noted by
Hastings et al. (1984) during a 30-min exposure to mixed xylenes at 400 ppm.
The Hastings et al. (1984) results were considered most relevant because expo-
sure was to mixed xylenes and represented a concentration at which an AEGL-1
effect was observed. An interspecies uncertainty factor was not applied because
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the key study used human data. An intraspecies uncertainty factor of 3 was ap-
plied because slight eye irritation is caused by a direct effect of the chemical and
the response is not expected to vary greatly among individuals. Irritation is con-
sidered a threshold effect, which should not vary over time; therefore, the
AEGL-1 value was not scaled across time, but rather the same value is applied
across all times. AEGL-1 values are presented in Table 6-12.

The 130-ppm value is supported by several other studies, including the p-
xylene 150-ppm exposure resulting in eye irritation in a contact lens wearer
(represents sensitive population; Hake et al. 1981); the 15-min exposure to
mixed xylenes at 230 ppm resulting in mild eye irritation and dizziness in one
individual; and the 3-h exposure to m- or p-xylene at 200 ppm (Ogata et al.
1970), the 4-h exposure to m-xylene at 200 ppm (Savolainen et al. 1981), and
the 5.5-h exposure to m-xylene at 200 ppm (Laine et al. 1993). All these values
represent acute NOAELs in adult humans.

6. DATA ANALYSIS AND PROPOSED AEGL-2

6.1. Human Data Relevant to AEGL-2

One of six or seven individuals noted dizziness during a 15-min exposure
to mixed xylenes at 230 ppm (during the last 2 min of exposure) or 460 ppm
(starting at the 6th minute and continuing to the end of exposure in the same
individual), while a 15-min exposure to 690 ppm resulted in dizziness and light-
headedness in 4/6 individuals (Carpenter et al. 1975b). In the same study, a 15-
min exposure resulted in eye irritation in 1/7, 4/6, and 4/6 individuals exposed to
mixed xylenes at 230, 460, and 690 ppm, respectively.

6.2. Animal Data Relevant to AEGL-2

Exposure to mixed xylenes at 1,200 ppm for 4 h represents a threshold for
lacrimation in dogs, while rats exposed to 1,300 ppm exhibited poor coordina-
tion (reversible) 2 h into a 4-h exposure (Carpenter et al. 1975b). The 4-h m-
xylene ECs, for decreased rotarod performance in rats was 1,982 ppm (Korsak et
al. 1993), and the 4-h minimum narcotic concentrations for the three xylene
isomers in rats ranged from 1,940 to 2,180 ppm (Molnar et al. 1986). Exposure
of rats to p-xylene at 1,600 ppm for 4 h resulted in hyperactivity, fine tremor,
and unsteadiness (Bushnell 1989) and caused changes in the flash evoked poten-
tial suggestive of increased arousal (Dyer et al. 1988).

TABLE 6-12 AEGL-1 Values for Xylenes

10 min 30 min 1h 4h 8h
130 ppm 130 ppm 130 ppm 130 ppm 130 ppm
(560 mg/m°) (560 mg/m°) (560 mg/m®) (560 mg/m®) (560 mg/m°)
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After 30-min static exposures in mice, Moser et al. (1985) determined that
the ECs, for decreased performance on the inverted screen test was 3,790 ppm
for m-xylene, 3,640 ppm for o-xylene, and 2,676 ppm for p-xylene, while the
ECs for disruption of operant performance was 6,176 ppm for m-xylene, 5,179
ppm for o-xylene, and 5,611 ppm for p-xylene.

6.3. Derivation of AEGL-2

The AEGL-2 is based on the threshold for reversible equilibrium distur-
bances and the no-effect level for the impaired ability to escape. Poor coordina-
tion was observed in rats 2 h into a 4-h exposure to mixed xylenes at 1,300 ppm
(Carpenter et al. 1975b). This concentration and end point are consistent with
the preponderance of available data for 4-h exposures in rats: the ECs, for de-
creased rotarod performance was 1,982 ppm (Korsak et al. 1993); the minimum
narcotic concentrations for m-, o-, and p-xylene ranged from 1,940 to 2,180 ppm
(Molnér et al. 1986); and exposure to p-xylene at 1,600 ppm resulted in hyperac-
tivity, fine tremor, and unsteadiness (Bushnell 1989) and caused changes in the
flash evoked potential suggestive of increased arousal (Dyer et al. 1988). It is
assumed that the CNS response observed after xylene exposure is directly re-
lated to the concentration of parent material reaching the brain and that CV val-
ues correlate with brain concentrations. Therefore, the CV of xylene after a 2-h
exposure to xylene at 1,300 ppm is expected to provide an internal dose meas-
urement correlating with the clinical sign of poor coordination. The internal dose
(CV) producing impaired coordination in rats was determined with the PBPK
model (see Appendix C). Then, the human PBPK model was run for each de-
fined AEGL time period to determine the equivalent exposure concentration
producing the target CV.

A total uncertainty factor of 3 was applied to the AEGL-2 and AEGL-3
dose metrics. An intraspecies uncertainty factor of 3 was applied for the phar-
macokinetic and pharmacodynamic uncertainty because the MAC for volatile
anesthetics should not vary by more than 2- to 3-fold among humans (NRC
2002). An interspecies uncertainty factor of 3 would usually be applied. PBPK
modeling reduced the toxicokinetic component of the uncertainty factor to 1, but
the pharmacodynamic component would normally be retained and assigned a 3
(although it appears that similar CNS effects occur in humans and animals, it is
not known if they occur at the same tissue dose). A total uncertainty factor of
10, however, drives the AEGL-2 value for 8 h (180 ppm) to an exposure concen-
tration that humans are known to tolerate with minimal or no adverse effects-
Humans exposed to p-xylene at 150 ppm for 7.5 h did not exhibit any effects on
performance tests and noted only mild eye irritation (Hake et al. 1981). There-
fore, the interspecies uncertainty factor is reduced to 1, and a total uncertainty
factor of 3 is applied to the AEGL-2 values (NRC 2002).

