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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 |ethality datain 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 (AEGL ) 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 AEGL s for more than 270 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. Thisreport isthe twelfth volumein

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

Xiii
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that series. AEGL documents for butane, chloroacetaldehyde, chlorobenzene,
chloroform, methyl bromide, methyl chloride, and propane are each published as
an appendix in this report. The committee concludes that the AEGL s developed in
these appendixes are scientifically valid conclusions based on the data reviewed
by NAC and are consistent with the NRC guideline reports. AEGL reports for
additional chemicalswill be presented in subsequent volumes.

The committee's review of the AEGL documents involved both oral and
written presentations to the committee by the authors of the documents. The
committee examined the draft documents and provided comments and recom-
mendations 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 interim
reports and presented them for reexamination by the committee as many times
as necessary until the committee was satisfied that the AEGLs were scientifi-
caly 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 avolume such as this one.

The five 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 ingtitution 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 five committee interim reports, which summa-
rize the committee’s conclusions and recommendations for improving NAC's
AEGL documents for butane (interim reports 17 and 20a), chloroacetaldehyde
(interim report 17), chlorobenzene (interim report 17), chloroform (interim re-
ports 13, 14, and 18), methyl bromide (interim reports 18 and 20a), methyl chlo-
ride (interm reports 18 and 10a), and propane (interim reports 17 and 20a):
Deepak Bhalla (Wayne State University), Harvey Clewell (The Hamner Insti-
tutes for Health Sciences), Jeffrey Fisher (U.S. Food and Drug Administration),
David Gaylor (Gaylor and Associates, LLC), A. Wallace Hayes (Harvard
School of Public Health), Sam Kacew (University of Ottawa), Kenneth Still
(Occupational Toxicology Associates), Joyce Tsuji (Exponent, Inc.), and Judith
Zelikoff (New Y ork University).

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
release. The review of interim report 13 was overseen by Sidney Green, Jr.
(Howard University), and interim reports 14, 17, 18, and 20a were overseen by
Robert Goyer (University of Western Ontario [retired]). Appointed by the
NRC, they were responsible for making certain that an independent examina-
tion of the interim reports was carried out in accordance with institutional pro-

Copyright © National Academy of Sciences. All rights reserved.
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cedures and that all review comments were carefully considered. Responsibil-
ity for the final content of this report rests entirely with the authoring commit-
tee and the institution.

The committee gratefully acknowledges the valuable assistance provided
by the following persons. Ernest Falke and Iris A. Camacho (both from EPA)
and George Rusch (Risk Assessment and Toxicology Services). The committee
also acknowledges Susan Martel, the project director for her work this project.
Other staff members who contributed to this effort are James J. Reisa (director
of the Board on Environmental Studies and Toxicology), Radiah Rose (manager,
editorial projects), Mirsada Karalic-Loncarevic (manager of the Technica In-
formation Center), and Tamara Dawson (program associate). Finaly, | would
like to thank all members of the committee for their expertise and dedicated ef-
fort throughout the devel opment 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 twelfth 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 aso 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 tranglated into emergency exposure limits for exposures at high levels

3
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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:

INAC completed its chemical reviews in October 2011. The committee was composed
of members from EPA, DOD, many other federal and state agencies, industry, academia,
and other organizations. From 1996 to 2011, the NAC discussed over 300 chemicals and
developed AEGLSs values for at least 272 of the 329 chemicals on the AEGLS priority
chemicals lists. Although the work of the NAC has ended, the NAC-reviewed technical
support documents are being submitted to the NRC for independent review and finaliza-
tion.
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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
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 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 genera public, including susceptible subpopulations, such as in-
fants, children, the elderly, persons with asthma, and those with other illnesses,
it isrecognized that individuals, subject to idiosyncratic responses, could experi-
ence the effects described at concentrations below the corresponding AEGL.

SUMMARY OF REPORT ON
GUIDELINES FOR DEVELOPING AEGLS

As described in Guidelines for Developing Community Emergency Expo-
sure Levels for Hazardous Substances (NRC 1993) and the NRC guidelines re-
port Standing Operating Procedures for Developing Acute Exposure Guideline
Levels for Hazardous Chemicals (NRC 2001a), the first step in establishing
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-
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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
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 extrapol ation.

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 AEGLSs 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 were initially prepared by ad hoc AEGL devel-
opment teams consisting of a chemical manager, chemical reviewers, and a staff
scientist of the NAC contractors—Oak Ridge National Laboratory and subse-
guently Syracuse Research Corporation. The draft documents were then re-
viewed by NAC and elevated from “draft” to “proposed” status. After the AEGL
documents were approved by NAC, they were published in the Federal Register
for public comment. The reports were then revised by NAC in response to the
public comments, elevated from “proposed” to “interim” status, and sent to the
NRC Committee on Acute Exposure Guideline Levelsfor final evaluation.

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

Because of the enormous amount of data presented in AEGL reports, the
NRC committee cannot verify al of the data used by NAC. The NRC committee
relies on NAC for the accuracy and completeness of the toxicity data cited in the
AEGL reports. Thus far, the committee has prepared eleven reports in the series
Acute Exposure Guideline Levels for Selected Airborne Chemicals (NRC 2001b,
2002h, 2003, 2004, 2007b, 2008b, 2009, 2010a,b, 2011, 2012). This report is the
twelfth volume in that series. AEGL documents for butane, chloroacetaldehyde,
chlorobenzene, chloroform, methyl bromide, methyl chloride, and propane are
each published as an appendix in this report. The committee concludes that the
AEGLSs developed in these appendixes are scientifically valid conclusions based
on the data reviewed by NAC and are consistent with the NRC guideline reports.
AEGL reportsfor additional chemicalswill be presented in subsequent volumes.
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Chloroform'

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 represent threshold exposure limits for the general public and are
applicable to emergency exposure periods ranging from 10 minute (min) to 8
hour (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 distin-
guished by varying degrees of severity of toxic effects. The three AEGLs are
defined as follows:

AEGL-1 is the airborne concentration (expressed as parts per million or
milligrams per cubic meter [ppm or 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 Robert
Young (Oak Ridge National Laboratory), Gary Diamond (Syracuse Research Corpora-
tion), Chemical Manager Steven Barbee (National Advisory Committee [NAC] on Acute
Exposure Guideline Levels for Hazardous Substances), and Ernest V. Falke (U.S. Envi-
ronmental Protection Agency). The NAC reviewed and revised the document and AEGLs
as deemed necessary. Both the document and the AEGL values were then reviewed by
the National Research Council (NRC) Committee on Acute Exposure Guideline Levels.
The NRC committee has concluded that the AEGLs developed in this document are sci-
entifically valid conclusions based on the data reviewed by the NRC and are consistent
with the NRC guidelines reports (NRC 1993, 2001).

120
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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 concentra-
tions that could produce mild and progressively increasing but transient and
nondisabling odor, taste, and sensory irritation or certain asymptomatic, nonsen-
sory effects. With increasing airborne concentrations above each AEGL, there is
a progressive increase in the likelihood of occurrence and the severity of effects
described for each corresponding AEGL. Although the AEGL values represent
threshold concentrations for the general public, including susceptible subpopula-
tions, such as infants, children, the elderly, persons with asthma, and those with
other illnesses, it is recognized that individuals, subject to idiosyncratic re-
sponses, could experience the effects described at concentrations below the cor-
responding AEGL.

SUMMARY

Chloroform is a volatile liquid with a pleasant, nonirritating odor. The
chemical is miscible with organic solvents but is only slightly soluble in water.
Chloroform is produced and imported in large quantities for use in chemical
syntheses, as a solvent, and in the manufacture of some plastics. It was used in
the past as an anesthetic and in pharmaceutical preparations, but such uses are
no longer allowed in the United States.

Human data on acute exposure to chloroform are from older studies that
tested various exposure regimens (680-7,200 ppm for 3-30 min); effects in-
cluded detection of a strong odor, headaches, dizziness, and vertigo. Published
reports of surgical patients anesthetized with chloroform lack precise exposure
details, but suggest that exposure to high concentrations (generally greater than
13,000 ppm) might produce cardiac arrhythmias and transient hepatic and renal
toxicity. Quantitative data on human fatalities after acute inhalation exposure to
chloroform were not available.

Only a few animal studies on the lethality from acute exposure to chloro-
form were available. Quantitative data include a 4-h LCs, (lethal concentration,
50% lethality) of 9,780 ppm in rats and a 7-h LCs, of 5,687 ppm in mice. Other
data indicate notable lethality after exposures ranging from 5 min at “saturated”
concentration (approximately 25,000 ppm) to 12 h at 726 ppm. Nonlethal effects
of chloroform in laboratory animals include biochemical (elevated serum-
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enzyme activity) and histopathologic indices of hepatic toxicity. Data on the
reproductive and developmental toxicity of chloroform in animals are equivocal.
One study reported evidence of fetotoxicity in rats after gestational exposure to
chloroform at 30 ppm, but another study found no evidence of such toxicity with
gestational exposures at 2,232 ppm.

There are no inhalation exposure studies demonstrating carcinogenic re-
sponses to chloroform, but oral exposure has been shown to cause tumors in rats
(kidney tumors in male) and mice (hepatocarcinomas in male and female mice).
Data on the mechanism of toxicity and tumorigenicity of chloroform suggest
that the tumorigenic response occurs at concentrations that cause cell death and
proliferative cellular regeneration. Thus, a linear low-dose extrapolation for can-
cer risk might not be appropriate. For this reason and because the inhalation
slope factor for chloroform is based on oral-exposure studies, the AEGL values
for chloroform are based on noncarcinogenic effects.

Metabolism and disposition studies have affirmed that metabolism of
chloroform to phosgene is mediated by the enzyme cytochrome P-450 IIE1, and
that phosgene along with the depletion of glutathione and the formation of tri-
chlorocarbon-radical intermediates are responsible for the toxicity of chloro-
form. Data from several studies indicate that the metabolism and, therefore, the
rate of production of reactive metabolites are greater in rodents than in humans.

AEGL-1 values for chloroform were not recommended. Attempts to iden-
tify a critical effect consistent with the AEGL-1 definition were considered
tenuous and uncertain. Exposures of humans to chloroform at concentrations
approaching those inducing narcosis or possibly causing hepatic and renal ef-
fects (AEGL-2 effects) are not accompanied by overt signs or symptoms. Fur-
thermore, chloroform is not irritating and its odor is not unpleasant.

AEGL-2 values for chloroform were based on embryotoxicity and fetotox-
icity observed in rats when dams were exposed to chloroform at 100 ppm for 7
h/day on gestation days 6-15 (Schwetz et al. 1974). An assumption was made
that the effects could be caused by a single 7-h exposure. Because data on the
metabolism and kinetics of chloroform indicate that rodents are more sensitive
than humans to the toxic effects of chloroform, an uncertainty factor for inter-
species differences was not applied. An intraspecies uncertainty factor of 3 was
applied to account for variability in metabolism and disposition among individu-
als and to protect more susceptible individuals (e.g., individual exposed to other
inducers of P-450 monooxygenase, such as alcohol). Additional reduction of the
AEGL-2 values was not warranted because the critical effect and the assumption
of a single-exposure scenario provided a conservative point of departure. The
concentration-time relationship for many irritant and systemically acting vapors
and gases may be described by the equation C" x t = k, where the exponent n
ranges from 0.8 to 3.5 (ten Berge et al. 1986). In the absence of data with which
to empirically derive a chloroform-specific scaling exponent (n), temporal scal-
ing was performed using default values of n = 3 when extrapolating to shorter-
exposure durations or n = 1 when extrapolating to longer-exposure durations.
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AEGL-3 values for chloroform were based on a mouse 560-min LCts, of
4,500 ppm. Because no data were available for estimating a lethality threshold,
the LCs, was reduced by a factor of 3 to 1,500 ppm, a concentration unlikely to
cause lethality based on comparisons with other human and animal data. An
uncertainty factor of 3 to protect sensitive individuals was applied. As with the
AEGL-2 derivations, an intraspecies uncertainty factor of 3 was selected be-
cause it is unlikely that induction of metabolism would increase toxic effects by
an order of magnitude. Rodents appear to metabolize chloroform at a greater
rate than humans, resulting in the production of reactive, toxic intermediates at a
greater rate. Results of physiologically-based pharmacokinetic (PBPK) model
studies have shown that rodents, especially mice, are considerably more suscep-
tible to the lethal effects of chloroform than humans. Therefore, the AEGL-3
values were increased 3-fold by a weight-of-evidence adjustment factor of 1/3.
This adjustment is further justified by data on the use of chloroform as a surgical
anesthesia, which show that cumulative exposures to chloroform at concentra-
tions >675,000 ppm/min or at 22,500 ppm for up to 120 min resulted in surgical
anesthesia and cardiac irregularities but not death. Time scaling was performed
using n = 3 to extrapolate from the 560-min duration (the point of departure) to
the shorter AEGL-time periods. To minimize uncertainties with extrapolating a
560-min exposure to a 10-min exposure, the 30-min AEGL-3 value of 4,000
ppm was adopted for the 10-min AEGL value.

Carcinogenic potential after a single, acute exposure to chloroform was
assessed, and AEGLs values calculated. AEGL-2 values based on noncancer
toxicity were slightly greater than those based on cancer risks. However, the
carcinogenic response to chloroform appears to be a function of necrosis and
subsequent regenerative cellular proliferation, which are not relevant to a single
acute exposure.

TABLE 4-1 Summary of AEGL Values for Chloroform

Classification 10 min 30 min 1h 4h 8h End Point (Reference)
AEGL-1 NR* NR¢ NR* NR* NR¢

(nondisabling)

AEGL-2 120 ppm 80 ppm 64 ppm 40 ppm 29 ppm Embryotoxicity and
(disabling) (580 (390 312 (195 (141 fetotoxicity in rats

mg/m®) mg/m®) mg/m®) mg/m®) mg/m®) exposed for 7 h/day on
gestation days 6-15
(Schwetz et al. 1974);
single exposure assumed.

AEGL-3 4,000 ppm 4,000 ppm 3,200 ppm 2,000 ppm 1,600 ppm Estimated lethality
(lethal) (19,000 (19,000 (16,000 (9,700 (7,800 threshold for mice;
mg/m®) mg/m’) mg/m®) mg/m®) mg/m’) 3-fold reduction of 560-
min LCs of 4,500 ppm
to 1,500 ppm (Gehring
1968).
“Not recommended; data were insufficient to develop AEGL-1 values and AEGL-1 ef-

fects unlikely to occur in the absence of notable toxicity.
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1. INTRODUCTION

Chloroform is a volatile liquid with a pleasant, nonirritating odor. The
chemical is miscible with organic solvents but is only slightly soluble in water.
Chloroform is produced and imported in large quantities (93-350 million
pounds/year) and used in chemical syntheses, for refrigeration, as a solvent, and
in the manufacture of polytetrafluoroethylene plastics (DeShon 1978; Li et al.
1993). It was used in the past as an anesthetic and in pharmaceutical prepara-
tions, but such uses are no longer allowed in the United States. Chloroform is
also a byproduct of wood-pulp chlorination for production of paper products.
Chemical and physical data on chloroform are presented in Table 4-2.

