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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
railroad cars and trucks transporting EHSs. The people in communities
surrounding industrial facilities where EHSs are manufactured, used, or
stored and in communities along the nation’s railways and highways poten-
tially are at risk of being exposed to airborne EHSs during accidental re-
leases. Pursuant to the Superfund Amendments and Reauthorization Act of
1986, the U.S. Environmental Protection Agency (EPA) has identified
approximately 400 EHSs on the basis of acute lethality data in rodents.

As part of its efforts to develop acute exposure guideline levels for
EHSs, EPA and the Agency for Toxic Substances and Disease Registry
(ATSDR) in 1991 requested that the National Research Council (NRC)
develop guidelines for establishing such levels. In response to that request,
the NRC published Guidelines for Developing Community Emergency
Exposure Levels for Hazardous Substances in 1993.

Using the 1993 NRC guidelines report, the National Advisory Commit-
tee (NAC) on Acute Exposure Guideline Levels for Hazardous Substances
—consisting of members from EPA, the Department of Defense (DOD), the
Department of Energy (DOE), the Department of Transportation, other
federal and state governments, the chemical industry, academe, and other

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

Xi



Xii PREFACE

organizations from the private sector—has developed acute exposure guide-
line levels (AEGLSs) for approximately 80 EHSs.

In 1998, EPA and DOD requested that the NRC independently review
the AEGLs developed by NAC. In response to that request, the NRC orga-
nized within its Committee on Toxicology the Subcommittee on Acute
Exposure Guideline Levels, which prepared this report. This report is the
fourth volume in the series Acute Exposure Guideline Levels for Selected
Airborne Chemicals. Itreviews the AEGLs for chlorine, hydrogen chloride,
hydrogen fluoride, toluene 2,4- and 2,6-diisocyanate, and uranium hexa-
fluoride for scientific accuracy, completeness, and consistency with the
NRC guideline reports.

This report was reviewed in draft by individuals selected for their di-
verse perspectives and technical expertise, in accordance with procedures
approved by the NRC’s Report Review Committee. The purpose of this
independent review is to provide candid and critical comments that will
assist the institution in making its published report as sound as possible and
to ensure that the report meets institutional standards for objectivity, evi-
dence, and responsiveness to the study charge. The review comments and
draft manuscript remain confidential to protect the integrity of the delibera-
tive process. We wish to thank the following individuals for their review
of this report: David H. Moore of Battelle Memorial Institute; Sam Kacew
of University of Ottawa; and Rakesh Dixit of Merck and Company, Inc.

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 the report before its
release. The review of this report was overseen by Janice E. Chambers of
Mississippi State University, appointed by the Division on Earth and Life
Studies, who was responsible for making certain that an independent exami-
nation of this report was carried out in accordance with institutional proce-
dures and that all review comments were carefully considered. Responsibil-
ity for the final content of this report rests entirely with the authoring com-
mittee and the institution.

The subcommittee gratefully acknowledges the valuable assistance
provided by the following people: Ernest Falke and Paul Tobin, EPA;
George Rusch, Honeywell, Inc.; Sylvia Talmage, Cheryl Bast, and Carol
Wood, Oak Ridge National Laboratory; and Aida Neel, senior project assis-
tant for the Board on Environmental Studies and Toxicology. Kelly Clark
edited the report. We are grateful to James J. Reisa, director of the Board
on Environmental Studies and Toxicology, for his helpful comments. The
subcommittee particularly acknowledges Kulbir Bakshi, project director for
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the subcommittee, for bringing the report to completion. Finally, we would
like to thank all members of the subcommittee for their expertise and dedi-
cated effort throughout the development of this report.

Daniel Krewski, Chair
Subcommittee on Acute Exposure
Guideline Levels

Bailus Walker, Chair
Committee on Toxicology
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Intfroduction

This report is the fourth volume in the series Acute Exposure Guideline
Levels for Selected Airborne Chemicals.

In the Bhopal disaster of 1984, approximately 2,000 residents living
near a chemical plant were killed and 20,000 more suffered irreversible
damage to their eyes and lungs following accidental release of methyl
isocyanate. The toll was particularly high because the community had little
idea what chemicals were being used at the plant, how dangerous they
might be, and what steps to take in case of emergency. This tragedy served
to focus international attention on the need for governments to identify
hazardous substances and to assist local communities in planning how to
deal with emergency exposures.