AEGL-2 values are presented in Table 6-13.
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TABLE 6-13 AEGL-2 Values for Xylenes
10 min 30 min 1h 4h 8h

2,500 ppm 1,300 ppm 920 ppm 500 ppm 400 ppm
(11,000 mg/m®) (5,600 mg/m®) (4,000 mg/m®) (2,200 mg/m®) (1,700 mg/m’)

The human data reported by Carpenter et al. (1975b) were not used for the
AEGL-2 derivation as the exposure duration was brief (15 min) and it was not
consistent with the preponderance of human data from other controlled human
exposures. If one were to use the highest exposure concentration (690 ppm) that
resulted in eye irritation and dizziness in 4/6 individuals, a threshold for equilib-
rium effects, and apply the intraspecies uncertainty factor of 3, one would obtain
a value of 230 ppm. This concentration is supposed to represent a concentration
at which exposed individuals could experience irreversible or other serious,
long-lasting adverse health effects or have an impaired ability to escape. How-
ever, a number of studies demonstrated no adverse effects after exposure to m-
or p-xylene at 100 or 200 ppm for 3 or 7 h (Ogata et al. 1970), to m-xylene at
200 ppm for 4 h (Savolainen et al. 1981), or to m-xylene at 200 ppm for 5.5 h
(Laine et al. 1993). The Ogata et al. (1970) study found no effect on the ability
to escape at 200 ppm for 3 or 7 h and thus supports the AEGL-2 value. How-
ever, it is not appropriate to use this study to derive the AEGL-2 value as 200
ppm is far below the threshold for CNS effects.

7. DATA ANALYSIS AND PROPOSED AEGL-3
7.1. Human Data Relevant to AEGL-3

Morley et al. (1970) reported the cases of three individuals exposed to xy-
lene at approximately 10,000 ppm for about 18 h. One individual died, and the
other two were found unconscious but experienced a full recovery.

7.2. Animal Data Relevant to AEGL-3

Two cats exposed to mixed xylenes at 9,500 ppm exhibited signs of CNS
depression followed by death 2 h into the exposure (Carpenter et al. 1975b). In
rats, 4-h LCsq values for mixed xylenes have been reported as 6,350 ppm (Hine
and Zuidema 1970), 6,011 ppm (Carpenter et al. 1975b), and 11,000 ppm
(Lundberg et al. 1986), and for p-xylene as 4,645 ppm (Harper et al. 1975). Six-
hour LCs, values for the m-, o-, and p-isomers were 5,984, 4,330, and 4,591
ppm, respectively, in rats and 5,267, 4,595, and 3,907 ppm, respectively, in mice
(Bonnet et al. 1979; 1982).

A no-effect level for death in rats after exposure to mixed xylenes for 4 h
was 2,800 ppm (Carpenter et al. 1975b). Clinical signs observed during expo-
sure to 2,800 ppm included prostration between 2 and 3.5 h into the exposure.
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Recovery occurred within 1 h postexposure, but coordination remained poor
until the following day. At the next lower concentration of 1,300 ppm, poor co-
ordination was noted 2 h into the exposure, with coordination returning to nor-
mal after the exposure. Molnar et al. (1986) reported 4-h minimum narcotic con-
centrations of 2,100, 2,180, and 1,940 ppm for the m-, o-, and p-xylene isomers,
respectively.

RDsy values in mice were 1,467 ppm for o-xylene (de Ceaurriz et al. 1981),
1,361 ppm for m-xylene (Korsak et al. 1993), and 2,440 ppm for mixed xylenes
(Korsak et al. 1988). Korsak et al. (1988, 1993) did not use the recommended
strain of mice.

7.3. Derivation of AEGL-3

The AEGL-3 derivation is based on reversible prostration and a no-
observed-effect level (NOEL) for death in rats exposed to 2,800 ppm for 4 h
(Carpenter et al. 1975b). Although coordination initially remained poor, it re-
turned to normal the following day. This concentration represents a threshold for
marked CNS depression, which could lead to death. As for the AEGL-2, it is
assumed that the CNS effects observed after xylene exposure are directly related
to the concentration of parent material reaching the brain. Therefore, PBPK
modeling (see Appendix C) was again used to calculate the internal dose (CV)
correlating with an exposure of rats to 2,800 ppm for 4 h, which produced pros-
tration. The human PBPK model was then run for each defined AEGL time pe-
riod to determine the equivalent exposure concentration producing the target
CV.

A total uncertainty factor of 3 was applied to the AEGL-2 and -3 dose
metrics. An intraspecies uncertainty factor of 3 was applied for the pharmacoki-
netic and pharmacodynamic uncertainty because the MAC for volatile anesthet-
ics should not vary by more than 2- to 3-fold among humans (NRC 2002). An
interspecies uncertainty factor of 3 would usually be applied. PBPK modeling
reduced the toxicokinetic component of the uncertainty factor to 1, but the
pharmacodynamic component would normally be retained and assigned a 3 (al-
though it appears that similar CNS effects occur in humans and animals, it is not
known if they occur at the same tissue dose). A total uncertainty factor of 10,
however, drives the 4-h AEGL-3 value to 447 ppm, an exposure concentration
that humans are known to tolerate with minimal or no adverse effects. Numer-
ous human studies investigated the effects of exposure to m-xylene at 130 to 200
ppm for 4 to 6 h, with 20-min peaks of 400 ppm with or without exercise
(Savolainen and Linnavuo 1979; Savolainen et al. 1984, 1985a,b; Seppalainen et
al. 1989, 1991; Laine et al. 1993 ) and found no effect or only minimal CNS
effects. Therefore, the interspecies uncertainty factor is reduced to 1, and a total
uncertainty factor of 3 is applied to the AEGL-3 values (NRC 2002).

AEGL-3 values are presented in Table 6-14.
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TABLE 6-14 AEGL-3 Values for Xylenes
10 min 30 min 1h 4h 8h

7,200 ppm 3,600 ppm 2,500 ppm 1,300 ppm 1,000 ppm
(31,000 mg/m®) (16,000 mg/m*) (11,000 mg/m’) (5,600 mg/m®) (4,300 mg/m’)

8. SUMMARY OF PROPOSED AEGLs
8.1. AEGL Values and Toxicity End Points

The AEGL values for xylenes summarized in Table 6-15 apply to each of
the individual xylene isomers or a mixture of xylene isomers. AEGL-2 and
AEGL-3 values are greater than 10% of the lower explosive limit. As discussed
in Section 4.3.3, no significant differences in the potency of the isomers after
oral or inhalation exposure were identified and metabolism of each isomer pro-
ceeds along the same pathways.