ATHA (1989) reported an odor threshold for chloroform of 192 ppm based
on the geometric mean of acceptable values (133-276 ppm). An odor detection
concentration of 6.1 ppm was reported by EPA (1992).

2. HUMAN TOXICITY DATA
2.1. Acute Lethality

Quantitative data on acute inhalation exposures to chloroform resulting in
death were not available.

TABLE 4-2 Chemical and Physical Data for Chloroform

Parameter Value Reference
Synonyms Trichloromethane; methenyl DeShon 1978
chloride; methyl trichloride

CAS registry no. 67-66-3 Budavari et al. 1996
Chemical formula CHCl, Budavari et al. 1996
Molecular weight 119.39 Budavari et al. 1996
Physical state Liquid Budavari et al. 1996
Vapor pressure 159.6 mm Hg at 20°C DeShon 1978
Density 1.484 at 20°C Budavari et al. 1996
Boiling/melting point 61-62°C/-63.5°C Budavari et al. 1996
Solubility 1 mL/200 mL water at 20°C Budavari et al. 1996
Conversion factors in air 1 ppm = 4.88 mg/m’ NIOSH 2011

1 mg/m® =0.21 ppm
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2.2. Nonlethal Toxicity

Several reports are available to qualitatively characterize the human health
effects from acute inhalation exposure to chloroform. Hutchens and Kiing
(1985) reported nausea, appetite loss, transitory jaundice, cardiac arrhythmias,
arterial hypotension, mild intravascular hemolysis, and unconsciousness in an
individual after intentional, nonsuicidal inhalation of chloroform.

Lehmann and Hasegawa (1910) conducted controlled exposure studies on
human subjects. The results of this study showed that a 3-min exposure to chlo-
roform at 920 ppm induced vertigo and dizziness and a 30-min exposure at 680
ppm produced a moderately strong odor. A 30-min exposure at 1,400 ppm pro-
duced lightheadedness, giddiness, lassitude, and headache; at 3,000 ppm, gag-
ging and pounding of the heart occurred. Chloroform at 4,300-5,100 ppm for 20
min or at 7,200 ppm for 15 min produced light intoxication and dizziness. These
data appeared to be from only three subjects, and the methods of exposure and
measurements were unavailable. The signs and symptoms of exposure described
in this report appear to be consistent with early stages of narcosis.

Lehmann and Flury (1943) reported that chloroform at 389 ppm for 30
min was tolerated in humans without complaint, but that a concentration of
1,030 ppm caused dizziness, intracranial pressure, and nausea within 7 min and
headache that persisted for several hours.

Whitaker and Jones (1965) analyzed the clinical effects of chloroform an-
esthesia in 1,502 surgery patients. Although the duration of anesthesia varied
from <30 min to over 2 h, chloroform concentration never exceeded 2.25%
(22,500 ppm). For most of the cases (1,164), anesthesia was for less than 30
min. Clinical observations included tachypnea, bradycardia, cardiac arrhyth-
mias, hypotension, one case of transient jaundice, and one death (this case was
complicated by renal insufficiency and could not necessarily be attributed to
chloroform). The duration required to attain anesthesia was not specified, but it
probably occurred within a few minutes. These observations demonstrate that a
short exposure to chloroform at 22,500 ppm will induce a surgical plane of anes-
thesia concurrent with various physiologic responses.

The clinical effects associated with chloroform-induced anesthesia were
also studied by Smith et al. (1973). However, the use of these data for AEGL
development is compromised by confounders, including the use of premedica-
tion with diazepam and pentobarbital or with hydroxyzine and pentobarbital.
The concentration of chloroform inspired appeared to vary between 0.85%
(8,500 ppm) and 1.3% (13,000 ppm), and the average duration of anesthesia was
112.0 + 60.38 min among the 58 surgical patients. Forty-six percent of the pa-
tients receiving chloroform experienced nausea and vomiting. Clinical assess-
ment of liver function and toxicity indicated transient alterations. One ventricu-
lar tachycardia occurred that necessitated pharmacologic correction. Data from a
single patient indicated that chloroform at 8,500 ppm would induce anesthesia.
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McDonald and Vire (1992) examined the possible health hazards associ-
ated with chloroform use in endodontic procedures. Two industrial hygiene
monitors were used to sample the air in the treatment operatory and additional
sampling devices were attached to the dentist and the dental assistant. The con-
centrations of chloroform in the operatory area samples were <0.57 ppm for a
5.5-h period, and concentrations in individual air samples were <0.88 ppm over
a 150-min period. Health screening tests of the dentist and assistant revealed no
signs of liver, kidney, or lung damage 5 h postexposure or 1 year after the study.

Although specific data were not presented, Snyder and Andrews (1996)
reported that humans might tolerate chloroform at up to 400 ppm for 30 min
without complaint, but might experience dizziness and gastrointestinal upset at
1,000 ppm for 7 min and narcosis at 14,000 ppm (no duration specified).

2.2.1. Epidemiologic Studies

Several epidemiologic studies on occupational exposure to chloroform
have been conducted. These studies involve worker populations exposed to
chloroform for periods of time in excess of what would be considered acute ex-
posure, and are not directly applicable to developing AEGL values. They do,
however, provide some insight regarding the relationship between the AEGL
values and health effects that might be associated with long-term exposures.

Challen et al. (1958) evaluated workers in a pharmaceutical manufacturing
process that involved exposure to chloroform vapor. The exposure groups were
described as eight “long-service operators” (3- to 10-year exposures) exposed at
77-237 ppm; nine “short-service operators” (10- to 24-month exposures), who
were replacements for the long-service operators and were exposed at 23-71
ppm; and five controls, who were not exposed to processes involving chloro-
form. All of the workers were women whose ages ranged from 34 to 60 years.
Some long-service operators had been observed staggering about the work area.
All long-service workers experienced alimentary effects (e.g., nausea, flatu-
lence, thirst), increased micturition and urinary discomfort, and behavioral ef-
fects (e.g., depression, irritability, poor concentration ability, motor deficiencies)
during employment. All experienced nausea and stomach upset on smelling
chloroform after leaving their employment. Two of nine short-service operators
reported no effects from chloroform exposure, five reported dryness of the
mouth and throat while at work, two had similar experiences as the long-service
operators, and several reported lassitude.

Bomski et al. (1967) studied workers in a Polish pharmaceutical factory
and gave special emphasis to chloroform-induced susceptibility to viral infec-
tion. Chloroform exposures were 2-205 ppm, but the frequency of sampling was
not specified. The incidence of viral hepatitis was greater in chloroform-exposed
workers than in nonexposed subjects, so the authors postulated that chloroform-
induced hepatic damage might have predisposed the workers to the viral infec-
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tion. Increased incidences of spleen and liver enlargement were also found in the
chloroform-exposed workers.

Li et al. (1993) conducted surveys of chloroform-producing facilities in
Shanghai, China. Most of the workers exposed to chloroform were involved in
the production of perspex (polymethylmethacrylate) and chemical synthesis. In
the three facilities sampled (where no effective preventive equipment or meas-
ures were in place), chloroform concentrations were 4.27-147.91 mg/m3 (0.88-
31.06 ppm), with a geometric mean of 21.38 mg/m3 (4.49 ppm) for 119 samples.
Chloroform concentrations were <20 mg/m3 (4.20 ppm) in 45.5% of the sam-
ples. Exposure groups were classified as Exposure I (13.49 mg/m’ [2.83 ppm];
1-15 years of exposure) and Exposure 2 (29.51 mg/m® [6.20 ppm]; 1-15 years of
exposure). The exposure groups and control group (no obvious chloroform or
other hazardous exposures) included males and females as well as smokers and
nonsmokers; all groups had an average age of approximately 36 years. The in-
vestigators concluded that long-term exposure to chloroform at 29.51 mg/m’
(6.20 ppm) resulted in functional liver damage, as determined by changes in
various serum enzymes (alanine aminotransferase [ALT], gamma-glutamyl
transferase, and adenosine deaminase), prealbumin, serum transferrin, and blood
urea nitrogen.

2.3. Reproductive and Developmental Toxicity

Wennborg et al. (2000) studied a cohort of Swedish women who had
worked in laboratory or nonlaboratory jobs for 1 year or more in 1990-1994.
The investigators obtained data from questionnaires sent to 763 women (66 were
excluded for various reasons) that assessed reproductive history, health status,
time-to-pregnancy, personal habits, specific work, and exposure to various
agents and specific times at which those exposures occurred. The data were
compared with respective birth information from the Swedish Medical Register.
Parameters examined included spontaneous abortion, birth weight, preterm de-
livery, small-for-gestation age, large-for-gestation age, and congenital deformi-
ties. A number of confounding variables were considered (e.g., high blood pres-
sure, smoking, gynecologic and chronic disease, sexually transmitted infectious
diseases, father’s work and potential exposures during time of conception, pre-
vious abortions). Information about consumption of alcohol, tea, and coffee and
stress levels was not included. The analysis included 869 pregnancies but did
not involve specific-exposure concentrations, and did not account for exposures
to other chemicals. There was no association between laboratory work and spon-
taneous abortions. A weak association between women who had worked with
chloroform before conceiving and spontaneous abortions was found, but there
was no significant association between chloroform exposure and small-for-
gestational age or body weight.
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2.4. Genotoxicity

No studies were found on the genotoxicity of chloroform in humans.

2.5. Carcinogenicity

Although epidemiology studies have been conducted to assess the car-
cinogenic potential of chloroform in drinking water, no studies are available on
the carcinogenic potential of chloroform in humans following inhalation expo-
sure. In 1987, EPA (2012) developed an inhalation slope factor of 6.1 x 107 per
mg/kg/day based on an increased incidence of renal tumors in male rats after
long-term exposure to chloroform in drinking water (Jorgenson et al. 1985).
Route-to-route extrapolation was required for calculating the slope factor be-
cause inhalation data were not available.

2.6. Summary

Quantitative data on human lethality after acute exposure to chloroform
are unavailable. Although they lack quantitative data and often pertain to oral
exposures, clinical reports affirm the hepatotoxicity and renal toxicity of chloro-
form, as well as its neurologic effects. The available data on nonlethal responses
indicate that acute inhalation of chloroform might result in narcosis and might
be preceded by signs and symptoms characteristic of early stages of anesthesia.
Early reports in which the effects of chloroform inhalation were observed in
human subjects have uncertainties related to the concentration measurements but
do provide information on the human experience that does not appear to be in-
consistent with other data. A summary of data relevant to acute, nonlethal expo-
sure of humans to chloroform is presented in Table 4-3.

3. ANIMAL TOXICITY DATA
3.1. Lethal Toxicity
3.1.1. Rats

Results of preliminary range-finding experiments for a large number of
chemicals were reported by Smyth et al. (1962). Chloroform vapor (concentra-
tion not specified but presumably a saturated concentration of approximately
25,000 ppm) killed all 6 of the albino rats (strain not specified) exposed for 5
min. A 4-h exposure at 8,000 ppm (nominal concentration; no analytical deter-
mination) killed 5 of 6 albino rats.
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TABLE 4-3 Nonlethal Effects of Chloroform in Humans after Acute Inhalation

Exposure
Number of Concentration,
Subjects ppm Duration, min Effect Reference
3 920 3 Vertigo Lehmann and
Hasegawa 1910
3 680 30 Strong odor Lehmann and
Hasegawa 1910
3 1,400 30 Light headedness, Lehmann and
lassitude, headache Hasegawa 1910
3 3,000 30 Pounding heart, gagging Lehmann and
Hasegawa 1910
NA 4,300-5,100 20 Intoxication, dizziness =~ Lehmann and
Hasegawa 1910
NA 7,200 15 Intoxication, dizziness ~ Lehmann and
Hasegawa 1910
NA 389 30 No complaints Lehmann and Flury
1943
NA 1,030 7 Dizziness, intracranial ~ Lehmann and Flury
pressure, nausea, 1943
persistent headache
1,502 22,500 <30->120 Surgical anesthesia, Whitaker and Jones
(most <30) cardiac irregularities 1965
58 8,500-13,000 113 Surgical anesthesia Smith et al. 1973
(mean duration)
2 <0.5 330 No effects” McDonald and Vire
1992
2 <0.88 150 No effects” McDonald and Vire
1992

“Health screening conducted at 5 h postexposure and at one year after exposure.
Abbreviations: NA, not available

The results of an inhalation study in rats were briefly described in report to
E. I. du Pont de Nemours and Co. (Haskell Laboratory 1964). The study, de-
signed to assess the toxicity of Freon TC® and Freon-113%, also included ex-
periments with chloroform (a component of Freon TC®). Mortality in rats (sex
and strain not specified) exposed to chloroform at concentrations of 5,000,
3,700, or 3,000 ppm for 4 h was 3/4, 3/4, and 0/4, respectively. Deaths occurred
2-3 days after exposure; the four rats in the 3,000-ppm group were killed
14-days postexposure. No information was provided about the methods for
measuring chloroform concentrations (atmosphere produced by heating chloro-
form and injection into the chamber via a nebulizer); only nominal exposure
concentrations were reported. No histopathology data were provided on the
chloroform-treated rats.
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In experiments of the effect of chloroform on barbiturate metabolism and
narcosis, Puri et al. (1971) exposed male Sprague-Dawley rats at 726 ppm for up
to 48 h (continuous exposure). One group of rats was exposed to chloroform
alone. On the basis data presented in graphs, continuous 12-h exposure to chlo-
roform resulted in at least 10 deaths. It is unclear if any deaths occurred before
12 h.

Lundberg et al. (1986) reported a 4-h LCs, of 47,702 mg/m’ (9,780 ppm)
for female Sprague-Dawley rats. Groups of 10 rats were exposed to a series of
chloroform concentrations (specific-exposure concentrations for the series were
not provided but were reported as being equivalent to 1/2, 1/4, 1/8, 1/16, or 1/32
of the LCs or the saturation concentration). Mortality was determined 24 h after
exposure. The exposure concentrations were measured by infrared detection in a
suitably designed apparatus.

3.1.2. Mice

The results of studies with mice exposed to chloroform were reported by
Fiithner (1923). Groups of mice (sex and strain not reported; 30 mice total) were
exposed to chloroform at 12-38 mg/L (2,458-7,782 ppm). Each mouse was ex-
posed in a 10-L bottle in which chloroform was vaporized to achieve the desired
concentration. Concentrations were not determined analytically. Five mice ex-
posed at 2,458-5,120 ppm exhibited reflex loss after 48-215 min, but no deaths
occurred. Exposure at 4,710-5,529 ppm resulted in reflex loss after 30-90 min;
12 of 18 animals recovered and 6 died. Deaths occurred within 71-175 min of
exposure. Six of seven mice exposed to chloroform at 6,758-7,782 ppm exhib-
ited reflex loss after 13-46 min and one mouse died after a 35-min exposure
(reflex loss occurred at 8 min). The absence of validated exposure concentra-
tions limits the quantitative validity of these data. Four additional mice were
exposed at 5,585 ppm for 120 or 135 min. For the three mice exposed for 120
min, death occurred 105, 130, and 140 min after the start of exposure, and the
one mouse exposed for 135 min died 95 min after exposure. Under the condi-
tions of these experiments, the findings suggest that exposure concentrations in
the vicinity of 4,710 ppm might represent a lethal threshold for mice after 1-2 h
of exposure.