In the United States, the Superfund Amendments and Reauthorization
Act (SARA) of 1986 required that the U.S. Environmental Protection
Agency (EPA) identify extremely hazardous substances (EHSs) and, in
cooperation with the Federal Emergency Management Agency and the
Department of Transportation, assist Local Emergency Planning Commit-
tees (LEPCs) by providing guidance for conducting health-hazard assess-
ments for the development of emergency-response plans for sites where
EHSs are produced, stored, transported, or used. SARA also required that
the Agency for Toxic Substances and Disease Registry (ATSDR) determine
whether chemical substances identified at hazardous waste sites or in the
environment present a public-health concern.
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As a first step in assisting the LEPCs, EPA identified approximately
400 EHSs largely on the basis of their immediately dangerous to life and
health (IDLH) values developed by the National Institute for Occupational
Safety and Health (NIOSH) in experimental animals. Although several
public and private groups, such as the Occupational Safety and Health
Administration (OSHA) and the American Conference of Governmental
Industrial Hygienists (ACGIH), have established exposure limits for some
substances and some exposures (e.g., workplace or ambient air quality),
these limits are not easily or directly translated into emergency exposure
limits for exposures at high levels but of short duration, usually less than 1
h, and only once in a lifetime for the general population, which includes
infants (from birth to 3 years of age), children, the elderly, and persons with
diseases, such as asthma or heart disease.

The National Research Council (NRC) Committee on Toxicology
(COT) has published many reports on emergency exposure guidance levels
and spacecraft maximum allowable concentrations for chemicals used by
the Department of Defense (DOD) and the National Aeronautics and Space
Administration (NASA) (NRC 1968, 1972, 1984a,b,c,d, 1985a,b, 1986a,b,
1987, 1988, 1994, 1996a,b, 2000). COT has also published guidelines for
developing emergency exposure guidance levels for military personnel and
for astronauts (NRC 1986b, 1992). Because of COT’s experience in recom-
mending emergency exposure levels for short-term exposures, in 1991 EPA
and ATSDR requested that COT develop criteria and methods for develop-
ing emergency exposure levels for EHSs for the general population. In
response to that request, the NRC assigned this project to the COT Subcom-
mittee on Guidelines for Developing Community Emergency Exposure
Levels for Hazardous Substances. The report of that subcommittee, Guide-
lines for Developing Community Emergency Exposure Levels for Hazard-
ous 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 pres-
ent the results.

In November1995, the National Advisory Committee for Acute Expo-
sure Guideline Levels for Hazardous Substances (NAC)' was established
to identify, review, and interpret relevant toxicologic and other scientific
data and to develop acute exposure guideline levels (AEGLs) for high-
priority, acutely toxic chemicals. The NRC’s previous name for acute expo-
sure levels—community emergency exposure levels (CEELs)—was re-

'NAC is composed of members from EPA, DOD, many other federal and state
agencies, industry, academe, and other organizations. The roster of NAC is shown
on page 8.
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placed by “AEGLs” to reflect the broad application of these values to plan-
ning, response, and prevention in the community, the workplace, transporta-
tion, the military, and the remediation of Superfund sites.

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

AEGL-1 is the airborne concentration (expressed as ppm [parts per
million] 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 dis-
abling 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 susceptible 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 susceptible 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 nondis-
abling odor, taste, and sensory irritation or certain asymptomatic, non-
sensory adverse 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. Al-
though the AEGL values represent threshold levels for the general public,
including susceptible subpopulations, such as infants, children, the elderly,
persons with asthma, and those with other illnesses, it is recognized that
individuals, subject to unique or idiosyncratic responses, could experience
the effects described at concentrations below the corresponding AEGL.
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SUMMARY OF REPORT ON
GUIDELINES FOR DEVELOPING AEGLS