A useful way to evaluate the AEGL values in the context of existing em-
pirical data is presented in Figure 6-2. For this plot, the toxic response was
placed in severity categories. The severity categories fit into definitions of the
AEGL health effects: no effects, discomfort, disabling, some lethality (an ex-
perimental concentration at which some of the animals died and some did not),
and lethal. The effects that place an experimental result in a particular category
vary according to the spectrum of data available on a specific chemical and the
effects from exposure to that chemical. The doses often span a number of orders
of magnitude, especially when human data exist. Therefore, the concentration is
on a logarithmic scale. Figure 6-2 plots the xylene AEGL values along with the
existing acute human and animal toxicity data for xylene in terms of the catego-
ries assigned to them.

TABLE 6-15 Summary and Relationship of AEGL Values

Classification 10 min 30 min lh 4h 8h
AEGL-1 130 ppm 130 130 130 130
(Nondisabling) (560 mg/m®) (560 mg/m®) (560 mg/m*) (560 mg/m®) (560 mg/m’)
AEGL-2 2,500 ppm* 1,300 ppm* 920 ppm* 500 ppm 400 ppm
(Disabling) (11,000 (5,600 (4,000 (2,200 (1,700
mg/m?) mg/m’) mg/m’) mg/m?) mg/m’)
AEGL-3 - 3,600 ppm* 2,500 ppm* 1,300 ppm” 1,000 ppm*
(Lethal) (16,000 (11,000 (5,600 (4,300
mg/m’) mg/m’) mg/m?) mg/m’)

“Concentrations are at or higher than 1/10th of the LEL for all forms of xylene (o-xylene
LEL, 9,000 ppm; m- and p-xylene LEL, 11,000 ppm). Therefore, safety considerations
against the hazard of explosion must be taken into account.
510-min AEGL-3 = 7,200 ppm is >50% LEL. Therefore, extreme safety considerations
against the hazard of explosion must be taken into account.
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FIGURE 6-2 Category plot of human and animal toxicity data compared with AEGL
values.

8.2. Comparisons with Other Standards

Standards and guidance levels for workplace and community exposures
are listed in Table 6-16. The 130-ppm AEGL-1 is almost identical to the Ameri-
can Conference of Governmental Industrial Hygienists (ACGIH) and the Na-
tional Institute for Occupational Safety and Health (NIOSH) 15-min short-term
exposure limit (150 ppm), and it is close to the ACGIH, NIOSH, and Occupa-
tional Safety and Health Administration 8-h TWA (100 ppm). The 30-min
AEGL-2 (1,300 ppm) and AEGL-3 (3,600 ppm) are higher than the 30-min con-
centration that is immediately dangerous to life or health (900 ppm).

8.3. Data Adequacy and Research Needs

Data appropriate for use in xylene AEGL derivations are robust. Numer-
ous studies investigating controlled human exposures are available, but the ef-
fects noted are generally less serious than those defined by the AEGLs. Human
lethality data are limited to a case report in which one of three individuals ex-
posed to approximately 10,000 ppm for almost 19 h died (Morley et al. 1970).
Animal data on nonlethal effects were available for dogs, cats, rats, and mice,
although most of the data documenting CNS effects after acute exposure were
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on rats. Lethality data were available for rats and mice and indicated little differ-
ence in sensitivity between these species.

Because of inadequate evidence, xylene is currently not classifiable as to
carcinogenicity by IARC or the EPA.

TABLE 6-16 Extant Standards and Guidelines for Xylenes

Exposure Duration

Guideline 10min  15min  30min  lh 4h 8h 24 h
AEGL-1 130 ppm 130 ppm 130 ppm 130 ppm 130 ppm

AEGL-2 2,500 ppm 1,300 ppm 920 ppm 5,00 ppm 400 ppm

AEGL-3 7,200 ppm 3,600 ppm 2,500 ppm 1,300 ppm 1,000 ppm

EEL (NRC)* 200 ppm 100 ppm
SMAC (NRC)" 100 ppm 100 ppm
IDLH (NIOSH)“ 900 ppm

TLV-TWA (ACGIH)“ 100 ppm

PEL-TWA 100 ppm

(OSHA)*

REL-TWA 100 ppm

(NIOSHY

TLV-STEL 150 ppm

(ACGIH)®

REL-STEL (NIOSH)" 150 ppm

MAK 440 mg/m’
(Germany)' 100 ppm

MAC _ 210 mg/m’

(The Netherlandsy 50 ppm

“EEL (emergency exposure limit, National Research Council) (NRC 1984) is defined as a
ceiling limit for an unpredictable single exposure, usually lasting 60 min or less, and
never more than 24 h—an occurrence expected to be rare in the lifetime of any person. It
reflects an acceptance of the statistical likelihood of the occurrence of a nonincapacitating
reversible effect in an exposed population. It is designed to avoid any substantial decre-
ments in performance during emergencies and might contain no uncertainty factor. The
use of uncertainty factors depends on the compound in question and on the type of effect
it produces.

’)SMAC (spacecraft maximum allowable concentration, National Research Council )
(Garcia 1996) provides guidance on chemical exposures during normal operations of
spacecraft as well as emergency situations. The 1-h SMAC is a concentration of airborne
substance that will not compromise the performance of specific tasks by astronauts dur-
ing emergency conditions or cause serious or permanent toxic effects. Such exposure
may cause reversible effects, such as skin or eye irritation, but they are not expected to
impair judgment or interfere with proper responses to emergencies.
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‘IDLH (immediately dangerous to life or health, National Institute for Occupational
Safety and Health) (NIOSH 1996, 2005) represents the maximum concentration from
which one could escape within 30 min without any escape-impairing symptoms or any
irreversible health effects.

“TLV-TWA (Threshold Limit Value—time-weighted average, American Conference of
Governmental Industrial Hygienists) (ACGIH 2003) is the time-weighted average con-
centration for a normal 8-h workday and a 40-h workweek, to which nearly all workers
may be repeatedly exposed, day after day, without adverse effect.

‘PEL-TWA (permissible exposure limit-time-weighted average, Occupational Health and
Safety Administration) (29CFR Part 1910.1000 [1996]) is analogous to the ACGIH TLV-
TWA but is for exposures of no more than 10 h/day, 40 h/week.