A 7-h LCs of 5,687 ppm for mice was reported by von Oettingen et al.
(1949). These experiments used 20 adult white mice (strain and sex not speci-
fied) exposed to chloroform in a bell jar. Chloroform concentrations were calcu-
lated on the basis of the amount of test material volatilized over time and the
volume of air passed through the chamber. The concentrations were also deter-
mined by chemical analysis. The graphic presentation of the experimental re-
sults indicated an LCj of 5,529 ppm and an LCy, of 6,963 ppm. At the concen-
trations tested (4,915-7,372 ppm), the mice exhibited progressive central
nervous system depression followed by rapidly occurring narcosis. Deaths
started occurring after 3-5 h.
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In a study by Deringer et al. (1953), the nephrotoxic and lethal effects of
inhaled chloroform were examined using male and female C3H mice. Groups of
2-month old mice (six of each sex) were exposed to chloroform at concentra-
tions of 3.38-5.4 mg/L (693-1,106 ppm) for 1, 2, or 3 h. Groups of 8-month old
mice (six of each sex) were also exposed similarly. Twenty-two male and 20
female mice served as untreated controls. Mice were observed daily for deaths
or morbidity, and were examined weekly for tumors or other abnormal condi-
tions. Necropsies were performed on all moribund or dead mice and any female
mice with mammary tumors. Regardless of the exposure duration or concentra-
tion, all of the male mice (except one) exposed to chloroform exhibited evidence
of kidney damage. Within 11 days after exposure, 15 of 18 8-month old males
and 7 of 18 2-month old males died. The remainder of the 8-month old males
survived 5-7 months, and the remainder of the 2-month old male mice survived
14-18 months. Generally, the deaths occurred earlier in mice exposed for 2-3 h
than in those exposed for only 1 h; specific data, however, were not provided.
Histologic findings in mice that died included necrosis and calcification of the
proximal and distal convoluted tubules of the kidney. Necrosis appeared to be
more severe with earlier deaths. Additionally, hepatic necrosis was also ob-
served in mice exposed at 942-1,106 ppm that died within 6 days. For male mice
surviving longer and in all female mice, hepatic damage was not notable. The
results of this study show that a 3-h exposure of male C3H male mice to chloro-
form at 692 ppm or a 1-h exposure at 921 ppm resulted in severe renal damage
and death.

The influence of sex-hormone status on gender-specific chloroform-
induced nephrotoxicity in mice was studied by Culliford and Hewitt (1957).
Although the primary objective of the study was to verify the influence of an-
drogens on chloroform-induced nephrotoxicity, the initial results of the study
provided evidence of nearly complete tubular necrosis in two strains of male
mice after a 2-h inhalation exposure. Male Westminster Hospital (in-house, uni-
form heterozygous) mice exposed to chloroform at 3.3-7.0 mg/L (676-1,434
ppm) and male CBA mice exposed at 1.2-5 mg/L (246-1,024 ppm) all exhibited
complete tubular necrosis 24 h after exposure. Female mice of these strains did
not exhibit any evidence of renal damage. The study also showed that admini-
stration of estrogen to male mice abolished the susceptibility to the nephrotoxic
response, and that the administration of testosterone to female mice increased
susceptibility. The chloroform concentrations were calculated on the basis of the
amount of chloroform added to the 6-L exposure chamber, and the assumption
of complete vaporization at 80°F and uniform dispersal. No analytic measure-
ments were made, thereby imparting some uncertainty about the chamber con-
centrations.

In studying the hepatotoxicity of chlorinated hydrocarbons, Gehring
(1968) calculated a 4,500-ppm LCts, for chloroform of 560 min (540-585 min,
95% confidence interval [CI]) for female Swiss-Webster mice, a 4,500-ppm
ECtsy of 35 min (31.0-39.6 min, 95% CI) for narcosis, and a 4,500-ppm ECts, of
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2.3 min (1.9-2.8 min, 95% CI) for increased serum glutamic pyruvic transami-
nase (SGPT) activity. Groups of mice (10/group for narcosis determination and
20/group for lethality determination) were exposed to chloroform at 4,500 ppm.
The control group consisted of 254 mice representing a composite group of con-
trols for all of the chlorinated hydrocarbons tested. Chloroform concentrations
were attained by metering it into a heated tube for vaporization. Actual concen-
trations were measured by continuous flow of the atmosphere through an infra-
red spectrophotometric cell. The experiment was repeated if the chloroform
concentration varied by more than 7%. Mortality at 4,500-ppm ranged from ap-
proximately 5% after 400 min to 80% after 700 min. The exposure-response
relationship for narcosis exhibited the same slope. These data suggest that, at a
chloroform concentration of 4,500 ppm, there is approximately a 16-fold differ-
ence between the time-to-narcosis (35 min) and the time-to-death (560 min) for
mice exposed under the conditions of this study. Increased SGPT was also re-
ported but exhibited a notably different exposure-response relationship (see Sec-
tion 3.2.2.).

3.1.3. Dogs

The effect of chloroform-induced anesthesia in dogs was studied by
Whipple and Sperry (1909). Details of the exposure concentrations are limited to
notation of the amount of chloroform (in ounces) used on each dog. Anesthesia
duration varied from 1.5 to 2.5 h and chloroform amounts varied from <1 to 3
ounces. Some of the dogs died. It was not possible to ascertain a definitive dose-
response relationship from the data.

von Oettingen et al. (1949) studied the effects of chloroform (15,000 ppm
nominal; 14,376 ppm determined) in 10 beagles (sex not specified) that had
been surgically prepared with a tracheal cannula and carotid- and femoral-artery
cannulae to which pressure transducers were attached. After recovering from the
pentothal-induced surgical anesthesia (beginning of voluntary movement and
“lively” reflex), the dogs were exposed continuously to the chloroform. The
average survival time was 202 min with a range of 60-285 min.

3.1.4. Summary of Lethal Toxicity in Animals

The lethality of inhaled chloroform in laboratory animals is summarized in
Table 4-4. With the exception of a rat 4-h LCs, value (9,780 ppm) reported by
Lundberg et al. (1986) and a mouse LCts, (4,500 ppm; 560 min) reported by
Gehring (1968), the data are more qualitative in nature. Data from older studies
lack details about the generation and measurement of exposure atmospheres of
chloroform. The available data do not present a clear delineation of the lethality
of acute inhalation exposure to chloroform.
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TABLE 4-4 Lethal Toxicity of Chloroform in Laboratory Animals after Acute
Inhalation Exposure

Exposure

Concentration Exposure
Species  (ppm) Duration (min)  Effect Reference
Rat 9,780 240 4-h LCso" Lundberg et al. 1986
Rat 3,000 240 100% mortality ~ Haskell Laboratory 1964
Rat 3,700 240 75% mortality’  Haskell Laboratory 1964
Rat 5,000 240 75% mortality’  Haskell Laboratory 1964
Rat 8,000 240 ~80% mortality ~ Smyth et al. 1962
Rat “Saturated 5 100% mortality ~ Smyth et al. 1962

concentration”
Rat 726 720 Lethality Puri et al. 1971

(no specifics
provided)

Mouse 5,529 420 7-h LCj3o von Oettingen et al. 1949
Mouse 5,687 420 7-h LCso von Oettingen et al. 1949
Mouse 6,963 420 7-h LCyg von Oettingen et al. 1949
Mouse 4,710-5,529 71-175 66% mortality Fiihner 1923
Mouse 6,758-7,782 35 14% mortality Fiihner 1923
Mouse 2,458-5,120 48-215 No deaths Fiihner 1923
Mouse 5,585 120 75% mortality  Fithner 1923
Mouse 4,500 560 min LCtsg Gehring 1968

“Mortality occurred 24-h postexposure.
®Deaths determined 2-3 days postexposure.
“Deaths occurred 105-140 min postexposure.

3.2. Nonlethal Toxicity
3.2.1. Rats

In experiments by Brown et al. (1974b), groups of 3-9 male Sprague-
Dawley rats were used to assess the effect of P-450 induction by phenobarbital
on chloroform-induced reductions in glutathione (GSH). Both induced and non-
induced (control) rats were exposed for 2 h to chloroform at concentrations of
0.5 or 1.0% (5,000 or 10,000 ppm). Induced rats in the 5,000- and 10,000-ppm
groups had a decrease in GSH of approximately 70% and 83%, respectively.
Control rats exhibited no decrease in GSH concentrations, which suggests that
GSH concentrations in rats are more than sufficient for scavenging reactive in-
termediates of chloroform metabolism at the concentrations tested.

Brondeau et al. (1983) examined the effect of chloroform on serum-
enzyme activities in rats. Groups of eight male Sprague-Dawley rats were ex-
posed (whole-body) to chloroform at concentrations of 0, 137, 292, 400, 618,
942, or 1,075 ppm for 4 h. Chamber atmospheres were analyzed by gas chroma-
tography (sample loop was compared with a known concentration standard) and
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by analysis of a solid absorbent (activated charcoal or silica gel subjected to
appropriate solvent extraction and gas-liquid chromatography). Exposure to the
lowest concentration failed to significantly alter the activity levels of any the
tested enzymes (glutamate dehydrogenase [GLDH], glutamic oxaloacetic
transaminase [GOT], glutamic pyruvic transaminase [GPT], and sorbitol dehy-
drogenase [SDH]). Even at the highest concentration there was only a <2- to 7-
fold increase in serum-enzyme activities. Statistically significant increases in
GLDH and SDH were observed in rats exposed at 292 ppm. GLDH and SDH
appeared to be most affected, although none of the changes in activity levels
demonstrated a definitive exposure-response relationship. Although some of the
increases were statistically significant (p <0.05 for GLDH; p <0.02 for SDH),
the toxicologic relevance of these changes is uncertain. In a second phase of the
study, rats were exposed to chloroform at 301 ppm (considered by the investiga-
tors to be a threshold for alteration in serum-enzyme activity based on the 4-h
experiments) for two 6-h or four 6-h exposures. GLDH and SDH activities were
somewhat greater after four 6-h exposures than after a single 4-h exposure or
two 4-h exposures.

Statistically significant increases in serum SDH activity were also reported
in female Sprague-Dawley rats exposed to chloroform for 4 h at concentrations
as low as 153 ppm (1/64 of the LCsy for chloroform) (Lundberg et al. 1986).
Although useful as biomarkers of exposure, increases in serum-enzyme activity
in the absence of clinical correlates is limited use as an end point for AEGL
derivation.

Ikatsu and Nakajima (1992) studied the interaction between carbon tetra-
chloride and chloroform in ethanol-treated rats. Controls groups of four rats
were exposed only to chloroform at concentrations of 0, 50, or 100 ppm for 8 h.
Concentrations in the dynamic air flow chamber were monitored every 15 to 30
min by gas chromatography. Hepatotoxicity was determined by assessing
changes in serum glutamic oxaloacetic transaminase (SGOT), SGPT, liver
malondialdehyde (MDA), and plasma MDA. Only marginal and statistically
insignificant changes were detected for these indices in chloroform-treated rats,
thereby indicating that an 8-h exposure at 50 or 100 ppm was without apprecia-
ble effect. Histopathologic examination revealed only negligible fat deposits in
the liver of rats exposed at 100 ppm. These findings are consistent with those of
Brondeau et al. (1983). In rats pretreated with ethanol (2 g ethanol/80 mL liquid
diet fed daily for 6 weeks), only SGOT levels were increased significantly (3-
fold; p <0.05) after exposure to chloroform at 50 ppm. Exposure of ethanol-
treated rats to chloroform at 100 ppm chloroform, however, resulted in signifi-
cant (p <0.05) increases in SGOT (7.5-fold) and SGPT (14-fold). There was no
effect on liver MDA or plasma MDA. In ethanol-treated rats, ballooned hepato-
cytes in midzonal areas of the liver were observed only in rats exposed to chlo-
roform at 100 ppm. The results of this study indicate that 8-h exposure of rats to
chloroform at 50 or 100 ppm produce only minor effects that are more indicative
of exposure rather than toxicity. Ethanol pretreatment followed by an 8-h expo-
sure to chloroform at 100 ppm produced notable signs of toxicity.
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In a study of the hepatotoxicity and renal toxicity of inhaled chloroform,
male F344 rats (5 animals per group) were exposed at 1, 3, 10, 30, 100, or 300
ppm for 6 h/day for 7 days (Larson et al. 1994). Effects on nasopharyngeal tis-
sue were also examined (Méry et al. 1994). Cage-side observations indicated no
signs of toxicity during the exposure period, although there was a significant
dose-dependent decrease in body weight gain at concentrations of 10 ppm and
greater. Mild centrilobular vacuolation was observed only in the 300-ppm group,
and histopathologic changes (hyperplasia) were found in the groups exposed at
10 ppm and greater. Two treatment-related lesions were observed in the nasal
region of the chloroform-exposed rats. An increase in the size of goblet cells of
the nasopharyngeal meatus was observed in rats exposed at 100 or 300 ppm.
Also, region-specific changes were observed in the olfactory mucosa and bone
of the ethmoid turbinates of rats exposed to chloroform at 10 ppm or greater.
Although these data are not appropriate for deriving AEGL values, they may be
used to evaluate the protectiveness of the AEGL values.

In studies to assess the effect of ethanol on the metabolism and toxicity of
chloroform by various routes of administration, Wang et al. (1994) described
nonlethal effects in male Wistar rats exposed by inhalation to chloroform alone
(50, 100, or 500 ppm for 6 h). Indices of hepatotoxicity (GOT, GPT, and GSH)
were evaluated in groups of five rats. Rats exposed to chloroform at 50 or 100
ppm exhibited no significant changes in any serum-enzyme activities. Both
GOT and GPT were significantly (p < 0.05) increased after a 6-h exposure to
chloroform at 500 ppm (about 1.6- and 1.2-fold, respectively), but were not con-
sidered indicative of severe hepatotoxicity. Ethanol pretreatment resulted in en-
zyme activities that were approximately 2-fold greater than from chloroform
alone, and failed to alter GSH levels.

3.2.2. Mice

As described in Section 3.1.2, Fiihner (1923) exposed mice to chloroform
at 12-38 mg/L (2,458-7,782 ppm). In addition to lethality, nonlethal effects were
observed. Mice exposed at 2,458-5,120 ppm exhibited reflex loss after 48-215
min of exposure, but no deaths occurred. Exposure at 4,710-5,529 ppm resulted
in reflex loss after 30-90 min; 12 of 18 animals recovered and 6 died. Deaths
occurred with 71-175 min of exposure. For mice exposed at 6,758-7,782 ppm,
six mice exhibited reflex loss after 13-46 min and one mouse died after a 35-min
exposure (reflex loss occurred after 8 min). The absence of validated exposure
concentrations limits the quantitative validity of these data.