As described in the Guidelines for Developing Community Emergency
Exposure Levels for Hazardous Substances (NRC 1993) and the NAC
guidelines report Standing Operating Procedures on Acute Exposure
Guideline Levels for Hazardous Substances(NRC 2001), the first step in
establishing AEGLs for a chemical is to collect and review all relevant
published and unpublished information available on that chemical. Various
types of evidence are assessed in establishing AEGL values for a chemical.
They include information from (1) chemical-physical characterizations, (2)
structure-activity relationships, (3) in vitro toxicity studies, (4) animal toxic-
ity studies, (5) controlled human studies, (6) observations of humans in-
volved in chemical accidents, and (7) epidemiologic studies. Toxicity data
from human studies are most applicable and are used when available in
preference to data from animal studies and in vitro studies. Toxicity data
from inhalation exposures are most useful for setting AEGLs for airborne
chemicals because inhalation is the most likely route of exposure and be-
cause extrapolation of data from other routes would lead to additional un-
certainty 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 from animal species most representative of
humans in terms of pharmacodynamic and pharmacokinetic properties are
used for determining AEGLs. If data are not available on the species that
best represents humans, the data from the most sensitive animal species are
used to set AEGLs. Uncertainty factors are commonly used when animal
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 considered for interspecies extrapolation.

For substances that affect several organ systems or have multiple ef-
fects, all end points, including reproductive (in both genders), developmen-
tal, neurotoxic, respiratory, and other organ-related effects, are evaluated,
the most important or most sensitive effect receiving the greatest attention.
For carcinogenic chemicals, excess carcinogenic risk is estimated, and the
AEGLs corresponding to carcinogenic risks of 1 in 10,000 (1 x 10, 1 in
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100,000 (1 x 107%), and 1 in 1,000,000 (1 x 10°) exposed persons are esti-
mated.

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
scientific validity, completeness, and consistency with the NRC guideline
reports (NRC 1993, 2001). The NRC assigned this project to the COT
Subcommittee on Acute Exposure Guideline Levels. The subcommittee has
expertise in toxicology, epidemiology, pharmacology, medicine, industrial
hygiene, biostatistics, risk assessment, and risk communication.

The AEGL draft reports are initially prepared by ad hoc AEGL Devel-
opment Teams consisting of a chemical manager, two chemical reviewers,
and a staff scientist of the NAC contractor—QOak Ridge National Labora-
tory. The draft documents are then reviewed by NAC and elevated from
“draft” to “proposed” status. After the AEGL documents are approved by
NAC, they are published in the Federal Register for public comment. The
reports are then revised by NAC in response to the public comments, ele-
vated from “proposed” to “interim” status, and sent to the NRC Subcommit-
tee on Acute Exposure Guideline Levels for final evaluation.

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

Because of the enormous amount of data presented in the AEGL re-
ports, the NRC subcommittee cannot verify all the data used by NAC. The
NRC subcommittee relies on NAC for the accuracy and completeness of the
toxicity data cited in the AEGLs reports.

This report is the fourth volume in the series Acute Exposure Guideline
Levels for Selected Airborne Chemicals. AEGL documents for chlorine,
hydrogen chloride, hydrogen fluoride, toluene 2,4- and 2,6-diisocyanate,
and uranium hexafluoride are published as an appendix to this report. The
subcommittee concludes that the AEGLs developed in those documents are
scientifically valid conclusions based on the data reviewed by NAC and are
consistent with the NRC guideline reports. AEGL reports for additional
chemicals will be presented in subsequent volumes.
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Hydrogen Fluoride'

Acute Exposure Guideline Levels

SUMMARY

Hydrogen fluoride (HF) is a colorless, highly irritating, corrosive gas.
Reaction with water is rapid, producing heat and hydrofluoric acid. HF is
used in the manufacture of artificial cryolite; in the production of alumi-
num, fluorocarbons, and uranium hexafluoride; as a catalyst in alkylation
processes during petroleum refining; in the manufacture of fluoride salts;
and in stainless-steel pickling operations. It is also used to etch glass and
as a cleaner in metal finishing processes.