/REL-TWA (recommended exposure limit-time-weighted average, National Institute for
Occupational Safety and Health) (NIOSH 2005) is analogous to the ACGIH TLV-TWA.
STLV-STEL (Threshold Limit Value—short-term exposure limit, American Conference of
Governmental Industrial Hygienists ) (ACGIH 2003) is defined as a 15-min TWA expo-
sure that should not be exceeded at any time during the workday even if the 8-h TWA is
within the TLV-TWA. Exposures above the TLV-TWA up to the STEL should not be
longer than 15 min and should not occur more than four times per day. There should be at
least 60 min between successive exposures in this range.

"REL-STEL (recommended exposure limit-short-term exposure limit, National Institute
for Occupational Safety and Health) (NIOSH 2005) is a 15-min TWA exposure that
should not be exceeded at any time during a workday.

'MAK (maximale arbeitsplatzkonzentration [maximum workplace concentration])
(Deutsche Forschungsgemeinschaft [German Research Association] (DFG 2002) is
analogous to the ACGIH TLV-TWA.

'MAC (maximaal aanvaarde concentratie [maximal accepted concentration], Ministerie
van Sociale Zaken en Werkgelegenheid (MSZW 2004) is analogous to the ACGIH TLV-
TWA.
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APPENDIX A

DERIVATION OF AEGL VALUES FOR XYLENE

Key study:

Toxicity end point:

Scaling:

Uncertainty factors:

Modifying factor:

10-min, 30-min, 1-h,
4-h, 8-h AEGL-1:

Key study:

Toxicity end point:

Scaling:

Derivation of AEGL-1 Values

Hastings et al. 1984

Eye irritation in human volunteers exposed to mixed
xylenes at 400 ppm for 30 min

Because irritation is considered a threshold effect and
should not vary over time, the AEGL-1 value is not
scaled across time but rather the threshold value is
applied to all times.

1 for interspecies variability
3 for intraspecies variability

Not applicable

Concentration producing effect was applied to all
times: 400 ppm/3 = 130 ppm

Derivation of AEGL-2 Values

Carpenter et al. 1975b

Rats exposed 2 h into a 4-h exposure to 1,300 ppm
exhibited poor coordination

It is assumed that the CNS effects observed after
xylene exposure are directly related to parent material
reaching the brain. Therefore, PBPK modeling (see
Appendix C) was used to calculate the internal dose
(CV) correlating to exposure to 1,300 ppm for 2 h,
which produced poor coordination in rats. A human
PBPK model was then run for each defined AEGL
time period to determine the equivalent exposure
concentration producing the target CV.
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Uncertainty factors:

Modifying factor:
10-min AEGL-2:
30-min AEGL-2:
1-h AEGL-2:
4-h AEGL-2:

8-h AEGL-2:

Key study:

Toxicity end point:

Scaling:

Acute Exposure Guideline Levels

3 for intraspecies variability
1 for interspecies variability

A total uncertainty factor of 10 would have driven the
AEGL-2 value for 8 h (180 ppm) to an exposure
concentration that humans are known to tolerate with
minimal or no adverse effects: humans exposed to
p-xylene at 150 ppm for 7.5 h did not exhibit any
effects on performance tests and noted only mild eye
irritation (Hake et al. 1981). Therefore, the
interspecies uncertainty factor is reduced to 1,

and a total uncertainty factor of 3 is applied to the
AEGL-2 and AEGL-3 values (NRC 2002).

Not applicable

Application of PBPK model: 2,500 ppm
Application of PBPK model: 1,300 ppm
Application of PBPK model: 920 ppm
Application of PBPK model: 500 ppm

Application of PBPK model: 400 ppm

Derivation of AEGL-3 Values

Carpenter et al. 1975b

Reversible prostration and a no-effect level for
mortality in rats exposed to 2,800 ppm for 4 h

It is assumed that the CNS effects observed after
xylene exposure are directly related to parent material
reaching the brain. Therefore, PBPK modeling (see
Appendix C) was again used to calculate the internal
dose (CV) correlating to exposure at 2,800 ppm for 4
h, which produced prostration in rats. A human
PBPK model was then run for each defined AEGL
time period to determine the equivalent exposure
concentration producing the target CV.
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Uncertainty factors:

Modifying factor:
10-min AEGL-3:
30-min AEGL-3:
1-h AEGL-3:
4-h AEGL-3:

8-h AEGL-3:

359

3 for intraspecies variability
1 for interspecies variability

A total uncertainty factor of 10 drives the 4-h
AEGL-3 value to 447 ppm, an exposure
concentration that humans are known to tolerate

with minimal or no adverse effects. Numerous human
studies investigated the effects of exposure to
m-xylene at 130 to 200 ppm for 4 to 6 h, with

20-min peaks of 400 ppm with or without exercise
(Savolainen and Linnavuo 1979; Savolainen et al.
1984, 1985a,b; Seppalainen et al. 1989, 1991;

Laine et al. 1993) and found no effect or minimal
CNS effects. Therefore, the interspecies uncertainty
factor is reduced to 1, and a total uncertainty factor of
3 is applied to the AEGL-2 and AEGL-3 values
(NRC 2002).

Not applicable

Application of PBPK model: 7,200 ppm
Application of PBPK model: 3,600 ppm
Application of PBPK model: 2,500 ppm
Application of PBPK model: 1,300 ppm

Application of PBPK model: 1,000 ppm
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APPENDIX B

ACUTE EXPOSURE GUIDELINE LEVELS FOR XYLENES

Derivation Summary for Xylenes

AEGL-1 VALUES

10 min 30 min lh 4h 8h
130 ppm 130 ppm 130 ppm 130 ppm 130 ppm
Key Reference:

Hastings, L., G.P. Cooper, and W. Burg. 1984. Human sensory response to selected
petroleum hydrocarbons. Pp. 255-270 in Advances in Modern Environmental
Toxicology, Vol. VI. Applied Toxicology of Petroleum Hydrocarbons, H.N. MacFarland,
ed. Princeton, NJ: Princeton Scientific Publishers.