Kylin et al. (1963) reported on hepatotoxicity in mice after a single inhala-
tion exposure to chloroform. A pilot study to determine the exposure duration
needed to reach a maximum increase in serum ornithine carbamyl transferase
(OCT) was conducted using groups of five female albino mice exposed to chlo-
roform at 3,000 ppm for 4 h. Mice were killed after 1, 2, 4, 8, or 16 days. In the
main study, groups of 10 female albino mice were exposed to chloroform at 0,
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100, 200, 400, or 800 ppm for 4 h. Histopathologic examination of the liver and
measurements of serum OCT were conducted 24 and 72 h after exposure and
used as indices of effect. Chloroform was vaporized before injection into the
constant-flow chamber, but no information was provided about whether concen-
trations were measured in the chamber. In the pilot study, serum OCT concen-
trations reach a maximum 4 days postexposure. In the main study, fatty infiltra-
tion of the liver was observed 1 day after exposure to chloroform at 100 ppm. At
higher concentrations, the extent and severity of fatty degeneration increased.
The authors concluded that the minimum concentration of chloroform to pro-
duce fatty infiltration of the liver in mice after a 4-h exposure was <100 ppm.
Histologic changes (fatty infiltration and necrosis) also appeared to be greater
after 24 h than after 72 h.

Gehring (1968), in addition to examining indices of lethality (see Section
3.1.2), determined 4,500-ppm ECt values for narcosis and for significant in-
creases in SGPT in female Swiss-Webster mice. Groups of mice (10/group for
narcosis determination and 8-10/group for SGPT determination) were exposed
to chloroform at 4,500 ppm and the response rate was evaluated relative to ex-
posure duration. The control group consisted of 254 mice representing a com-
posite group of controls for all of the chlorinated hydrocarbons tested. SGPT
increases greater than 54 Reitman-Frankel (R-F) units were considered statisti-
cally significant (control values were 24.4 + 14.7 R-F units). Chloroform con-
centrations were attained by metering the chloroform into a heated tube for va-
porization. Actual concentrations were measured by continuous flow of the
atmosphere through an infrared spectrophotometric cell. The experiment was
repeated if the chloroform concentration varied by more than 7%. The 4,500-
ppm ECts, for narcosis was 35 min (31.0-39.6 min, 95% CI), with a 10% re-
sponse occurring after 15 min and 80% response occurring after 40 min. The
4,500-ppm ECts, for a significant increase in SGPT was 13.5 min (10.1-18.1
min, 95% CI). A 20% response was observed after about 6 min, and a 90% re-
sponse was observed after 20 min. The exposure-response relationship for SGPT
increases was notably different than that observed for narcosis and lethality. The
authors noted that elevation of SGPT activity occurred much earlier than narco-
sis or lethality; therefore, chloroform was induced liver damage before the onset
of narcosis.

The hepatotoxicity and renal toxicity of inhaled chloroform was studied in
female B6C3F; mice (5 animals per group) exposed to chloroform at 1, 3, 10,
30, 100, or 300 ppm for 6 h/day for 7 d (Larson et al. 1994). The effects on na-
sopharyngeal tissue were also examined (Méry et al. 1994). Centrilobular hepa-
tocyte necrosis and severe vacuolation in centrilobular hepatocytes were ob-
served in mice exposed at 100 and 300 ppm. Mild to moderate vacuolar changes
were observed in the 10-ppm and 30-ppm groups. Notable renal toxicity was
observed only in the 300-ppm group. Histologic changes in the nasal region of
female mice included increased cell proliferation at concentrations of 10 ppm
and greater, and a slight indication of new bone growth in the endoturbinate of
one mouse in the 300-ppm group. In a later report, however, it was noted that
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the nasal lesions induced in female mice after exposure to chloroform at 10, 30,
or 90 ppm for 6 h/day were transient and not sustained in mice similarly exposed
for up to 13 weeks (Larson et al. 1996).

3.2.3. Dogs

Renal toxicity in dogs exposed by inhalation to chloroform was reported
by Whipple and Sperry (1909). Details of the experimental protocol, including
the exposure conditions, were lacking. The report provided only qualitative in-
formation regarding clinical signs (vomiting, diarrhea, and lassitude). Gross
pathologic and histopathologic evidence of hepatotoxicity and renal toxicity was
reported for dogs on successive days after being exposed to 1-2 ounces of chlo-
roform over 1-2 h.

von Oettingen et al. (1949) described the effects of chloroform on various
physiologic functions in dogs surgically prepared for monitoring of respiration
and blood pressure (see Section 3.1.3.). Continuous exposure to chloroform at
15,000 ppm resulted in the death of all 10 dogs (6-285 min). The dogs exhibited
notable cardiovascular responses (decreased arterial blood pressure), decreased
respiratory rate and body temperature, and depression of voluntary and involun-
tary reflexes within 35 min. Although it is uncertain whether deaths would have
been prevented by ending the exposure at or before 35 min, the data provide a
qualitative description of the response in dog to very high concentrations of
chloroform.

3.2.4. Cats

Nonlethal effects in cats exposed to chloroform were described by Leh-
mann and Schmidt-Kehl (1936). In this study, adult cats were exposed to chlo-
roform at concentrations of 7,200 or 22,000 ppm. Concentrations were deter-
mined by chemical reaction (hydrolysis with alkali in alcohol). At 7,500 ppm,
cats exhibited light narcosis after 78 min and deep narcosis after 93 min. Light
and deep narcosis were induced after 10 min and 13 min, respectively, at
22,000 ppm. Irritation of the eyes, mouth, and nose were also found at that
concentration.

3.2.5. Summary of Nonlethal Toxicity in Animals

The nonlethal toxicity of chloroform in laboratory animals (rats, mice, and
cats) after acute inhalation exposure is summarized in Table 4-5. As would be
expected of a hepatotoxicant, many of the nonlethal effects reported were indi-
ces of liver damage. Acute exposures (1-4 h) to chloroform at concentrations of
100-292 ppm have resulted in some degree of hepatic injury, as indicated by
increased serum-enzyme activities and histopathologic examination. Without
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histopathologic correlates, however, marginal increases (although statistically
significant) in serum enzyme activities might not be indicative of a serious toxic
response. Renal toxicity also has been demonstrated in mice at exposures that
are relatively low (e.g., 246-665 ppm for 2 h or 693 ppm for 1 h) compared with
those inducing narcosis (e.g., 4,500 ppm for 35 min). Data in cats are from stud-
ies that involved high, narcosis-inducing exposures.

TABLE 4-5 Nonlethal Effects of Chloroform in Laboratory Animals after Acute

Inhalation Exposure

Exposure
Concentration  Exposure
Species  (ppm) Duration Effect Reference
Rat 500 6h Statistically significant Wang et al. 1994
increase in serum-
enzyme activity
Rat 10 6 h/d for 7 d Histopathologic changes Larson et al. 1994
in the liver
Rat 50 8h No increase in liver weight Ikatsu and
Nakajima 1992
Rat 100 8h Marginal, biologically Ikatsu and Nakajima
insignificant increase in 1992
serum-enzyme activity
Rat 153 4h Increased serum-enzyme Lundberg et
activity al. 1986
Rat 292 4h Increased serum-enzyme Brondeau et al. 1983
activity
Rat 10,000 2h No effect on hepatic GSH* Brown et al. 1974b
Mouse 2,458-5,120 48 min Reflex loss Fiihner 1923
Mouse 100 4h Fatty infiltration of liver Kylin et al. 1963
Mouse 693 1h Renal toxicity Deringer et al. 1953
Mouse 246 2h Renal tubular necrosis Culliford and Hewitt
1957
Mouse 665 2h Renal necrosis in males Culliford and Hewitt
1957
Mouse 4,500 35 min 50% narcosis (ECts) Gehring 1968
Mouse 4,500 13.5 min 50% significantly increased Gehring 1968
SGPT (ECts)”
Cat 7,500 78 min Light narcosis Lehmann and
Schmidt-Kehl 1936
Cat 22,000 10 min Narcosis; irritation of eyes, Lehmann and

mouth, and nose

Schmidt-Kehl 1936

“Narcosis and significant reduction in glutathione was found in phenobarbital-induced
rats exposed to chloroform at 5,000 ppm for 2 h.
b Approximately 2.2-fold increase relative to unexposed controls; considered by investiga-
tors to be statistically significant.
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3.3. Developmental and Reproductive Toxicity
3.3.1. Rats

The embryotoxicity and fetotoxicity of chloroform in Sprague-Dawley rats
was studied by Schwetz et al. (1974). Pregnant rats were exposed to chloroform
at 30 ppm (22 dams), 100 ppm (23 dams), or 300 ppm (3 dams) for 7 h/day on
gestation days 6-15; control rats (68) were exposed to filtered air (see Table
4-6). The exposure concentrations were subanesthetic and varied <5% from the
target concentrations. Concentrations were monitored three times per day using
an infrared spectrophotometer. The 300-ppm group had marked anorexia at the
end of the treatment period, although a comparison with a pair-fed control group
(8 dams) later showed that inanition was not a contributor to the observed em-
bryotoxicity and fetotoxicity. Chloroform at 30 ppm induced some evidence of
embryotoxicity and fetotoxicity, while the 100- and 300-ppm exposures caused
significant toxicity (see Table 4-6).

The investigators concluded that chloroform produced minor effects on
the embryo and fetus at 30 ppm, was highly embryotoxic and fetotoxic at 100
ppm, and was embryocidal, embryotoxic, and fetotoxic at 300 ppm. At 100 ppm,
frank teratogenic effects (imperforate anus and acaudia [missing tail]) were ob-
served in three litters. The observed effects could not be correlated with mater-
nal toxicity or inanition.

TABLE 4-6 Embryotoxicity and Fetotoxicity of Chloroform in Rats Exposed
During Gestation

Pair-fed
Parameter Control Control 30 ppm 100 ppm 300 ppm
o Pregnancy (pregnant/bre 77 7 5
% ( /bred 88 (68/ 100 (8/8) 1(22/31) 82(23/28) 15 (3/20)°
Corpora lutea/dam® 14+2 14+2 16 +3° 14+2 14+1
Live fetuses/litter” 10+4 10+4 12+2 11+2 4x7°

% Reabsorptions/implantations 8 (63/769) 7 (6/87) 8(24/291) 6(16/278) 61 (20/33)"
Fetal body weight (g)° 5.69+£036 5.19+029551+020 5.59+0.24 3.42+0.02°

Fetal crown-rump length (mm)° 435+ 1.1 42.1+£1.1° 425+£0.6 43.6+0.7 369+0.2°

Total gross anomalies’ 1/68 0/8 0/22 3/23¢ 0/3
Total skeletal anomalies” 46/68 3/8 20/22° 17/23 2/3
Total soft-tissue anomalies” 33/68 3/8 10/22 15/23 1/3

“Significantly different from control; p <0.05.
’Mean + standard deviation.

“Mean of litter means + standard deviation.
Litters affected/litters examined.

Source: Adapted from Schwetz et al. 1974.
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Newell and Dilley (1978) conducted experiments in which Sprague-
Dawley rats were exposed to chloroform at 942, 2,232, or 4,117 ppm for 1 h/day
on gestation days 7-14. Controls were exposed to clean air. The number of re-
sorptions was increased (45% relative to controls) and the average fetal body
weight was decreased in the high-exposure group. No notable effects were found
in the low- or mid-exposure groups. No evidence of teratogenic effects was
found.

A series of experiments (two preliminary studies and one main study) to
assess developmental toxicity of chloroform in Wistar rats were conducted by
Baeder and Hoffman (1988). In one preliminary study, time-mated Wistar rats
(4-6/group) were exposed to chloroform for 6 h/day at concentrations of 0, 10,
30, or 100 ppm on gestation days 7-11 and 14-16. At 10 ppm, two dams had no
fetuses and a single implantation site. At 30 ppm, one dam had only one fetus
and three empty implantation sites. No such effects were reported for the 100-
ppm group. In the second preliminary experiment, Wistar rats exposed at 100
and 300 ppm (6 h/day) on gestation days 7-16 exhibited decreased feed con-
sumption and body weight loss. Fetal weights in two litters in the 100-ppm
group were slightly decreased. The 300-ppm group had three dams with nor-
mally developed fetuses, one dam with totally resorbed fetuses, and one dam
had only empty implantation sites. In the main study, groups of 20-23 time-
mated Wistar rats were exposed to chloroform at concentrations of 0, 30, 100, or
300 ppm (7 h/day, gestation days 7-16). During exposure, chloroform-exposed
rats exhibited decreased feed consumption and body-weight gain (p <0.05 for all
exposure groups, except for body-weight gain for 30-ppm group exposed on
gestation day 21) relative to controls. Litter data for the main study are summa-
rized in Table 4-7. Although fetal weight was significantly decreased in the 300-
ppm group and crown-rump length was significantly decreased in all chloro-
form-exposed groups, these effects might be a function of maternal feed con-
sumption and body weight effects. Incidences of external and internal malforma-
tions and skeletal abnormalities were not statistically significant.

TABLE 4-7 Litter Data from Study of Wistar Rats Exposed to Chloroform
During Gestation

Concentration (ppm)

Parameter 0 30 100 300

No. pregnant/no. sperm plugs 20/20 20/20 20/21 20/23

No. lost litters 0 2 3 8

No. live litters 20 18 17 12
Resorptions/live litter (mean) 0.75 0.22 0.53 0.92

Live fetuses/litter (mean) 12.4 12.8 12.8 13.4

Fetal weight (g)” 3.19+0.30 3.16+£0.19 3.13+0.21 3.00+£0.19°

Fetal crown-rump length (cm)®  3.52+0.17 3.38£0.12° 3.39+0.10° 3.39+0.12°
“Significantly different from control group; p <0.5.

®Mean + standard deviation.

Source: Baeder and Hoffman 1988.
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A follow-up study was conducted by Baeder and Hoffman (1991) in
which groups of 20 time-mated Wistar rats were exposed to chloroform (0, 3,
10, or 30 ppm, 7 h/day) on gestation days 7-16. Feed consumption during the
first week of exposure was significantly decreased (p <0.05) and remained so for
the 30-ppm group to the end of the study. Body weight of the 3-ppm group was
unaffected but an exposure-dependent decrease was detected by gestation day
17. Body weights remained lower than controls on gestation day 21 for the 10-
ppm and 30-ppm groups. Analysis of litter data by the investigators revealed a
significant decrease in fetal weight and crown-rump length in the 30-ppm group
(see Table 4-8). Significantly increased incidences of ossification variations
were observed, especially for the 30-ppm group (see Table 4-9).

TABLE 4-8 Litter Data from Follow-up Study of Wistar Rats Exposed to
Chloroform during Gestation
Concentration (ppm)

Parameter 0 3 10 30
Number pregnant 20 20 20 20
Number lost litters 0 0 0 1

Number live litters 20 20 20 19
Resorptions/live litter” 0.55+0.89 0.40 £ 0.60 0.75 £+ 1.02 0.84 £ 1.42
Live fetuses/litter” 124+24 124+3.5 129+3.0 125+1.9
Fetal weight (g)* 34£03 32+£03 32+£03 32403

Fetal crown-rump length (mm)“ 35.8+2.0 355+2.1 344426 34.0+1.9°
“Litter mean + standard deviation.

bSignificantly different from control group; p <0.05.