HF is a severe irritant to the eyes, skin, and nasal passages; high con-
centrations may penetrate to the lungs, resulting in edema and hemorrhage.
Data on irritant effects in humans and lethal and sublethal effects in six
species of mammal (monkey, dog, rat, mouse, guinea pig, and rabbit) were
available for developing acute exposure guideline levels (AEGLs). The

'This document was prepared by the AEGL Development Team comprising
Sylvia Talmage (Oak Ridge National Laboratory) and National Advisory Commit-
tee (NAC) on Acute Exposure Guideline Levels for Hazardous Substances member
Larry Gephart (Chemical Reviewer). The NAC reviewed and revised the document
and the AEGL values as deemed necessary. Both the document and the AEGL
values were then reviewed by the National Research Council (NRC) Subcommittee
on Acute Exposure Guideline Levels. The NRC subcommittee concluded that the
AEGLs developed in this document are scientifically valid conclusions on the basis
of the data reviewed by the NRC and are consistent with the NRC guidelines re-
ports (NRC 1993, 2001).
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data were considered adequate for deriving the three AEGL classifications
for the five exposure periods. Regression analyses of the reported
concentration-exposure durations for lethality in the animal species deter-
mined that the relationship between concentration and time is C* x t = k
(where C = concentration, ¢ = time, and & is a constant).

The AEGL-1 was based on an exposure at 3 parts per million (ppm)
(range, 0.85-2.93 ppm) for 1 hour (h), which was the threshold for pulmo-
nary inflammation, as evidenced by an increase in the percentage of several
inflammatory parameters such as CD3 cells and myeloperoxidase in the
bronchoalveolar lavage fluid of 20 healthy exercising adult subjects (Lund
et al. 1999). There were no increases in neutrophils, eosinophils, protein,
or methyl histamine at this or the next higher average exposure concentra-
tion of 4.7 ppm (range, 3.05-6.34 ppm). There were no changes in lung
function and only minor symptoms of irritation at that concentration (Lund
et al. 1997). Although healthy adults were tested, several individuals had
increased immune factors, indicating atopy. The 3-ppm concentration was
divided by an intraspecies uncertainty factor (UF) of 3 to protect susceptible
individuals. Because there were no effects on respiratory parameters of
healthy adults at concentrations up to 6.34 ppm in the Lund et al. (1997)
study and at concentrations up to 8.1 ppm for 6 h/day (d) with repeated
exposures in a supporting study (Largent 1960, 1961), the calculated
AEGL-1 values will be protective of asthmatic individuals. Although the
Lund et al. (1999) study duration was only 1 h, the longer exposures at
higher concentrations in the supporting study (Largent 1960, 1961), and the
fact that adaptation to mild sensory irritation occurs, support application of
the 1-ppm concentration for up to 8 h.

The 10-minute (min) AEGL-2 was based on an absence of serious
pulmonary or other adverse effects in rats during direct delivery of HF to
the trachea at 950 ppm for an exposure period of 10 min (Dalbey 1996;
Dalbey et al. 1998a). The reported concentration-exposure value of 950
ppm for 10 min was adjusted by a combined UF of 10—3 for interspecies
variation, because the rat was not the most sensitive species in other studies
(but direct delivery to the trachea is a sensitive model), and an intraspecies
UF of 3 to protect susceptible individuals. The resulting 10-min value
clearly is below the serious injury categories of data from tests in monkeys,
rats, dogs, mice, guinea pigs, and rabbits.

The 30-min and 1-, 4- and 8-h AEGL-2 values were based on a study
in which dogs exposed at 243 ppm for 1 h exhibited blinking, sneezing, and
coughing (Rosenholtz et al. 1963). Rats exposed at a similar concentration
(291 ppm) developed moderate eye and nasal irritation. The next higher
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concentration (489 ppm for 1 h) resulted in respiratory distress and severe
eye and nasal irritation in the rat, signs more severe than those ascribed to
AEGL-2. The moderate eye and nasal irritation observed in dogs at 243
ppm was considered the threshold for impaired ability to escape. The 1-h
value of 243 ppm was adjusted by a total UF of 10—3 for interspecies
variation, because the dog is a sensitive species for sensory irritation, and
3 to protect susceptible individuals. The values were scaled across time
using C" x t = k, where n=2. The n value was derived using concentration-
exposure duration relationships from animal lethality studies. It should be
noted that the resulting 30-min AEGL-2 of 34 ppm is similar to the 32-ppm
concentration that could be tolerated by human subjects for only minutes in
the Machle et al. (1934) study. Using a larger total UF such as 30 would
reduce the 1-h value to 8 ppm, a concentration that resulted in only slight
irritation in healthy adults during repeated, intermittent exposures (Largent
1960, 1961). Because the time-scaled 8-h value of 8.6 ppm was inconsis-
tent with the Largent (1960, 1961) study in which humans subjects inhaling
8.1 ppm intermittently suffered no effects other than slight irritation, the 8-h
AEGL-2 was set equal to the 4-h AEGL-2.