Test Species/Strain/Number: Volunteer human male

Exposure Route/Concentration

s/Durations: Subjects were exposed by inhalation via an olfactometer delivery hood to
mixed xylenes at 0, 100, 200, or 400 ppm for 30 min

Effects: Mild eye irritation reported by 56%, 60%, 70%, and 90% of subjects exposed to
mixed xylenes at 0, 100, 200, and 400 ppm, respectively; no effects observed on
behavioral test results

End Point/Concentration/Rationale: Mild eye irritation was noted by 90% of the subjects
exposed to 400 ppm

Uncertainty Factors/Rationale:

Total uncertainty factor: 3
Interspecies: 1 for human data used
Intraspecies: 3 because slight eye irritation is caused by a direct effect of the chemical
and the response is not expected to vary greatly among individuals.

Modifying Factor: Not applied
Animal to Human Dosimetric Adjustment: Not applied, human data used

Time-Scaling: Irritation is considered a threshold effect and should not vary over time.
The AEGL-1 value based on irritation is therefore not scaled across time, but rather the
threshold value is applied to all times.

Data Adequacy: This study was acceptable but could have been improved had the
number of volunteers been reported. However, the data are consistent with other human
studies and represent a value consistent with exposure concentrations that might result in
mild eye irritation.
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AEGL-2 VALUES

10 min 30 min lh 4h 8h
2,500 ppm 1,300 ppm 920 ppm 500 ppm 400 ppm
Key Reference:

Carpenter, C.P., E.R. Kinkead, D.L. Geary Jr., L.J. Sullivan, and J.M. King. 1975b.
Petroleum hydrocarbon toxicity studies. V. Animal and human response to vapors of
mixed xylenes. Toxicol. Appl. Pharmacol. 33(3): 543-558.

Test Species/Strain/Number: 10 male albino rats (Harlan-Wistar strain) approximately
5 weeks old per group

Exposure Route/Concentrations/Durations: Rats were exposed by inhalation to mixed
xylenes at 580, 1,300, 2,800, 4,000, or 9,000 ppm for 4 h

Effects:

Concentration Mortality Other Effects

580 ppm 0/10 None observed

1,300 ppm 0/10 Poor coordination after 2 h, returned to normal

2,800 ppm 0/10 Irritation; all rats prostrate between 2 and 3.5 h
recovered within 1 h;coordination returned to normal
next day

6,000 ppm 4/10 Rats prostrate within 30 min; all survivors prostrate
but recovered promptly

9,900 ppm 10/10 None stated

End Point/Concentration/Rationale: The AEGL-2 is based on the no-effect level for
impaired ability to escape. During a 4-h exposure to mixed xylenes at 1,300 ppm, rats
developed poor coordination (slight coordination loss) after 2 h of exposure, returning to
normal coordination postexposure. The point of departure of 1,300 ppm for 2 h therefore
represents the threshold for reversible equilibrium disturbances and the no-effect level for
impaired ability to escape. It is assumed that the CNS effects observed after xylene
exposure are directly related to parent material reaching the brain and that CV values
correlate with brain concentrations. Therefore, the CV of xylene after a 2-h exposure to
xylene at 1,300 ppm would be expected to provide an internal dose measurement
correlating with the clinical sign of poor coordination. By using PBPK modeling (see
Appendix C), the internal dose (CV) producing poor coordination in rats was determined.
Then, a human PBPK model was run for each defined AEGL time period to determine
the equivalent exposure concentration producing the target CV.

Uncertainty Factors/Rationale:
Total uncertainty factor: 3
Intraspecies: 3. An intraspecies uncertainty factor of 3 was applied for the
pharmacokinetic and pharmacodynamic uncertainty because the MAC for volatile
anesthetics should not vary by more than 2- to 3-fold among humans (NRC 2002).
Interspecies: 1. An interspecies uncertainty factor of 3 would usually be applied. PBPK
modeling reduced the toxicokinetic component of the uncertainty factor to 1, but the

(Continued)
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AEGL-2 VALUES Continued
10 min 30 min 1h 4h 8h

2,500 ppm 1,300 ppm 920 ppm 500 ppm 400 ppm

pharmacodynamic component would normally be retained and assigned a 3 (although it
appears that similar CNS effects occur in humans and animals, it is not known if they
occur at the same tissue dose). A total uncertainty factor of 10, however, drives the
AEGL-2 value for 8 h (180 ppm) to an exposure concentration that humans are known
to tolerate with minimal or no adverse effects. Humans exposed to p-xylene at 150 ppm
for 7.5 h did not exhibit any effects on performance tests and noted only mild eye
irritation (Hake et al. 1981). Therefore, the interspecies uncertainty factor is reduced

to 1, and a total uncertainty factor of 3 is applied to the AEGL-2 values (NRC 2002).

Modifying Factor: Not applied

Animal to Human Dosimetric Adjustment: Not applied

Time Scaling: PBPK modeling predicted human exposure concentrations correlating with
a target CV at each defined AEGL time period.

Data Adequacy: This was a well-designed and conducted study. The data are supported
by numerous other studies in rats as well as a study in dogs. The AEGL-2 values are pro-
tective.

AEGL-3 VALUES
10 min 30 min lh 4h 8h
7,200 ppm 3,600 ppm 2,500 ppm 1,300 ppm 1,000 ppm
Key Reference:
Carpenter, C.P., E.R. Kinkead, D.L. Geary Jr., L.J. Sullivan, and J.M. King. 1975b.

Petroleum hydrocarbon toxicity studies. V. Animal and human response to vapors of
mixed xylenes. Toxicol. Appl. Pharmacol. 33(3):543-558.

Test Species/Strain/Number: 10 male albino rats (Harlan-Wistar strain) approximately
5 weeks old per group

Exposure Route/Concentrations/Durations: Rats were exposed by inhalation to mixed
xylenes at 580, 1,300, 2,800, 4,000, or 9,000 ppm for 4 h

Effects:

Concentration Mortality Other Effects

580 ppm 0/10 None observed

1,300 ppm 0/10 Poor coordination after 2 h, returned to normal

2,800 ppm 0/10 Irritation; all rats prostrate between 2 and 3.5 h
recovered within 1 h;coordination returned to normal
next day

6,000 ppm 4/10 Rats prostrate within 30 min; all survivors prostrate
but recovered promptly

9,900 ppm 10/10 None stated

(Continued)
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AEGL-3 VALUES Continued
10 min 30 min lh 4h 8h
7,200 ppm 3,600 ppm 2,500 ppm 1,300 ppm 1,000 ppm
End Point/Concentration/Rationale: The AEGL-3 derivation is based on reversible
prostration and a NOEL for death in rats exposed to 2,800 ppm for 4 h. Although
coordination initially remained poor, it returned to normal the following day. This
concentration represents a threshold for marked CNS depression, which could lead to
death. As for the AEGL-2, it is assumed that the CNS effects observed after xylene
exposure are directly related to the concentration of parent material reaching the brain.
Therefore, PBPK modeling (see Appendix C) was again used to calculate the internal
dose (CV) correlating with an exposure to 2,800 ppm for 4 h, which produced prostration
in rats. The human PBPK model was then run for each defined AEGL time period to
determine the equivalent exposure concentration producing the target CV.