Source: Baeder and Hoffman 1991.

TABLE 4-9 Skeletal and Ossification Variations in Wistar Rats Exposed to
Chloroform During Gestation
Concentration (ppm)

Parameter 0 3 10 30
Number live litters 20 20 20 19
Poorly ossified cranial bones” 42/14 47/17 48/16 60°/17
Ossification of less than 2 4/3 14%/5 1616 1418
caudal vertebrae“

Non- or weakly ossified 7/3 32%/13° 35° /14 18%/11°
sternebrae”

Wavy or thickened ribs” 10/6 11/5 22°/10 15/4

“Number of affected fetuses/number of litters with affected fetuses.
bSignificantly different from control group; p <0.05.
Source: Baeder and Hoffman 1991.
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3.3.2. Mice

Murray et al. (1979) examined the developmental toxicity of chloroform
in CF-1 mice after gestational exposure. Groups of 34-40 pregnant mice were
exposed to chloroform at 100 ppm for 7 h/day on gestation days 6-15, 1-7, or 8-
15. Controls were exposed to filtered room air. Chloroform concentrations were
monitored by infrared spectrophotometry and varied by <3% from the target
concentration. Maintenance of pregnancy was significantly decreased (p <0.05)
in the dams exposed on gestation days 1-7 (44% vs. 74% in controls) and 6-15
(43% vs. 91% in controls), but not for those exposed on days 8-15 (decreased,
but not significantly). The significant developmental toxicity findings are shown
in Table 4-10. It was reported that delayed ossification of the skull bones was
significantly increased in all of the chloroform-treated groups and that, with the
exception of the group treated on days 6-16 of gestation, delays in the ossifica-
tion of sternebrae were significantly more frequent in the treated groups com-
pared with controls. However, these data were not presented in the report’s ta-
bles. There was also evidence of hepatotoxicity in chloroform-exposed dams as
demonstrated by significantly increased absolute and relative liver weights and
by elevated SGPT activity. The investigators concluded that exposure of preg-
nant mice to chloroform at 100 ppm (7 h/day) on gestation days 1-7 or 6-15 de-
creased the ability to maintain pregnancy but was not teratogenic. Exposure on
gestation days 8-15 did not affect pregnancy maintenance but resulted in an in-
creased incidence of cleft palate.

TABLE 4-10 Developmental Toxicity of Chloroform in Mice Exposed
During Gestation

Days 1-7 Days 6-15 Days 8-15
Parameter Control 100 ppm Control 100 ppm __ Control 100 ppm
Litters examined 22 11 29 12 24 18
Resorptions/litter” 242 4+5 242 1+1 242 242

Fetal body weight (z)° 1.02+0.10 0.92+0.07° 0.99+0.11 0.95+0.13 1.00+0.12 0.85=0.17"

Fetal crown-rump 247+1.0 23.6+1.2" 23.7+13 232+1.1 241+1.1 229+22¢
length (mm)*
Cleft palate (number 3 [1] 0 0 0 1[1] 10 [4]°

fetuses [no. litters])

“Mean =+ standard deviation.

bSignificantly different from control (p < 0.05).
“Mean of the litter means + standard deviation.
“Six fetuses in one litter exhibited cleft palate.
Source: Adapted from Murray et al. 1979.
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Land et al. (1981) studied the morphologic changes in spermatozoa of
C57B1/C3H mice exposed to chloroform. The mice were observed 28 days after
exposure to chloroform at 0.1 or 0.05 of the minimal alveolar concentration (4
h/day for 5 days). Chloroform was delivered via calibrated vaporizers and the
concentration was monitored by gas chromatography. Mice were killed 28 days
after the last exposure and spermatozoa (1,000/slide) were examined independ-
ently by two pathologists. On the basis of data from groups of five mice, the
percentage of abnormal spermatozoa was 1.42 + 0.08, 2.76 + 0.31, and 3.48 +
0.66 for the control (clean air), 0.5- and 1.0-ppm groups, respectively. Both
treatment groups were significantly different (p <0.01) from the controls. Ab-
normalities included flattened spermatozoa, amorphous spermatozoa, and sper-
matozoa with abnormal hook formation.

3.4. Genotoxicity

Numerous genotoxicity assays have been performed with chloroform
(ATSDR 1997). Generally, the results of these bioassays indicate chloroform to
be a weak mutagen with low potential for interaction with DNA.

3.5. Carcinogenicity

Renal and hepatic tumors have been reported in rodents following chronic
oral administration of chloroform (reviewed in ATSDR 1997). The results of
cancer bioassays appear to be substantially influenced by the method of admini-
stration (gavage vs. drinking water) and by the vehicle (corn oil vs. water). Inha-
lation exposure studies of the tumorigenic potential of chloroform include a 90-
day study in F344 rats by Templin et al. (1996a), a short-term exposure study by
Templin et al. (1996b), and a long-term inhalation study by Yamamoto et al.
(1994).

In the 90-day study by Templin et al. (1996a), male and female F344 rats
were exposed to chloroform at 0, 2, 10, 20, 30, 90, or 300 ppm for 6 h/day for 7
days/week. Groups of rats (15-60/group) were subjected to different exposure
protocols: male rats were exposed for 4 days or 3, 6, or 13 weeks, and female
rats were exposed for 3 or 13 weeks. Exposure atmospheres were monitored by
infrared gas analysis. Average analytically-determined concentrations were al-
ways within 4.5% of the target concentration. Results of the study indicate that
the primary targets of toxicity are the liver, kidneys, and nasal passages. Cyto-
lethality and regenerative cell proliferation were significant at 300 ppm. Al-
though long-term exposure at 300 ppm would probably induce a tumorigenic
response, this concentration was considered by the investigators to be highly
cytotoxic (in excess of the maximum tolerated dose [MTD]) and not relevant for
extrapolating to low-dose responses. Statistically significant body-weight loss
was observed in male rats exposed for 4 days but kidney lesions were seen only
in rats exposed at 30 (1 of 5 rats), 90 (3 of 5 rats), or 300 ppm (5 of 5 rats).
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Templin et al. (1996b) conducted studies in BDF; mice to affirm the role
of cytotoxicity and regenerative cell proliferation in the tumorigenic response to
chloroform. Groups of male and female mice were exposed to chloroform at 0,
0.3, 5, 30, or 90 ppm 6 h/day for 4 days. Bromodeoxyuridine (BrdU) was ad-
ministered by osmotic pumps implanted 3.5 days before necropsy and served to
provide a labeling index for S-phase cells. Additional groups of mice were ex-
posed to chloroform at 30 or 90 ppm for 5 days/week for 2 weeks. Degenerative
lesions and a 7- to 10-fold increase in the labeling index were observed in the
kidneys of male but not female mice exposed at 30 or 90 ppm. Liver lesions and
an increased hepatocyte labeling index were observed in male mice exposed at
30 and 90 ppm and in female mice exposed at 90 ppm. Lethality was 40 and
80% in the 30- and 90-ppm groups, respectively, exposed for 2 weeks; severe
kidney damage was evident in the animals. These findings show that in the two-
year assays, chloroform exposures actually exceeded the MTD and were toler-
ated only because of the step-wise exposure protocol that allowed the animals to
accommodate metabolically to the high concentrations. Templin et al. (1996b)
questioned the validity of low-dose extrapolation from tumor data of this type
(e.g., nongenotoxic-cytotoxic mechanism that is secondary to organ-specific
toxicity).

In a preliminary report of a 2-year cancer bioassay, Yamamoto et al.
(1994) observed no increase in tumor incidences in male and female F344 rats
exposed to chloroform at 10, 30, or 90 ppm for 5 days/week. No further details
are available on this study.

Several issues, however, are relevant to the carcinogenic potential of chlo-
roform. These are especially relevant regarding the estimation of carcinogenic
risk after a single acute exposure. As reviewed by Conolly (1995) and Golden et
al. (1997), the tumorigenic dose-response of mice and rats to chloroform appears
to be nonlinear and is secondary to cytotoxicity (i.e., cell necrosis and subse-
quent cellular regeneration) following exposures that induce frank toxicity in
tissues that are tumor sites and at concentrations that often exceed the MTD.
Additionally, both in vivo and in vitro genotoxicity data indicate the absence of
a genotoxic mechanism for chloroform.

The significance of regenerative cell proliferation in chloroform-induced
cancer was also examined by Butterworth et al. (1995) and Wolf and Butter-
worth (1997). An analysis of the available data indicates that chloroform acts
through a nongenotoxic, cytotoxic mechanism. In rodent studies, toxicity is ob-
served only when chloroform is metabolized to reactive metabolites at a rate
sufficient to cause cytolethality. As such, a linearized extrapolation from high
concentrations that produce tumors to very low concentrations is considered
inappropriate. Additionally, the current inhalation cancer risk is 2.3 x 107
(ug/m®)" (EPA 2012) and is based on a tumorigenic response (hepatocellular
carcinomas) in B6C3F; mice administered chloroform by gavage (NCI 1976)
and, therefore, involves the uncertainties associated with route-to-route extrapo-
lation.
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Butterworth et al. (1995) and Wolf and Butterworth (1997) compared the
results of cancer risk assessments performed using the linearized multistage
model for low-dose extrapolation with the results based on a threshold response
(cytolethality and cellular regeneration). The resulting outcomes are remarkably
different. Application of the linearized multistage model to tumor incidence data
from a gavage study with mice (NCI 1976) resulted in a virtually-safe concen-
tration (relative to a 1 x 10 cancer risk) of 8 x 10 ppm. However, a virtually-
safe concentration of 0.01 ppm is obtained when uncertainty factors are applied
(three factors of 10 for interspecies differences, intraspecies variability, and use
of a subchronic study) to 10 ppm, a concentration that did not produce cyto-
lethality or cellular regeneration in inhalation studies with rodents. The investi-
gators justify their approach by citing the apparent need for cytolethality and
cellular regeneration in the tumorigenic response.

Melnick et al. (1998) provided data and alternate interpretations regarding
the relevance of cytolethality and proliferative cellular regeneration to the tu-
morigenic response observed in rodents following oral administration of chloro-
form in corn oil. Following gavage dosing of female B6C3F; mice (10/group)
with chloroform (5 times/week for 3 weeks at doses of 55, 110, 238, or 477
mg/kg), biochemical indices of toxicity (ALT, SDH) and labeling index (BrdU)
for S-phase hepatocytes were measured and histopathologic examination were
performed to ascertain the relationship between regenerative hyperplasia and
tumor induction. As expected, a dose-related response was observed for liver-to-
body weight ratio, increase in ALT and SDH activity, severity and incidence of
hepatocyte hydropic degeneration, and labeling index. The investigators com-
pared the dose-response curves for tumor incidence (using data from previous
cancer bioassays) and hepatocyte labeling index and reported that the processes
are not causally related. In other words, an elevated labeling index resulting
from cellular proliferation is not required for a tumorigenic response.

4. SPECIAL CONSIDERATIONS
4.1. Metabolism and Disposition

The metabolism of chloroform has been thoroughly studied (reviewed in
ATSDR 1997). Although metabolism via cytochrome P-450 IIEl1 is well-
established, a minor anaerobic pathway also exists resulting in a dichloromethyl
radical intermediate. Phosgene, formed by P-450-mediated dehydrochlorination,
may react with cellular proteins or be converted to hydrochloric acid and carbon
dioxide (Pohl et al. 1981). Phosgene may also react with GSH to form diglu-
tathionyl dithiocarbonate which is then metabolized to 2-oxothiazolidine-4-
carboxylic acid (Mansuy et al. 1977; Pohl et al. 1977; Branchflower et al. 1984).

Brown et al. (1974a) studied the metabolism of orally administered ['*C]-
chloroform (60 mg/kg) in male Sprague-Dawley rats; male CBA, CF/LP, and
C57 mice; and squirrel monkeys. In all test species, '*CO, was a major excretory
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product but species-dependent variability was observed in its elimination. Eighty
percent of the administered dose was excreted as '*CO, in all three strains of
mice, whereas 60% and 20% was eliminated in rats and squirrel monkeys, re-
spectively.

Fry et al. (1972) reported that 17.8-66.6% of an oral dose of radiolabeled
chloroform (500 mg) was expired unchanged by eight human volunteers over an
8-h period. Maximum excretion of chloroform occurred 40 min to 2 h after ad-
ministration. Carbon-dioxide excretion was measured in one male and one fe-
male volunteer. Over a 450-min period, 48% (woman) and 50% (man) of the
dose was expired as carbon dioxide. The investigators also reported decreased
excretion of chloroform by obese subjects and suggested that resulted from up-
take of chloroform by greater amounts of adipose tissue. Peak blood concentra-
tions (=1 pg/mL) occurred about 45 min after dosing. Elimination of chloroform
from the blood appeared to be biphasic: an initial rapid clearance within an hour
and a slower clearance over the next 6 h. As chloroform concentration in the
blood increased, pulmonary excretion increased.

Corley et al. (1990) developed a PBPK model for chloroform based on a
kinetic constant from in vivo studies with rats and mice, in vitro enzymatic stud-
ies with human tissue samples, and physiologically-based estimates for absorp-
tion, distribution, metabolism, and excretion processes. Macromolecular binding
was considered a measure of internal dose. The model was validated by compar-
ing predicted values with experimental data from mice, rats, and humans. Hu-
man metabolic and macromolecular-binding constants for V...C (15.7
mg/hr/kg) and K, (0.448 mg/L) were derived. It was also shown that metabolic
activation of chloroform to reactive intermediates, such as phosgene, was great-
est in mice. Metabolic activation was less in rats and lowest in humans. There-
fore, it was estimated that exposure to equivalent concentrations of chloroform
would result in a lower delivered dose in humans than in laboratory animals.
Species variability was also reported by Brown et al. (1974a), who reported that
conversion of chloroform to carbon dioxide was highest in mice (80%) and low-
est in squirrel monkeys (18%). In rats and mice, ['*C]-urea was detected in the
urine along with two unidentified metabolites, and parent compound was found
in the bile of the squirrel monkeys. In mice, radioactivity in the blood peaked 1
h after dosing and decreased gradually over the next 24 h.

The chloroform PBPK model developed by Corely et al. (1990) was used
by Delic et al. (2000) to develop models for humans and rats to compare rates of
metabolism in the context of assessing the validity of uncertainty factors used to
determine occupational exposure limits. The study also utilized Monte Carlo
analysis to determine the extent of variability within human and animal-model
populations. The results demonstrated that even at the most extreme ranges
within the human population, concentrations of toxic metabolites necessary to
induce a toxic response would not be generated at rates comparable to that in
rats. Specifically, the model showed that the mean peak rate of metabolism of
inhaled chloroform (at the mouse no-observed-adverse-effect level of 10 ppm) is
approximately 78-fold lower in humans and that the chloroform concentration
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required to achieve a peak metabolism rate in humans would be 65-fold higher
than that in mice. Monte Carlo analysis of population variability also indicated
that chloroform metabolism rates between mice and humans varied by 25- to 50-
fold. Overall, the work clearly demonstrated that considerably higher concentra-
tions of chloroform are required to induce a toxic response in humans compared
with mice.