The 10-min AEGL-3 was based on the reported 10-min lethal threshold
of 1,764 ppm reported in orally cannulated rats (Dalbey 1996; Dalbey et al.
1998). That value was rounded to 1,700 ppm and adjusted by UFs of 3 for
interspecies differences (LC;, values [concentrations lethal to 50% of sub-
jects] differ by a factor of approximately 2-4 between the mouse and rat)
and 3 to protect susceptible individuals. The total UF for the 10-min
AEGL-3 was 10. Application of a larger UF would reduce the 10-min
AEGL-3 to a value below the 10-min AEGL-2.

The 30-min and 1-, 4-, and 8-h AEGL-3 values were derived from a 1-
h exposure that resulted in no deaths in mice (Wohlslagel et al. 1976). The
data indicated that 263 ppm was the threshold for lethality. A comparison
of LC,, values among species indicated that the mouse was the most sensi-
tive species in the lethality studies. The 1-h value of 263 ppm was adjusted
by an interspecies UF of 1, because the mouse was the most sensitive spe-
cies, and an intraspecies UF of 3 to protect susceptible individuals. A modi-
fying factor (MF) of 2 was applied to account for the fact that the highest
nonlethal value was close to the LC;, of 342 ppm. The resulting value was
scaled to the other AEGL-specified exposure periods using C" x t = k,
where n=2. A total factor of 6 is reasonable and sufficient, because appli-
cation of a total factor of 20 (3 each for inter- and intraspecies uncertainties
and 2 as a MF) would reduce the predicted 6-h AEGL-3 to 5.4 ppm, a con-
centration below the peak 8.1-ppm concentration that produced only irrita-
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tion in humans (Largent 1960, 1961). Because HF is well scrubbed at low
concentrations, and because the time-scaled 8-h AEGL-3 value of 15 ppm
was inconsistent with data from repeated exposures in animal studies, the
8-h value was set equal to the 4-h value.

The AEGLs for HF are summarized in Table 3-1.

1. INTRODUCTION

HF is a colorless, highly irritating, corrosive gas with a molecular
weight of 20.01 and a density of 1.27. It is extremely soluble in water;
reaction with water produces heat and forms hydrofluoric acid. At atmo-
spheric pressure, the gas is monomeric; at higher pressures, polymerization
takes place, producing a gas of density greater than monomeric HF (Perry
et al. 1994). Although HF is lighter than air and would disperse when re-
leased, a cloud of vapor and aerosol that is heavier than air may be formed
under some release conditions (EPA 1993). Additional chemical and physi-
cal properties are listed in Table 3-2.

Anhydrous HF is manufactured and used in the United States for the
production of aluminum, fluorocarbons, cryolite, and uranium hexafluoride;
in solutions used for glass etching, cleaning, stainless steel pickling, and
chemical derivatives; as a catalyst for the production of gasoline; and for
nuclear applications (EPA 1993; Perry et al. 1994).

Recent production data were not located. In 1992, HF was manufac-
tured in the United States by three companies at 10 sites with a total produc-
tion capacity of 206,000 tons; U.S. production is approximately 90% of
capacity. Inaddition, several aluminum producers make HF for on-site use.
In 1991, users and/or producers of HF included 13 fluorocarbon production
facilities and approximately 51 petroleum refineries that had HF alkylation
units. Due to the phase-out of chlorofluorocarbon production, HF produc-
tion was expected to fall slightly by 1996 (EPA 1993).