Uncertainty Factors/Rationale:

Total uncertainty factor: 3
Intraspecies: 3. An intraspecies uncertainty factor of 3 was applied for the
pharmacokinetic and pharmacodynamic uncertainty because the MAC for volatile
anesthetics should not vary by more than 2- to 3-fold among humans (NRC 2002).
Interspecies: 3. An interspecies uncertainty factor of 3 would usually be applied. PBPK
modeling reduced the toxicokinetic component of the uncertainty factor to 1, but the
pharmacodynamic component would normally be retained and assigned a 3 (although it
appears that similar CNS effects occur in humans and animals, it is not known if they
occur at the same tissue dose). A total uncertainty factor of 10, however, drives the 4-h
AEGL-3 value to 447 ppm, an exposure concentration that humans are known to
tolerate with minimal or no adverse effects. Numerous human studies investigated the
effects of exposure to m-xylene at 130 to 200 ppm for 4 to 6 h, with 20-min peaks of
400 ppm with or without exercise (Savolainen and Linnavuo 1979; Savolainen et al.
1984, 1985a,b; Seppalainen et al. 1989, 1991; Laine et al. 1993) and found no effect or
minimal CNS effects. Therefore, the interspecies uncertainty factor is reduced to 1, and
a total uncertainty factor of 3 is applied to the AEGL-3 values (NRC 2002).

Modifying Factor: Not applied

Animal to Human Dosimetric Adjustment: Not applied

Time Scaling: PBPK modeling predicted human exposure concentrations correlating with
a target CV at each defined AEGL time period.

Data Adequacy: This was a well-conducted study. The AEGL-3 levels are supported by
human data demonstrating that exposure to 690 ppm for 15 min resulted in
lightheadedness and dizziness and a 30-min exposure to 700 ppm resulted in nausea,
vomiting, dizziness, or vertigo.
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APPENDIX C

PHYSIOLOGICALLY BASED PHARMACOKINETIC
MODELING OF XYLENE

Summary

Two research groups developed PBPK models for xylene, and both groups
modeled the single isomer m-xylene. Kaneko et al. (1991ab, 2000) developed a
six-compartment model in rats and a seven-compartment model in humans. The
other research group developed a four-compartment model in rats and humans
(Tardif et al. 1993, 1997; Haddad et al. 1999). The basic model generated by
Tardif et al. (1993, 1997) and Haddad et al. (1999) was chosen for the AEGL
derivations because it was more data rich. The main difference among the mod-
els was in the physiologic parameters used. The model was coupled with addi-
tional human data from five publications for verification (see Table 6C-1). Next,
the rat model was run to determine CV at the exposure concentration producing
the defined AEGL end point. Then the human model was run for each time pe-
riod to determine the equivalent exposure concentration producing the same CV.
The application of PBPK modeling to the derivation of the xylene AEGL values
was based on guidance in the PBPK modeling White Paper (Dennison et al.
2009). All PBPK modeling was performed in Berkeley Madonna, version
8.0.2a8, a recent beta version that includes scripting capabilities (Macey and
Oster 2002). A glossary of PBPK modeling abbreviations is provided at the end
of this appendix.

Rat Model

The basis of the model was a standard four-compartment model that in-
cluded richly perfused tissue, slowly perfused tissue, fat, and liver (Figure 6C-
1), with the rate of change in the concentration in each tissue described by the
equation shown below (Ramsey and Andersen 1984):

VidCi/dt = Qi(Ca - CVI) — RAM,
where

V; = tissue volume (L),

Q; = tissue perfusion rate (L/h),

C,= concentration of solvent in the systemic arterial blood (mg/L),

CV; = concentration of solvent in venous blood leaving tissue, i (mg/L),
RAM = rate of change in the amount metabolized,

RAM = AMS + AML,

AMS = Ve X Cyr/(Kin + Cyp),
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AML = KF x CVL: and
KF = first-order rate constant for high-capacity low-affinity enzymes.

It was assumed that metabolism occurred exclusively in the liver. Vi, was
scaled to the body weight by using V,,x<C x BW’”. The following data were
used to develop the rat PBPK model:

Gas-uptake data from rats exposed at 500, 1,000, 2,000, or 4,000 ppm (Tardif et
al. 1993).

CV in rats after a 4-h exposure to 100 or 200 ppm (Tardif et al. 1997).

CV in rats after a 4-h exposure to 50 ppm (Haddad et al. 1999).

Partition parameters from Gargas et al. (1989) (in vitro).

Standard parameters for tissue flows and volumes (see Table 6C-2).

TABLE 6C-1 CV in Humans Exposed to m-Xylene at 200 ppm

Time (h) CV (umol/L) Reference
0.12 11.6 Seppalainen et al. 1991
0.15 12.6° Seppalainen et al. 1991
0.18 143 Seppalainen et al. 1991
0.22 16.4a Seppalainen et al. 1991
0.25 16.6 +4.8 Laine et al. 1993
0.33 17.3+£5.5 Laine et al. 1993
17.5 Savolainen et al. 1985
0.5 17.5 Savolainen et al. 1984
0.67 21.3+54 Laine et al. 1993
1 23.9% Seppalainen et al. 1991
1.17 249 +2.1(6) Savolainen et al. 1981
1.5 26 Savolainen et al. 1984
2 28.5+5.2 Laine et al. 1993
29 Savolainen et al. 1984
2.5 26.7+3.4 (6) Savolainen et al. 1981
30 Savolainen et al. 1984
30 Savolainen et al. 1985
3 31 Seppalainen et al. 1989
314 Seppalainen et al. 1991
3.75 28.6 3.5 (6) Savolainen et al. 1981

“These values read from a graph using digiMatic software (Digimatic 2004).
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FIGURE 6C-1 Four-compartment rat model.