Data regarding the distribution of chloroform among brain, lung, and liver
tissue of humans was obtained by Gettler and Blume (1931) from suicide vic-
tims or deaths from chloroform anesthesia. The brain and lungs consistently had
the highest concentrations of chloroform (60-480 mg/g in brain; 24-485 mg/g in
lung), whereas liver tissue tended to have lower concentrations (24-238 mg/g).
These values reflect tissue burdens after high exposures to chloroform.

The distribution of ['*C]-chloroform in pregnant C57BL mice after a sin-
gle 10-min inhalation exposure (approximately 16 mmoles based on specific
activity) was studied by Danielsson et al. (1986). Assessments were conducted
at 0.5, 4, and 24 h. At all time points, radioactivity was greatest in the lungs,
liver, and kidneys. Radioactivity in the respiratory tract was associated with
epithelial tissue (nasal mucosa, trachea, and bronchi). Radioactivity was also
found in the fetus and placenta at all time points, peaking at 0.5 h and gradually
decreasing over the 24-h time frame. In addition to total radioactivity, the inves-
tigators also determined bound radioactivity in various tissues and found that the
respiratory tract and centrilobular portion of the liver contained bound radioac-
tivity, which possibly indicates on-site production of reactive metabolites.

Wang et al. (1997) reported on the effects of ethanol pretreatment (2
g/rat/day for 3 weeks) on the metabolism and hepatotoxicity of chloroform in
rats following administration of chloroform by various routes (intraperitoneal,
perioral, and inhalation). Ethanol pretreatment increased cytochrome P-450 from
0.74 nmol/mg to 1.10 nmol/mg and increased the metabolism of inhaled chloro-
form 7-fold in rats exposed to chloroform at 500 ppm for 6 h, but did not in-
crease the metabolism of chloroform in rats exposed at 50 ppm for 6 h. Hepato-
toxicity, as determined by GPT, GOT, and GSH activity, was unaffected in the
50-ppm group and increased approximately 6-fold in the S00-ppm group.

4.2. Mechanism of Toxicity

The noncarcinogenic and carcinogenic mechanisms of chloroform have
been previously reviewed (Butterworth et al. 1995; Conolly 1995; Templin et al.
1996a,b; ATSDR 1997; Golden et al. 1997; Wolf and Butterworth 1997). Chlo-
roform toxicity may be generally categorized as effects on the central nervous
system, liver, kidneys, and heart (primarily the result of myocardial sensitization
to epinephrine).

The precise mechanism of chloroform on neural activity is unknown. It is
generally assumed that general anesthetics act by influencing synaptic transmis-
sion (e.g., potentiating transmitter release at inhibitory synapses or inhibiting
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release at excitatory synapses). These actions may be the result of interaction
with protein-lipid interfaces (Kennedy and Longnecker 1996).

The underlying mechanism of chloroform’s hepatic and renal toxicity is
the binding of reactive intermediates, such as phosgene (Pohl et al. 1977), to
cellular macromolecules, the depletion of these macromolecules, and subsequent
cell death.

Brown et al. (1974b) exposed phenobarbital-treated rats for 2 h to chloro-
form at 0.5% (5,000 ppm) or 1.0% (10,000 ppm) and found a 70% and 83%
reduction in hepatic GSH (p <0.001), respectively. At these concentrations,
however, noninduced rats exhibited no significant change in GSH activity.

The importance of GSH depletion was also demonstrated by Docks and
Krishna (1976), who showed that administration of chloroform (80 mg/kg, in-
traperitoneal) to phenobarbital-treated rats decreased GSH and resulted in mas-
sive liver necrosis. Docks and Krishna (1976) postulated that chloroform-
mediated decreases in GSH was not from the trichlorocarbon radical, because
depletion of GSH was greater from chloroform than by halomethanes known to
be metabolized to the trichlorcarbon radical.

The mechanism of chloroform toxicity in isolated rat hepatocytes was
studied by el-Shenawy and Abdel-Rahman (1993). The results support the con-
tention of Docks and Krishna (1976) that depletion of GSH is a causative pre-
cursor for cytotoxicity. Isolated rat hepatocytes exposed to chloroform at con-
centrations of 1, 10, 100, or 1,000 ppm exhibited a concentration-dependent
decrease in viability (p <0.05 at all concentrations). Leakage of serum aspartate
aminotransferase (AST) occurred at all the concentrations, but was significant
only at 1 ppm after 60 min and at 10 ppm after 30 min. Leakage of ALT was
significant at 100 and 1,000 ppm after 60 min and 30 min, respectively. GSH
was significantly decreased between 15-120 min after hepatocytes were incu-
bated with chloroform at 1,000 ppm. At 100 ppm and 10 ppm, GSH depletion
became significant at 30 min and 120 min, respectively.

4.3. Structure-Activity Relationships

Assessment of structure-activity relationships was not instrumental is de-
riving AEGL values for chloroform.

4.4. Other Relevant Information
4.4.1. Species Variability

Strain, species, and gender variability in the metabolism and toxicity of
chloroform has been demonstrated. As previously noted, male mice exhibit both
renal toxicity and hepatotoxicity after exposure to chloroform, whereas female
mice exhibit only hepatotoxicity. This has been shown to be from hormone-
specific cytochrome P-450 in the kidneys of male mice. By examining differ-
ences in the biotransformation of chloroform to phosgene, Pohl et al. (1984)
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demonstrated strain and sex differences in chloroform-induced renal toxicity.
The differences could be attributed to strain- and gender-dependent differences
in the rate of phosgene production by microsomal and mitochondrial fractions
from the kidneys. A notable difference was observed between sensitive male
DBA/2J mice and less sensitive C57BL/6J mice. Male mice formed phosgene at
a rate nearly an order of magnitude more rapid than female mice. Additionally,
based on results of PBPK model studies using metabolism and disposition data,
humans appear to be less sensitive than rodent species, and the mouse appears to
be the most sensitive.

4.4.2. Concurrent Exposure Issues

Because the biotransformation of chloroform to reactive intermediates is
mediated by cytochrome P-450 IIE1, exposures to chemicals that induce P-450
might increase the toxic response of chloroform. From a practical standpoint,
alcohol consumption would be a special concern.

5. DATA ANALYSIS FOR AEGL-1
5.1. Summary of Human Data Relevant to AEGL-1

Human exposure data on chloroform consistent with AEGL-1 effects in-
clude studies by Lehmann and Hasegawa (1910) of human volunteers and by
McDonald and Vire (1992) of dental workers. Lehmann and Hasegawa (1910)
reported that exposure to chloroform at 920-1,100 ppm for 2-3 min resulted in
vertigo and that concentrations as high as 1,400 ppm for 15-30 min produced
lassitude, vertigo, and headache. Some individuals exposed at 620 ppm for 30
min reported only the sensation of a not unpleasant odor and no neurologic
symptoms. Because vertigo could affect escape from a potentially hazardous
condition, concentrations of chloroform inducing this condition are inappropri-
ate for developing AEGL-1 values. The study by Lehmann and Hasegawa
(1910) lacks details on exposure methods and validation of exposure measure-
ments. The McDonald and Vire (1992) study involved exposure at low concen-
trations during endodontic procedures (<0.57 ppm for 5.5 h and <0.88 ppm for
over 150 min). These exposures did not result in any signs or symptoms even
after clinical screening at 4 h and 1 year after exposure. No additional human
data consistent with the AEGL-1 definition were available.

5.2. Summary of Animal Data Relevant to AEGL-1

Animal data consistent with AEGL-1 effects include alterations in clinical
chemistry determinations (specifically serum ALT, AST, GLDH, and SDH ac-
tivity) and minor histopathologic findings in the liver and kidneys of rats and
mice. Increased serum-enzyme activities were observed in rats exposed to chlo-
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roform at 153 ppm for 4 h (Lundberg et al. 1986) or at 292 ppm (Brondeau et al.
1983). Exposure of rats to chloroform at 500 ppm for 6 h produced statistically
significant increases in serum-enzyme activity (Wang et al. 1994). Rats exposed
at 50 ppm for 8 h had no increase in liver weight, but rats exposed at 100 ppm
had a slight increase in serum-enzyme activity (Ikatsu and Nakajima 1992). Al-
though statistically significant increases in serum-enzyme activities were re-
ported in several studies, they were not necessarily indicative of biologically-
relevant hepatic damage (some of the enzyme activities were increased only 2-
fold and histologic correlates were negligible) and, therefore, would not be ap-
propriate as AEGL-1 end points.

5.3. Derivation of AEGL-1

Human data sets for determining AEGL-1 values have poorly described
methodology and inadequate characterizations of exposure. Animal data consis-
tent with AEGL-1 effects have better defined exposure data, but are limited to
clinical chemistry findings that are more indicative of biologic indices of expo-
sure than overt toxicity. Concentrations of chloroform that do not produce overt
signs of toxicity in humans are neither irritating nor have an unpleasant odor.
Thus, it would be difficult to identify exposures that would produce notable dis-
comfort or mild sensory irritation without approaching concentrations that might
be near a threshold for narcosis. As a result, AEGL-1 values are not recom-
mended.

6. DATA ANALYSIS FOR AEGL-2
6.1. Summary of Human Data Relevant to AEGL-2

In an assessment of 1,502 surgical patients anesthetized with chloroform
(concentrations never greater than 22,500 ppm) for <30 min to >120 min,
Whitaker and Jones (1965) reported cardiac irregularities in some patients (bra-
dycardia in 8.1%; arrhythmias in 1.3%). Protection against narcosis even in the
absence of toxic effects would appear to be at least one goal of the AEGL-2 val-
ues, so these data would be an inappropriate basis for AEGL-2 values. Lehmann
and Hasegawa (1910) reported “intoxication and dizziness” in human subjects
exposed to chloroform at 4,300-5,100 ppm for 20 min or at 7,200 ppm for 15
min. Three volunteers reported pounding heart and experienced gagging during
a 30-min exposure at 3,000 ppm, and “light-headedness” and lassitude after 30
min at 1,400 ppm. Smith et al. (1973) evaluated surgical patients anesthetized
with chloroform (8,500-13,000 ppm; concentration never exceeded 2% [20,000
ppm]) for a mean duration of 112.96 min. Cardiac arrhythmias of various types
were detected in 1-17 of the patients. With the exception of a slight elevation of
lactate dehydrogenase, serum enzyme values (SGPT, SGOT, and alkaline phos-
phatase) were not altered by chloroform. Nausea and vomiting occurred in 46%
of the patients.
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6.2. Summary of Animal Data Relevant to AEGL-2

Several studies in rats indicate that signs of hepatotoxicity (fatty infiltra-
tion) and renal damage (tubular necrosis) might occur at cumulative exposures
of 400-1,330 ppm-h that encompass exposure durations of 1-4 h and concentra-
tions of 100-693 ppm (Deringer et al. 1953; Culliford and Hewitt 1957; Kylin et
al. 1963). Exposure of pregnant rats during gestation (7 h/day on gestation days
6-15) to chloroform at 30 ppm produced minor effects in the embryo and fetus,
and exposure at 100 ppm was significantly embryotoxic and fetotoxic (Schwetz
et al. 1974). Newell and Dilley (1978), however, found that gestational exposure
of rats to chloroform at concentrations as high as 2,232 ppm (1 h/day on gesta-
tion days 7-14) did not cause developmental effects, although exposure at 4,117
ppm increased resorptions by 45% and decreased fetal body weight.

6.3. Derivation of AEGL-2

Severe hepatic toxicity, renal toxicity, and narcosis appear to be critical
effects for the development of AEGL-2 values for chloroform. Human data
suggest that exposures to chloroform at 8,500 ppm will induce anesthesia. The
duration of exposure required is unknown, but is assumed to be on the order of
a minute. Human data reported by Lehmann and Hasegawa (1910) suggest that
exposure to chloroform at 7,500 ppm for 15 min or at 4,300-5,100 ppm for 20
min approached narcosis-inducing concentrations, as determined by signs and
symptoms of dizziness and “intoxication.” These data and the anesthesia data
of Whitaker and Jones (1965) are, however, compromised by the uncertainties
with the determination of exposure concentrations and the specific concentra-
tion-duration relationships. Alternatively, the fetotoxicity reported by Schwetz
et al. (1974) in rats exposed to chloroform at 100 ppm (7 h/day) on gestation
days 6-15 was considered a sensitive critical effect and was selected as the
point of departure for developing AEGL-2 values. It was assumed that the
reported fetotoxic effects could result from a single 7-h exposure. This as-
sumption is not without precedent, as has been shown by analyses of devel-
opmental toxicity data for other chemicals (van Raaij et al. 2003). An intras-
pecies uncertainty factor of 3 was applied to account for individual variability
in metabolism and disposition of chloroform. No adjustment was made for
interspecies variability because metabolism and kinetics data and PBPK mod-
els (Corley et al. 1990) indicate that humans are less sensitive than laboratory
species to chloroform. The attenuated uncertainty factors were justified by the
sensitive end point selected for AEGL-2 development and the results of an-
other study (Newell and Dilley 1978) that showed gestational exposure of rats
to chloroform at concentrations as high as 2.232 ppm (1 h/day on gestation
days 7-14) was without effect.

The concentration-time relationship for many irritant and systemically-
acting vapors and gases may be described by the equation C" x t = k, where the
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exponent n ranges from 0.8 to 3.5 (ten Berge et al. 1986). In the absence of
chemical-specific data to determine an empirical value for n, default values of
n =1 for extrapolation from shorter to longer durations and n = 3 for extrapola-
tion from longer to shorter durations were used. AEGL-2 values for chloroform
are presented in Table 4-11 and Appendix A.

7. DATA ANALYSIS FOR AEGL-3
7.1. Summary of Human Data Relevant to AEGL-3

Definitive lethality data for humans are not available. Although the weight
of evidence indicates that acute exposure to high concentrations of chloroform
might result in narcosis and subsequent death, the precise exposure concentra-
tions and durations for such exposures are unavailable. Human data generally
suggest that concentrations greater than 10,000 ppm are required for an unspeci-
fied, although short, exposure duration for surgical anesthesia. In an analysis of
surgical patients anesthetized with chloroform, Whitaker and Jones (1965) re-
ported that a concentration of 22,500 ppm also produced evidence of potentially
serious cardiovascular effects. Although these data may appear compelling for
development of AEGL values, it is not possible to quantify an exposure-duration
relationship. Additionally, chloroform concentrations probably varied during
anesthesia. This is not unexpected; anesthesia procedures with chloroform start
with very high concentrations (25,000-30,000 ppm) of very short duration (2-3
min) for the purpose of inducing unconsciousness, but then lower concentrations
are used to maintain surgical anesthesia (NRC 1984; ATSDR 1997). Therefore,
it is unlikely that patients were exposed at the highest concentrations for AEGL-
specific durations. Arrhythmias were also reported by Smith et al. (1973) in
some patients anesthetized for 113 min at concentrations (at least initially) of
8,500-13,000 ppm. The available data suggest that surgical narcosis would occur
at or above 8,500 ppm after short-duration exposure. It is not feasible to extrapo-
late to an exposure duration that would result in death.