Contact of liquid HF with the skin can produce severe burns; the gas
is corrosive to the eyes and mucous membranes of the respiratory tract. The
acute inhalation toxicity of HF has been studied in several laboratory animal
species, and its irritant properties have been studied in human volunteers.
Large differences in the concentrations causing the same effects in animal
studies indicate that difficulties in measurement techniques were encoun-
tered by investigators in some of the early studies, thus limiting the value
oftheir quantitative data. In addition, experimental details and descriptions
of effects were inadequate in some of the studies.
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TABLE 3-1 Summary Table of AEGL Values (ppm [mg/m’])

10 30 End Point
Classification min min 1h 4h 8h (Reference)
AEGL-1 1.0 1.0 1.0 1.0 1.0 Threshold, pulmo-

(Nondisabling)  (0.8) (0.8) (0.8) (0.8) (0.8) naryinflammation
in humans (Lund et
al. 1997, 1999)

AEGL-2 95 34 24 12 12 NOAEL for lung

(Disabling) (78) 28) (20) (9.8) (9.8) effects in cannulated
rats (Dalbey 1996;
Dalbey et al.
1998a);” sensory
irritation in dogs
(Rosenholtz et al.

1963)°
AEGL-3 170 62 44 22 22 Lethality threshold
(Lethal) (139) (51) (@36) (18) (18)  in cannulated rats
(Dalbey 1996;
Dalbey et al.

1998a);° lethality
threshold in mice
(Wohlslagel et al.
1976)"

“10-min AEGL-2 value.

30-min and 1-, 4-, and 8-h AEGL-2 values.

“10-min AEGL-3 value.

930-min and 1-, 4-, and 8-h AEGL-3 values.

Abbreviations: mg/m?®, milligrams per cubic meter; ppm, parts per million.

2. HUMAN TOXICITY DATA
2.1. Acute Lethality

No data were located regarding human deaths following inhalation-
only exposure to HF. However, several studies indicate that humans have
died from accidental exposure to hydrofluoric acid (Kleinfeld 1965;
Tepperman 1980; Braun et al. 1984; Mayer and Gross 1985; Chan et al.
1987; Chela et al. 1989; ATSDR 1993). These accidents involved acute
inhalation of HF in combination with dermal exposure involving severe
dermal lesions. Deaths were attributed to pulmonary edema and cardiac
arrhythmias, the latter a result of acidosis from pronounced hypocalcemia
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TABLE 3-2 Chemical and Physical Data for Hydrogen Fluoride

Parameter

Value

Reference

Synonyms

Molecular formula
Molecular weight

CAS Registry Num-
ber

Physical state
Color

Solubility in water

Hydrofluoric acid gas, anhy-
drous hydrofluoric acid

HF
20.01
7664-39-3

Gas
Colorless

Miscible in all proportions

Budavari et al. 1996

Budavari et al. 1996
Budavari et al. 1996
Budavari et al. 1996

Budavari et al. 1996
Budavari et al. 1996
Perry et al. 1994

Vapor pressure 760 mm Hg at 20°C ACGIH 2002
Density (water = 1) 1.27 at 34°C Perry et al. 1994
Melting point -87.7°C Perry et al. 1994
Flammability Not flammable Weiss 1980
Boiling point 19.5°C Perry et al. 1994
Conversion factors 1 ppm = 0.82 mg/m’ ACGIH 2002

1 mg/m® = 1.22 ppm

and hypomagnesemia following dermal fluoride uptake. No doses or expo-
sure levels could be determined.

2.2. Nonlethal Toxicity

Ronzani (1909) and Machle et al. (1934) cite early reports in which a
concentration of HF at 0.004% (40 ppm) was used in the treatment of tuber-
culosis. No exposure times were stated. The sharp, irritating odor of HF
is noticeable at 0.02-0.13 ppm (Sadilova et al. 1965; Perry et al. 1994).