The rat model from Haddad et al. (1999) was chosen because it was more
recent, was more data rich, and had a better fit. However, there was not a large
difference among the models. The Haddad et al. (1999) model does have the
limitation that it was created with data from Sprague-Dawley rats and had only
postexposure data at xylene concentrations up to 200 ppm. In the more recent
Haddad et al. (1999) model, slightly different parameters were used for tissue
volumes and metabolism compared with the earlier model of Tardif et al.
(1993). The 1999 model was run with the 1993 gas uptake data (500, 1,000,
2,000, and 4,000 ppm) (see Figure 6C-2). The results suggest that the 1993 and
1999 models are quite similar as the plot shown here is essentially the same as
that in the 1993 paper. At the lower concentrations, the model would actually fit
perfectly if the starting concentration were adjusted to the measured concentra-
tion. The acute lethality critical study (AEGL-3) is based on an exposure con-
centration (2,800 ppm) that lies within the range of concentrations used in the
gas uptake study.
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FIGURE 6C-2 The Haddad et al. (1999) model with the Tardif et al. (1993) gas uptake data (500, 1,000, 2,000, and 4,000 ppm).
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Using the Haddad et al. (1999) model, the starting concentrations were op-
timized to reflect the measured concentrations of the first data points. At the
high concentrations of interest for xylene, enzymatic saturation of the primary
metabolic pathway may have occurred. Therefore, a second pathway of metabo-
lism (lumped metabolism by all the CYPs other than CYP2E1) was added to
account for high-capacity low-affinity pathways of metabolism, which would
occur at the much higher exposure concentrations (Clewell et al. 2001). The
metabolism by the second series of CYPs is given as

Rate of metabolism (RAM) = KF x Cy,,
where

CyL = concentration of xylenes in the venous blood leaving the liver and
KF = 0.1/BW®?.

The second pathway of metabolism was added and KF (first-order rate
constant for high-capacity low-affinity enzymes) was determined. Figure 6C-3
shows the results of optimizing the starting concentrations and adding the sec-
ond pathway of metabolism. Adding the second metabolic pathway resulted in a
very close correspondence between the model and the data.

After optimizing the Haddad model with the Tardif et al. (1993) data, the
model was run again with the same parameters against the Haddad data (Figure
6C-4). A good fit is obtained overall, although the 200-ppm experimental data
are slightly underpredicted. However, the concern is primarily with estimating
CV in rats at very high concentrations (1,000 to 3,000 ppm). Figure 6C-4 shows
what the model does without the second metabolic pathway (perfect fit) and
with it. There is no real difference at 50 or 100 ppm, but the second line from
the top is the new model at 200 ppm.

Application of the Model to Humans

The optimized rat model can now be used to develop a xylene PBPK
model for humans. The model was visually reoptimized for m- and p-xylene
with the available human data. Multiple papers were available in which human
m-xylene CV values were measured during exposure to m-xylene at 200 ppm
(Savolainen et al. 1981, 1984, 1985; Seppalainen et al. 1989, 1991; Laine et al.
1993) (see Table 6C-1). Postexposure human CV were also reported by Hake et
al. (1981) after exposure to p-xylene at 20, 100, or 150 ppm for 1, 3, or 7 h and
by Tardif et al. (1997) after exposure to m-xylene at 33 ppm for 7 h.
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Blue line

FIGURE 6C-4 Haddad et al. (1999) model after being optimized for the Tardif et al. (1993) gas uptake data.
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Human anatomic parameters were generally taken from Astrand (1983)
(see Table 6C-2). Kinetics were scaled from the rat model except for V,,xC,
which was reoptimized and reduced to 5.5. Without the adjustment, the model
tended to underpredict most of the data. Values for QCC or QPC were not opti-
mized because these values came from part of a physiologic parameter set (As-
trand 1983). Several human blood-air partition coefficients (PB) for the xylene
isomers were reported in the literature and are presented in Table 6C-2. The av-
erage PB for the respective xylene isomer was used for modeling data. Figures
6C-5 to 6C-8 show the reoptimized human model predictions for CV for m- or
p-xylene compared with the measured human CV values.

Time (hr) F
IGURE 6C-5 Model predictions of CV (line; using human input parameters with PB of
30.3) compared with the actual measured human CV values during exposure to m-xylene
at 200 ppm (open circles; combined data summarized in Table 6C-1).

0.45

0.35+

mglL)

Time (hr)

FIGURE 6C-6 Mmodel predictions of CV (line; using human input parameters with PB
of 30.3) compared with the actual measured human CV values (open circles) during and
after exposure to m-xylene at 33 ppm for 7 h (Tardif et al. 1997).

Copyright © National Academy of Sciences. All rights reserved.



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

374 Acute Exposure Guideline Levels
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FIGURE 6C-7 Model predictions of CV (line; using male human input parameters with
PB of 40.4) compared with the actual measured male human CV values (open circles)
after exposure to p-xylene at 150 ppm for 1, 3, or 7.5 h (Hake et al. 1981).

Cv (mg/L)

Time (hr)
FIGURE 6C-8 Model predictions of CV (lines; using human female input parameters
with PB of 40.4) compared with the actual measured human female CV values (open
circles) after exposure to p-xylene at 100 ppm for 1, 3, or 7.5 h (Hake et al. 1981).

Comparison of Pharmacokinetics in Rats and Humans

Because the AEGL-2 and AEGL-3 key studies are based on rat data, ex-
trapolation to humans is required. PBPK modeling allows a comparison of the
internal dose that is received in both species receiving identical external expo-
sures. As shown in Figure 6C-9, rats achieve higher blood m-xylene concentra-
tions than humans. This is primarily due to a higher PB in rats (46) compared
with humans (26 to 32 in humans). Figure 6C-9 plots CV for rats and humans
using the validated models presented earlier at 200, 1,000, and 5,000 ppm.
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Time (hr)

FIGURE 6C-9 Model predictions for CV in rats (top line of each pair of lines) and hu-
mans (bottom line of each pair of lines). Open circles are the actual measured human CV
values for exposure to xylene at 200 ppm.

The y axis in Figure 6C-9 is on a logarithmic scale. By 8 h, steady state is
still slowly increasing.