7.2. Summary of Animal Data Relevant to AEGL-3

Data on lethality in animals after acute inhalation exposure to chloroform
include studies of rats and mice. Exposure to chloroform at 3,000-8,000 ppm for
4 h resulted in 75-100% mortality in rats (lethality determined 2-3 days postex-
posure) (Smyth et al. 1962; Haskell Laboratory 1964), and a 4-h LCs, of 9,780
ppm was reported by Lundberg et al. (1986). For mice, mortality was 75% at
5,585 ppm for 120-min, 66% at 4,710-5,529 ppm for durations of 71-175 min,
and 14% at 6,758-7,782 ppm for 35 min (Fithner 1923). However, no deaths
occurred with chloroform at 2,458-5,120 ppm for 48-215 min (Fithner 1923). If
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TABLE 4-11 AEGL-2 Values for Chloroform

10 min 30 min 1h 4h 8h
120 ppm 80 ppm 64 ppm 40 ppm 29 ppm
(580 mg/m®) (390 mg/m®) 312 mg/m’) 195 mg/m’) 141mg/m®)

the aforementioned results are converted to consider cumulative exposures, in-
consistencies in the data become apparent. For example, no deaths were ob-
served at concentrations of 2,458-5,120 ppm for 48-215 min (a maximum of
1,100,800 ppm-min); yet 66% mortality was observed at concentrations of
4,710-5,529 ppm for durations of 71-175 min (a minimum of 334,410 ppm-
min). A well-conducted study by Gehring (1968) reported a 4,500-ppm LCts, of
560 min (540-585 min, 95% CI) for female Swiss-Webster mice.

7.3. Derivation of AEGL-3

The available data do not identify a definitive lethality threshold in hu-
mans from acute exposure to chloroform. Data regarding chloroform as an anes-
thetic for humans suggest that very high concentrations (greater than 8,500 ppm)
are tolerated for brief durations, although quantitative concentration-time data
are lacking. These limitations preclude the use of the human data in the estima-
tion of a lethality threshold for humans.

Animal data are inconsistent regarding the lethality from acute inhalation
exposure to chloroform. Data on mice are highly variable, but this species ap-
pears to be the most sensitive and is affirmed by PBPK models. Exposure to
chloroform at 3,000-8,000 ppm for 4 h reportedly produced 75-100% mortality
in rats (Smyth et al. 1962; Haskell Laboratory 1964). Assuming the mouse to be
the most sensitive species, the 560-min LCs, of 4,500 ppm reported by Gehring
(1968) appears to be a valid basis for development of the AEGL-3 values. A 3-
fold reduction in this value for an estimate of the lethality threshold for mice
results in a point of departure of 1,500 ppm. Consistent with the Standing Oper-
ating Procedures (SOP) for developing AEGLs (NRC 2001), an exponent of 3
was applied for time scaling (C" x t = k) because data were insufficient for em-
pirically deriving a value for n. Because the point of departure was based on a
560-min exposure duration, the 10-min AEGL-3 value was set equivalent to the
30-min AEGL-3 value to avoid uncertainties inherent in extrapolating from 560
min to 10 min. An uncertainty factor of 3 was applied to account for potentially
sensitive individuals, such as those exposed to inducers of cytochrome P-450
IIE1 (e.g., consumers of ethanol). No interspecies uncertainty factor was applied
because laboratory species metabolize chloroform more rapidly than humans
and are, therefore, more susceptible to the toxic effects of the more rapidly
formed toxic intermediates. PBPK models (Corley et al. 1990) support this con-
tention. Further, human anesthesia data show that cumulative exposures consid-
erably greater than those associated with the AEGL-3 values are not lethal. A
more recent study using the PBPK model to compare the metabolism of chloro-
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form in mice and humans demonstrated the overwhelmingly greater sensitivity
of mice (primarily from a 25- to 50-fold difference in the rate of metabolism of
chloroform) and the overly protective nature of typically applied uncertainty
factors. These findings and the overall weight of evidence indicating the greater
sensitivity of rodents to chloroform-induced toxicity justified further adjustment
of the AEGL-3 values. This adjustment, applied as a weight-of evidence factor
of 1/3, effectively increases the AEGL-3 values. The resulting AEGL-3 values

are shown in Table 4-12 and Appendix A.

8. SUMMARY OF PROPOSED AEGLS

8.1. AEGL Values and Toxicity End Points

The AEGL values for chloroform are presented in Table 4-13.

AEGL-1 values for chloroform were not recommended because an expo-
sure consistent with the AEGL-1 definition could not be determined. The prop-
erties of chloroform are such that the odor is not unpleasant and it is not irritat-
ing even at concentrations approaching levels inducing narcosis.

AEGL-2 values were developed using embryotoxicity and fetotoxicity in
rats as the critical effect. These were considered very sensitive end points, espe-
cially with the assumption of a single-exposure response (fetotoxic effects re-
sulting from 7-h exposures on gestation days 6-15 were assumed possible fol-

lowing only one 7-h exposure).

AEGL-3 values were based on an estimate of the lethality threshold for

chloroform in mice.

TABLE 4-12 AEGL-3 Values for Chloroform

10 min 30 min 1h

4,000 ppm 4,000 ppm 3,200 ppm 2,000 ppm 1,600 ppm

(19,000 mg/m®) (19,000 mg/m*) (16,000 mg/m®) (9,700 mg/m®) (7,800 mg/m®)

TABLE 4-13 AEGL Values for Chloroform

Classification 10 min 30 min 1h 4h 8h

AEGL-1 NR* NR NR NR NR

(nondisabling)

AEGL-2 120 ppm 80 ppm 64 ppm 40 ppm 29 ppm

(disabling) (580 390 312 (195 (141
mg/m’) mg/m’) mg/m’) mg/m’) mg/m’)

AEGL-3 4,000 ppm 4,000 ppm 3,200 ppm 2,000 ppm 1,600 ppm

(lethal) (19,000 (19,000 (16,000 (9,700 (7,800
mg/m’) mg/m’) mg/m’) mg/m’) mg/m’)

“Not recommended.
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AEGL values were developed using an uncertainty factor of 3 for protec-
tion of sensitive individuals. Because chloroform is metabolized to toxic inter-
mediates (phosgene) by cytochrome P-450 IIE1, induction of this enzyme (by
inducers such as ethanol) potentially increases susceptibility, although it does
not appear to do so by an order of magnitude (e.g., Brown et al. [1974b] re-
ported a 2.6-fold increase in P-450 levels after induction by phenobarbitol, a
more effective P-450 inducer than ethanol). Furthermore, dose rate appears to be
a relevant factor in toxicity outcomes following exposure to halogenated hydro-
carbons such as chloroform, a factor that might justify the application of an in-
traspecies uncertainty factor of less than an order of magnitude. Because of ef-
fects on P-450 and GSH levels, single exposures result in toxic outcomes that
are different from those for repeated exposures. Available data and application
of pharmacokinetic modeling indicate that rodents metabolize chloroform more
rapidly than humans. Therefore, the application of an interspecies uncertainty
factor was minimized. Furthermore, human data indicate that cumulative expo-
sures of >675,000 ppm-min and exposures at 22,500 ppm for up to 120 min re-
sulted in surgical anesthesia and cardiac irregularities but not death. These data
suggest that the AEGL-3 values represent a no-observed-adverse-effect level for
lethality.

When compared with occupational exposure data reported by Challen et
al. (1958) for pharmaceutical workers, the AEGL values appear to be suffi-
ciently protective. Workers exposed to chloroform at 71 ppm (4 h/day for 10-24
months) experienced mild symptoms (dryness of mouth and throat) whereas
workers exposed at 77-232 ppm over a period of 3-10 years exhibited notable
signs of exposure (staggering). These findings are the result of repeated expo-
sures to chloroform, and the study did not specify if any of the workers repre-
sented a sensitive population.

8.2. Comparison with Other Standards and Guidelines

Standards and guidance values for workplace and community exposures to
chloroform are presented in Table 4-14. The cancer notation for some of the
criteria was not considered appropriate for AEGL values.

8.3. Data Quality and Research Needs

Much of the human data on chloroform are from older studies that lacked
information on the analytic techniques used to determine exposure concentra-
tions. Human anesthesia data focus on initial concentration and duration of anes-
thesia, and were not sufficient for developing AEGL values.

The most obvious data deficiency regarding development of AEGL values
for chloroform is the lack of data with which to determine a lethality threshold.
There is also a paucity of reliable data demonstrating definitive concentration-
response relationships. Human data are deficient in exposure-time relationships
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or are unreliable and difficult to validate. The animal data are variable. Acute
exposure studies providing exposure-response data for specific toxicity end
points (e.g., hepatotoxicity, renal toxicity, narcosis threshold, lethality) in two or
more species would be desirable.

TABLE 4-14 Extant Standards and Guidelines for Chloroform

Exposure Duration

Guideline 10 min 30 min 1h 4h 8h
AEGL-1 NR NR NR NR NR
(Nondisabling)
AEGL-2 (Disabling) 120 ppm 80 ppm 64 ppm 40 ppm 29 ppm
AEGL-3 (Lethal) 4,000 ppm 4,000 ppm 3,200 ppm 2,000 ppm 1,600 ppm
ERPG-1 (AIHAY" NA
ERPG-2 (AIHA) 50 ppm
ERPG-3 (AIHA) 5,000 ppm
EEL (NRC)" 200 ppm

(30 ppm,

24 h)
IDLH (NIOSH)“ 500 ppm
TLV-TWA (ACGIH)’ 10 ppm
REL-TWA (NIOSH)* 2 ppm

(60min)
PEL-C (OSHAY 50 ppm
MAK (Germany)® 0.5ppm
MAC (the S ppm 1 ppm
Netherlands)”" (15 min)
“ERPG (emergency response planning guideline, American Industrial Hygiene Associa-
tion (ATHA 2010)

ERPG-1 is the maximum airborne concentration below which it is believed nearly all
individuals could be exposed for up to 1 h without experiencing other than mild, transient
adverse health effects or without perceiving a clearly defined objectionable odor.

ERPG-2 is the maximum airborne concentration below which it is believed nearly all
individuals could be exposed for up to 1 h without experiencing or developing irreversi-
ble or other serious health effects or symptoms that could impair an individual’s ability to
take protection action.

ERPG-3 is the maximum airborne concentration below which it is believed nearly all
individuals could be exposed for up to 1 h without experiencing or developing life-
threatening health effects.

»EEL (emergency exposure guidance level, National Research Council) (NRC 1984) is a
ceiling concentration that will not cause irreversible harm or prevent performance of
essential tasks, such as closing a hatch or using a fire extinguisher, during a rare emer-
gency situation usually lasting 1-24 h.
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‘IDLH (immediately dangerous to life or health, National Institute for Occupational
Safety and Health, NIOSH 1994) represents the maximum concentration from which one
could escape within 30 min without any escape-impairing symptoms, or any irreversible
health effects. IDLH carries a cancer notation.

“TLV-TWA (threshold limit value - time weighted average, American Conference of
Governmental Industrial Hygienists) is the time-weighted average concentration for a
normal 8-h workday and a 40-h workweek, to which nearly all workers may be repeat-
edly exposed, day after day, without adverse effect (ACGIH 2011).

‘REL-TWA (recommended exposure limit - time weighted average, National Institute for
Occupational Safety and Health) is defined analogous to the TLV-TWA, with cancer
notation (NIOSH 2011).

/PEL-C (permissible exposure limit-ceiling, Occupational Health and Safety Administra-
tion) is a value that must not be exceeded during any part of the workday (NIOSH 2011).
EMAK (maximale argeitsplatzkonzentration [maximum workplace concentration], Ger-
man Research Association) (DFG 2005) is defined analogous to the ACGIH TLV-TWA.
Cancer category 4 noted.

"MAC (maximaal aanvaaarde concentratie [maximal accepted concentration]), Dutch
Expert Committee for Occupational Standards, The Netherlands(MSZW 2004) is defined
analogous to the ACGIH TLV-TWA.
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APPENDIX A
DERIVATION SUMMARIES OF AEGL VALUES FOR CHLOROFORM
Derivation of AEGL-1 Values

AEGL-1 values were not recommended because it was not possible to
identify a definitive effect consistent with the AEGL-1 definition. Concentra-
tions of chloroform approaching those inducing narcosis or hepatic and renal
effects are not accompanied by overt signs or symptoms. Furthermore, chloro-
form is not irritating and its odor is not unpleasant.

Derivation of AEGL-2 Values

Key study: Schwetz, B.A., B.K. Leong, and P.J. Gehring.
1974. Embryo- and fetotoxicity of inhaled
chloroform in rats. Toxicol. Appl. Pharmacol.
28(3):442-451.

Toxicity end point: No developmental effects in rats.

Time scaling: C" x t =k (default n = 3 for longer to shorter
exposure durations; n = 1 for shorter to longer
exposure durations)

(100 ppm)' x 7 h =700 ppm-h
(100 ppm)* x 7 h = 7000 ppm-h

Uncertainty factors: An interspecies uncertainty factor was not applied
because the available metabolism and kinetics
data and PBPK models (Corley et al. 1990)
indicate that humans may be less sensitive than
laboratory animals to chloroform. Additional
adjustments were considered unnecessary because
a single 7-h exposure was assumed to produce
effects rather than the full-exposure period
specified in the study protocol (7 h/day on
gestation days 6-15).

3 for intraspecies variability in metabolism and
disposition of chloroform. Additional adjustment
was not made because the point of departure and
the assumption of a single-exposure effect were
considered conservative.
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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:

Uncertainty factors:

Acute Exposure Guideline Levels

Total uncertainty factor of 3

C* x 0.1667 h = 7,000,000 ppm-h
C =348 ppm
348 ppm + 3 = 120 ppm (rounded)

C? x 0.5 h = 7,000,000 ppm-h
C =241 ppm
241 ppm + 3 = 80 ppm (rounded)

C? x 1 h= 17,000,000 ppm-h
C=191 ppm
191 ppm + 3 = 64 ppm (rounded)

C’ x 4 h = 17,000,000 ppm-h
C=121 ppm
121 ppm + 3 =40 ppm (rounded)

C' x 8 h =700 ppm-h
C=287.5 ppm
87.5 ppm + 3 =29 ppm (rounded)

Derivation of AEGL-3 Values

Gehring, P.J. 1968. Hepatotoxic potency of
various chlorinated hydrocarbon vapours relative
to their narcotic and lethal potencies in mice.
Toxicol. Appl. Pharmacol. 13(3):287-298.

Lethality; 3-fold reduction in a 560-min LCs of
4,500 ppm in mice was assumed to be a threshold
for lethality (4,500 ppm + 3 = 1,500 ppm).