Three groups of investigators studied the irritant effects of acute HF
exposures in human volunteers. An additional study reported on exposures
over a period of 10-50 d. Studies of industrial exposures and accidental
releases were located, but exposure concentrations either were intermittent
or were not measured; furthermore, those studies were confounded by the
presence of other chemicals.
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2.2.1. Experimental Studies

The studies using human volunteers are summarized in Table 3-3.
Machle et al. (1934) exposed two male volunteers to concentrations of HF
at 0.1, 0.05, and 0.026 mg/L (32, 61, and 122 ppm) for very short exposure
periods. Inhalation of HF at 122 ppm produced marked conjunctival and
respiratory irritation within 1 min and smarting of the exposed skin. At 61
ppm, eye and nasal irritation were marked, but smarting of the skin was not
reported. Irritation of the eyes and nose was mild at 32 ppm, and that con-
centration was “tolerated” with discomfort. At all concentrations, irritation
of the larger airways and a sour taste in the mouth were present. Repeated
exposures (undefined) failed to produce adaptation.

Collings et al. (1951) subjected two volunteers to an atmosphere con-
taining HF and silicon tetrafluoride during an 8-h work shift; the subjects
left the area for 15 min every 2 h and during a lunch break. The average
concentration of fluoride during the exposure was 3.8 milligrams per cubic
meter (mg/m®) (4.6 ppm); the concentration of HF alone was not measured,
but would presumably have been <4.6 ppm. According to the authors,
“both subjects experienced the anticipated irritant effect of thegases and the
remarkably rapid acclimation which is so well known.” No further details
on irritant effects were stated.

Largent (1960, 1961) exposed five male volunteers (ages 17-46) to
variable concentrations of HF for 6 h/d over a period of 10-50 d. Average
individual concentrations over the exposure period ranged from 1.42 ppm
to 4.74 ppm (average, 3.2 ppm; total range, 0.9-8.1 ppm). Effects were no
more severe in two subjects who were exposed at concentrations up to 7.9
ppm and up to 8.1 ppm over a 25 d and 50 d period, respectively, than in the
other subjects. Although it was stated that one subject tolerated 1.42 ppm
for 15 d (6 h/d) without noticeable effects, exposure of the same subject at
3.39 ppm for 10 d at a later time resulted in redness of the face and, by day
11, some flaking of the skin. The subjects experienced very slight irritation
of the eyes, nose, and skin at <2 ppm and noted a sour taste in the mouth
during the exposures. It is not clear whether the subject exposed at 1.42
ppm for 15 d also experienced those effects. Application of a coating of
face cream prior to exposure was found to prevent any discomfort or red-
ness of the shaved facial skin. Any signs of discomfort disappeared after
cessation of exposure. Systemic effects were not observed. Two subjects
in this study displayed slightly different levels of sensitivity. One subject
suffered from a cold for a few days during which there was heightened
discomfort. Another subject did not use cosmetic cream.
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Lund et al. (1995) exposed 15 healthy male volunteers to concentra-
tions at 1.5-6.4 mg/m’ (1.83-7.8 ppm) for 1 h in order to study sensory
irritation, as indicated by inflammatory cells in bronchoalveolar lavage
(BAL) fluid and changes in pulmonary parameters. HF induced a bronchial
inflammatory reaction as indicated by an increase in the fraction of lympho-
cytes and neutrophils in the BAL fluid. The fraction of CDS5 positive cells
(cluster determinants, a subpopulation of T cells) increased from a pre-
exposure value of 0.6% to 6.3% at 20-24 h after exposure. There were no
changes in spirometry measurements. The data were reported in an abstract,
and no further details were given.

In a more recent publication that appears to be a continuation of the
above study, 20 healthy, nonsmoking male volunteers, ages 21-44 y, were
exposed to a constant concentration within the range of 0.24-6.34 ppm for
1 hin a 19.2-m’ chamber (Lund et al. 1997). Three subjects per exposure
group were exposed twice with a 3-month (mo) interval between exposures.
In orderto analyze a dose-response relationship, the exposures were divided
into ranges of 0.2-0.7 ppm (nine subjects); 0.85-2.9 ppm (seven subjects);
and 3.0-6.3 ppm (seven subjects). Two of the subjects had hay fever; one
of'those and an additional subject had an increased total IgE immunoglobu-
lin level. The exposure groups of these subjects were not identified. The
authors stated that the rest of the subjects were not atopic or allergic. Expo-
sure concentrations were monitored by an electrochemical sensor. Exact
exposures were measured by collecting air samples on cellulose pads im-
pregnated with sodium formate and analyzed with a fluoride selective elec-
trode. Upper and lower airway and eye irritation were subjectively scored
on a scale of 0 (no symptoms) to 5 (severe symptoms). In addition, FEV,
(forced expiratory volume in one second) and FVC (forced vital capacity)
were measured before, during (every 15 min), and at the end of the expo-
sures and again at 4 and 24 h post-exposure. Subjects rested during the first
45 min of exposure; during the last 15 min the subjects exercised on a sta-
tionary bicycle.