Application of Modeling to Derive AEGL Values

Because xylene can exist as a mixture or as any of three individual iso-
mers, the question arises as to whether there are any differences in toxicity
among the individual isomers and the mixture. No significant differences in the
potency of the isomers after oral or inhalation exposure were identified and me-
tabolism of each isomer proceeds via the same pathway. PBPK model predic-
tions indicate that the internal dose (CV) after exposure does not vary signifi-
cantly among the individual isomers (see Figure 6C-10).

The AEGL-2 and -3 values are based on a study in rats exposed to mixed
xylenes for 4 h (Carpenter et al. 1975). The composition of the mixed xylenes
used was provided as follows:

Component Volume Percent
Nonaromatics 0.07

Toluene 0.14
Ethylbenzene 19.27

p-Xylene 7.84

m-Xylene 65.01

o-Xylene 7.63

Cy + aromatics 0.04

Total 100.00
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Xylene isomers
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FIGURE 6C-10 The model predictions for CV in humans after exposure to the individ-
ual isomers (model parameters remain the same with the exception of PB values specific
to the individual isomers; symbol for m-xylene is superimposed on symbol for o-xylene).

The amount of ethylbenzene is a typical amount seen in a xylene mixture.
For the purpose of the modeling, it is known that ethylbenzene has the same
spectrum of neurotoxic effects as xylenes, so assuming the exposure is to xy-
lenes alone is reasonable. When considering only the amount of xylene isomers
in the mixture and normalizing them to a total of 100%, 80% is the m-xylene
isomer, while 10% is the o-xylene isomer and 10% is the p-xylene isomer.
Therefore, the PB for m-xylene is used in the model.

The AEGL-2 derivation is based on poor coordination exhibited in rats 2 h
into a 4-h exposure to mixed xylenes at 1,300 ppm (Carpenter et al. 1975). The
rat PBPK model predicts that an exposure to xylenes at 1,300 ppm for 2 h would
result in a CV of 48.9 mg/L. It is assumed that this internal dose of 48.9 mg/L is
the dose resulting in the clinical sign of poor coordination. Therefore, it is as-
sumed that the same internal dose of 48.9 mg/L would also result in adverse
effects in humans. Using the human PBPK model, the model was run for each
defined AEGL time point to determine the equivalent exposure concentration
producing the same CV.

The AEGL-3 derivation is based on reversible prostration and a NOEL for
death in rats exposed to 2,800 ppm for 4 h (Carpenter et al. 1975). The rat PBPK
model predicts that an exposure to xylenes at 2,800 ppm for 4 h would result in
a CV of 143.8 mg/L. Therefore, it is assumed that the same internal dose of
143.8 mg/L would also result in adverse effects in humans. Using the human
PBPK model, the model was run for each defined AEGL time point to determine
the equivalent exposure concentration producing the same CV.
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Recommended AEGL Values

A total uncertainty factor of 3 was applied to the AEGL-2 and -3 dose
metrics.

An intraspecies uncertainty factor of 3 was applied for the pharmacoki-
netic and pharmacodynamic uncertainty because the MAC for volatile anesthet-
ics should not vary by more than 2- to 3-fold among humans (NRC 2002).

An interspecies uncertainty factor of 3 would usually be applied. PBPK
modeling reduced the toxicokinetic component of the uncertainty factor to 1, but
the pharmacodynamic component would normally be retained and assigned a 3
(although it appears that similar CNS effects occur in humans and animals, it is
not known if they occur at the same tissue dose). A total uncertainty factor of
10, however, drives the 8-h AEGL-2 value to 180 ppm and the 4-h AEGL-3
value to 447 ppm. These are exposure concentrations that humans are known to
tolerate with minimal or no adverse effects. With regard to the AEGL-2, humans
exposed to p-xylene at 150 ppm for 7.5 h did not exhibit any effects on perform-
ance tests and noted only mild eye irritation (Hake et al. 1981). With regard to
the AEGL-3, numerous human studies investigated the effects of exposure to m-
xylene at 130 to 200 ppm for 4 to 6 h, with 20-min peaks of 400 ppm with or
without exercise (Savolainen and Linnavuo 1979; Savolainen et al. 1984, 1985;
Seppalainen et al. 1989, 1991; Laine et al. 1993) and found no effect or minimal
CNS effects. Therefore, the interspecies uncertainty factor is reduced to 1, and a
total uncertainty factor of 3 is applied to the AEGL-2 and AEGL-3 values (NRC
2002).

GLOSSARY OF PBPK MODEL TERMS
Most used in the presentation:

Ccv venous blood concentration
PB Blood-air partition coefficient

Physiologic Parameters

BW Body weight (kg)

QPC Alveolar ventilation rate (L/h/kg)

QCC Cardiac output (L/h/kg)

VFC Fraction fat tissue (kg/(kg/BW))

VLC Fraction liver tissue (kg/(kg/BW))

VRC Fraction rapidly perfused (kg/(kg/BW))

QFC Fractional blood flow to fat ((L/h)/QC)

QLC Fractional blood flow to liver ((L/h)/QC)

QRC Fractional blood flow to rapidly perfused ((L/h)/QC)
SF Scaling coefficient
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Chemical-Specific Parameters

PLA = Liver-air partition coefficient

PFA = Fat-air partition coefficient

PSA = Slowly perfused air partition coefficient
PRA = Rapidly perfused air partition coefficient
PB = 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 = Molecular weight (g/mol)

VimaxC = Maximum velocity of metabolism (mg/h/kg)
Kn= Michaelis-Menten (mg/L)

KFC = 0.1

CONC = Inhaled concentration (ppm)

Calculated Parameters

QC =QCC x BWF Cardiac output

QP =QPC x BW*F Alveolar ventilation

VS =VSC x BW Volume slowly perfused tissue (L)
VF =VFC x BW Volume fat tissue (L)

VL =VLC x BW Volume liver (L)

VR=VRC x BW Volume rapidly perfused (L)

QF =QFC x QC Blood flow to fat (L/h)

QL =QLC x QC Blood flow to liver (L/h)
QS=QC-QF-QL-QR Blood flow to non-fat tissue (L/h)
QR =QRC x QC Blood flow to rapidly perfused (L/h)
CIX = CONC x MW/24,450 Exposure concentration (mg/L)
Vi = Vi C x BW

KF = KFC/BW"? First-order rate constant for high-capacity

low-affinity enzymes
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