C" x t =k (default n = 3 for longer to shorter
exposure durations; n = 1 for shorter to longer
exposure durations)

(1,500 ppm)* x 9.3 h=3.1 x 10" ppm’-h

An interspecies uncertainty factor was not applied
because the available metabolism and kinetics
data and PBPK models (Corley et al. 1990)
indicate that humans may be less sensitive than
laboratory animals to chloroform.
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10-min AEGL-3:

30-min AEGL-3:

1-h AEGL-3:

4-h AEGL-3:

8-h AEGL-3:

165

3 for intraspecies variability in metabolism and
disposition of chloroform (e.g., induction of P-450
enzymes and subsequent enhancement of
toxicity). Comparison with available anesthesia
data in humans precluded incorporation of
additional uncertainty factor adjustment.

Because results of PBPK models (Corley et al.
1990; Delic et al. 2000) show that mice are
considerably more sensitive (25- to 50-fold
difference in rate of metabolism of chloroform) to
the toxic effects of inhaled chloroform than are
humans, an additional adjustment factor of 1/3
was applied and resulted in an overall net
adjustment of 1.

Set equivalent to the 30-min value of 4,000 ppm
to minimize uncertainty associated with
extrapolating a 560-min exposure duration to

10 min.

C*x0.5h=3.1x10" ppm*-h
C =4,000 ppm (rounded)

C*x 1h=3.1x10" ppm’-h
C = 3,200 ppm (rounded)

C’x4h=3.1x10" ppm’-h
C =2,000 (rounded)

C*x8h=3.1x10" ppm’-h
C = 1,600 (rounded)

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

166 Acute Exposure Guideline Levels

APPENDIX B
ACUTE EXPOSURE GUIDELINE LEVELS FOR CHLOROFORM

Derivation Summary for Chloroform

AEGL-1 VALUES

AEGL-1 values were not recommended because it was not possible to
identify a definitive effect consistent with the AEGL-1 definition. Concentra-
tions of chloroform approaching those inducing narcosis or hepatic and renal
effects are not accompanied by overt signs or symptoms. Furthermore, chloro-
form is not irritating and its odor is not unpleasant.

AEGL-2 VALUES
10 min 30 min lh 4h &h
120 ppm 80 ppm 64 ppm 40 ppm 29 ppm

Reference: Schwetz, B.A., B.K. Leong, and P.J. Gehring. 1974. Embryo- and
fetotoxicity of inhaled chloroform in rats. Toxicol. Appl. Pharmacol. 28(3):442-451.

Test species/Strain/Number: Sprague Dawley rats; 68, 8, 22, 23, and 3 dams for the
control, pair-fed control, low-, mid-, and high-concentration groups, respectively.

Exposure route/Concentrations/Durations: Inhalation (whole body); 0, 30, 100, or
300 ppm, 7 h/day on gestation days 6-15.

Effects:

Effect (litters 100 300
affected/litters examined) Control _ Pair-fed 30 ppm ppm‘ ppm
Total gross anomalies 1/68 0/8 0/22 3/23° 0/3
Total skeletal anomalies 46/68 3/8 20/22° 17/23 2/3
Total soft-tissue anomalies ~ 33/68 3/8 10/22 15/23 1/3
Fetal body weight (g) 5.69 5.19 5.51 5.59 3.42"
Fetal crown-rump 43.5 42.1 42.5 43.6 36.9"
length (mm)

“Determinant for AEGL-2 (100 ppm); although the effects reported in the study were
the result of 7-h exposures on gestation days 6-15, it was assumed that the effects were
the result of a single 7-h exposure.
bp < 0.05.
End point/Concentration/Rationale: Fetotoxicity (total gross anomalies), 7-h
exposure at 100 ppm. It was assumed that a single 7-h exposure would produce the
same effects as the 10-day exposure used in the study. Fetotoxicity was considered a
sensitive indicator of potential serious and irreversible effects in a susceptible
population.

(Continued)
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AEGL-2 VALUES Continued
10 min 30 min lh 4h 8h
120 ppm 80 ppm 64 ppm 40 ppm 29 ppm

Uncertainty factors/Rationale:

Total uncertainty factor: 3

Interspecies: None; metabolism and kinetics data and PBPK models (Corley et al.
1990) indicate that humans are less sensitive than rats to chloroform.

Intraspecies: 3 for individual variability in metabolism and disposition of chloroform
and protection of individuals with altered metabolism and disposition (e.g.,
consumers of alcohol); the fetuses are a sensitive population but a larger uncertainty
factor is unwarranted because the critical study involved effects on the fetus.

Modifying factor: None

Animal-to-human dosimetric adjustments: Insufficient data.

Time scaling: The concentration-time relationship for many irritant and systemically
acting vapors and gases may be described by C" x t = k, where the exponent n ranges
from 0.8 to 3.5 (ten Berge et al. 1986). In the absence of chemical-specific data,
temporal scaling was performed using n = 3 when extrapolating to shorter durations
and n = 1 when extrapolating to longer durations.

Data adequacy: A conservative approach to select the point of departure was used
by assuming that a single 7-h exposure would result in fetotoxicity. The values are
considered to be protective of human health consistent with the AEGL-2 definition.

AEGL-3 VALUES
10 min 30 min lh 4h 8 hr
4,000 ppm 4,000 ppm 3,200 ppm 2,000 ppm 1,600 ppm

Reference: Gehring, P.J. 1968. Hepatotoxic potency of various chlorinated
hydrocarbon vapours relative to their narcotic and lethal potencies in mice.
Toxicol. Appl. Pharmacol. 13(3):287-298.

Test species/Strain/Number: Female Swiss-Webster mice (20/group)

Exposure route/Concentrations/Durations: Inhalation, various concentrations and
durations

Effects: Lethality, 4,500-ppm LCts, of 560 min (540-585 min, 95% CI)

End point/Concentration/ Rationale: Lethality threshold estimated by reducing the
560-min LCs, of 4,500 ppm by a factor of 3.

Uncertainty Factors/Rationale:

Total uncertainty factor: 1

Interspecies: None; laboratory animals metabolize chloroform more rapidly than
humans and are, therefore, probably to be more susceptible to the toxic effects of the
more rapidly formed toxic intermediates. PBPK models (Corley et al. 1990) also
support not applying an uncertainty factor.

(Continued)
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AEGL-3 VALUES Continued
10 min 30 min lh 4h 8 hr
4,000 ppm 4,000 ppm 3,200 ppm 2,000 ppm 1,600 ppm
Intraspecies: 3 to account for individual variability in the sensitivity to chloroform-
induced toxicity (e.g., alcohol-potentiated hepatotoxicity). An additional adjustment
(weight-of-evidence factor of 1/3) was applied to account for the PBPK findings
indicating that the mouse is more susceptible to chloroform.

Modifying factor: None applied.

Animal-to-human dosimetric adjustments: Insufficient data.

Time scaling: The concentration-time relationship for many irritant and systemically
acting vapors and gases may be described by C" x t = k (ten Berge et al. 1986),
where the exponent n ranges from 0.8 to 3.5. In the absence of chemical-specific
data, temporal scaling was performed using the default of n = 3 when extrapolating
to shorter durations.

Data adequacy: Human lethality data are lacking and lethality data in laboratory
animals have limitations. However, when compared with human anesthesia data, the
AEGL-3 values appear to be sufficiently protective. PBPK models affirm that
rodents, especially mice, are a considerably more sensitive species than humans to
chloroform.
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APPENDIX C

CATEGORY GRAPH FOR CHLOROFORM
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FIGURE C-1 Category graph of toxicity data and AEGLs values for chloroform.
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APPENDIX D
CARCINOGENICITY ASSESSMENT FOR CHLOROFORM

Cancer Assessment of Chloroform

The cancer inhalation unit risk for chloroform is 2.3 x 107 per (ug/m?)
(EPA 2001, 2012), and is based on a tumorigenic response (hepatocellular car-
cinomas) in B6C3F; mice administered chloroform by gavage (NCI 1976). On
the basis of this unit risk, the upper-bound unit risks of 10 to 107 are 4 x 10~ to
4 x 10° mg/m’, assuming an inhalation rate of 20 m*/day for a 70 kg individual.
At the 10 risk level, the virtually safe dose (d) is 4 pg/m’.

A 70-year exposure may be converted to a 24-h exposure by the following
calculation:

24-h exposure = d x 25,600 days; where d =4 pg/m’
= (4 pg/m’) x 25,600 days
= 102,400 pg/m® (102.4 mg/m")

To account for uncertainty in the variability in the stage at which chloro-
form or its metabolites may act on the cancer process, a multistage factor of 6 is
applied (Crump and Howe 1984):

(102.4 mg/m*) + 6 = 17.07 mg/m’

Therefore, based on the potential carcinogenicity of chloroform, an ac-
ceptable 24-h exposure would be 17.07 mg/m’® (3.58 ppm). If the exposure is
limited to a fraction (f) of a 24-h period, the fractional exposure becomes 1/f
x 24 h (NRC 1984), resulting in the following values:

24-h exposure = 17.07 mg/m’ (3.58 ppm)
8h =51.21 mg/m’ (11 ppm)
4h =102.42 mg/m’ (22 ppm)
1h =409.68 mg/m’ (86 ppm)
0.5h =819.36 mg/m’ (172 ppm)

The AEGL-2 values based on acute toxicity were somewhat greater than
the values derived based on potential carcinogenicity. However, the data are
compelling that the carcinogenic response to chloroform has a threshold, such
that repeated exposures are needed that result in tissue necrosis and regenera-
tion.

A virtually safe dose of 0.01 ppm (48.7 pg/m’) was derived by Butter-
worth et al. (1995) and Wolf and Butterworth (1997) based on a no-observed-
adverse-effect level of 10 ppm in mice and the assumption that the tumorigenic
response was secondary to necrosis and regenerative cell proliferation (a thresh-
old response). Cancer risk based on this approach is 12-fold less than those de-
rived from the 10 unit risk number.
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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 |ethality datain 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 (AEGL ) 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 AEGL s for more than 270 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. Thisreport isthe twelfth volumein

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

Xiii
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that series. AEGL documents for butane, chloroacetaldehyde, chlorobenzene,
chloroform, methyl bromide, methyl chloride, and propane are each published as
an appendix in this report. The committee concludes that the AEGL s developed in
these appendixes are scientifically valid conclusions based on the data reviewed
by NAC and are consistent with the NRC guideline reports. AEGL reports for
additional chemicalswill be presented in subsequent volumes.

The committee's review of the AEGL documents involved both oral and
written presentations to the committee by the authors of the documents. The
committee examined the draft documents and provided comments and recom-
mendations 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 interim
reports and presented them for reexamination by the committee as many times
as necessary until the committee was satisfied that the AEGLs were scientifi-
caly 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 avolume such as this one.

The five 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 ingtitution 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 five committee interim reports, which summa-
rize the committee’s conclusions and recommendations for improving NAC's
AEGL documents for butane (interim reports 17 and 20a), chloroacetaldehyde
(interim report 17), chlorobenzene (interim report 17), chloroform (interim re-
ports 13, 14, and 18), methyl bromide (interim reports 18 and 20a), methyl chlo-
ride (interm reports 18 and 10a), and propane (interim reports 17 and 20a):
Deepak Bhalla (Wayne State University), Harvey Clewell (The Hamner Insti-
tutes for Health Sciences), Jeffrey Fisher (U.S. Food and Drug Administration),
David Gaylor (Gaylor and Associates, LLC), A. Wallace Hayes (Harvard
School of Public Health), Sam Kacew (University of Ottawa), Kenneth Still
(Occupational Toxicology Associates), Joyce Tsuji (Exponent, Inc.), and Judith
Zelikoff (New Y ork University).

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
release. The review of interim report 13 was overseen by Sidney Green, Jr.
(Howard University), and interim reports 14, 17, 18, and 20a were overseen by
Robert Goyer (University of Western Ontario [retired]). Appointed by the
NRC, they were responsible for making certain that an independent examina-
tion of the interim reports was carried out in accordance with institutional pro-
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cedures and that all review comments were carefully considered. Responsibil-
ity for the final content of this report rests entirely with the authoring commit-
tee and the institution.

The committee gratefully acknowledges the valuable assistance provided
by the following persons. Ernest Falke and Iris A. Camacho (both from EPA)
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National Research Council Committee
Review of Acute Exposure Guideline
L evels of Selected Airborne Chemicals

This report is the twelfth 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 aso 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 tranglated into emergency exposure limits for exposures at high levels

3
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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:

INAC completed its chemical reviews in October 2011. The committee was composed
of members from EPA, DOD, many other federal and state agencies, industry, academia,
and other organizations. From 1996 to 2011, the NAC discussed over 300 chemicals and
developed AEGLSs values for at least 272 of the 329 chemicals on the AEGLS priority
chemicals lists. Although the work of the NAC has ended, the NAC-reviewed technical
support documents are being submitted to the NRC for independent review and finaliza-
tion.
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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
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 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 genera public, including susceptible subpopulations, such as in-
fants, children, the elderly, persons with asthma, and those with other illnesses,
it isrecognized that individuals, subject to idiosyncratic responses, could experi-
ence the effects described at concentrations below the corresponding AEGL.

SUMMARY OF REPORT ON
GUIDELINES FOR DEVELOPING AEGLS

As described in Guidelines for Developing Community Emergency Expo-
sure Levels for Hazardous Substances (NRC 1993) and the NRC guidelines re-
port Standing Operating Procedures for Developing Acute Exposure Guideline
Levels for Hazardous Chemicals (NRC 2001a), the first step in establishing
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-
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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
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 extrapol ation.

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 AEGLSs 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 were initially prepared by ad hoc AEGL devel-
opment teams consisting of a chemical manager, chemical reviewers, and a staff
scientist of the NAC contractors—Oak Ridge National Laboratory and subse-
guently Syracuse Research Corporation. The draft documents were then re-
viewed by NAC and elevated from “draft” to “proposed” status. After the AEGL
documents were approved by NAC, they were published in the Federal Register
for public comment. The reports were then revised by NAC in response to the
public comments, elevated from “proposed” to “interim” status, and sent to the
NRC Committee on Acute Exposure Guideline Levelsfor final evaluation.

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

Because of the enormous amount of data presented in AEGL reports, the
NRC committee cannot verify al of the data used by NAC. The NRC committee
relies on NAC for the accuracy and completeness of the toxicity data cited in the
AEGL reports. Thus far, the committee has prepared eleven reports in the series
Acute Exposure Guideline Levels for Selected Airborne Chemicals (NRC 2001b,
2002h, 2003, 2004, 2007b, 2008b, 2009, 2010a,b, 2011, 2012). This report is the
twelfth volume in that series. AEGL documents for butane, chloroacetaldehyde,
chlorobenzene, chloroform, methyl bromide, methyl chloride, and propane are
each published as an appendix in this report. The committee concludes that the
AEGLSs developed in these appendixes are scientifically valid conclusions based
on the data reviewed by NAC and are consistent with the NRC guideline reports.
AEGL reportsfor additional chemicalswill be presented in subsequent volumes.
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