Five subjects reported minor upper and lower respiratory symptoms
(mild coughing or expectoration and itching of the nose) before entering the
chamber. Symptoms increased after the 1-h exposure, but none of the sub-
jects in the lower two exposure groups reported symptom scores of greater
than 3. Specific scores for symptoms were not reported in the publication;
however, a score of 1-3 was defined as low. The mean FVC was signifi-
cantly decreased after exposure in the lowest exposure group, from 5.1 liters
(L)to 4.8 L. The lack of significant changes in the higher exposure groups
makes it unlikely that the change in FVC in the lowest group was a result
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of chemical exposure. In the highest exposure group, no eye irritation was
reported, but three subjects reported upper airway irritation (itching or
soreness of the nose or throat) with scores of greater than 3, and one subject
reported a lower airway irritation (chest tightness, soreness, coughing,
expectoration, or wheezing) with a score of greater than 3. Specific symp-
toms and actual scores were not reported. The authors noted that lower
airway symptoms were not reported to a significant degree in relation to
exposure to HF, and none of the subjects had obvious signs of bronchial
constriction. The authors note that the study was not blind and that the
symptoms may have been overreported; however, the exposed subjects were
unaware of the exposure concentration.

In a second publication addressing the same study (Lund et al. 1999),
the authors reported whether or not changes in BAL fluid components
occurred 24 h after 1-h exposures at the above concentrations. In particular,
they looked at an inflammatory response as indicated by changes in types
of white blood cells and several noncellular components compared with
measurements taken 3 weeks (wk) before the exposures. The aspirated
BAL was divided into bronchial and bronchoalveolar portions, the latter
reflecting the more distal air spaces of the lung. Results were provided in
the form of cell differentials (%, median and interquartile ranges), making
absolute comparisons difficult. The percentage of CD3-positive cells was
significantly increased in the bronchial portions of the BAL in the two
higher exposure groups and in the bronchoalveolar portions of the BAL in
the highest exposure group (3.0-6.3 ppm). CD (cluster determinant) cells
are a subpopulation of T cells (i.e., lymphocytes from the thymus) that are
recognizable by a selective monoclonal antibody. Although neutrophils
were not increased, myeloperoxidase and interleukin-6 (a cytokine) in-
creased significantly in the bronchial portion in the highest exposure group.
There were no dose-response related differences in percentages of lympho-
cytes, eosinophils, neutrophils, and macrophages among the groups for
either portions of the BAL, although for the exposure groups combined, the
percentage of lymphocytes increased slightly but significantly and the per-
centage of macrophages decreased slightly but significantly compared with
pre-exposure values in both portions of the BAL. Methyl histamine and
intercellular adhesion molecule-1 in the bronchial portion were unchanged
and, surprisingly, several protein components, including albumin and total
protein, were decreased in the bronchoalveolar portion. Although the au-
thors refer to an inflammatory response, they considered the effects minor
and could not identify a clear concentration-response relationship.
Increases in neutrophils, eosinophils, mast cells, or serum protein in the
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BAL are considered biomarkers of inflammation (NRC 1989); there were
no concentration-related increases in any of those BAL components in the
study.

2.2.2. Worker Exposure

Chronic exposures in industrial situations have led to skeletal fluorosis
in exposed workers. Concentrations of airborne HF in those studies are
often estimated or unknown, and exposures are usually to both HF and
fluoride dusts (NIOSH 1976; ATSDR 1993). However, studies with long-
term exposure levels can be used to determine no-effect concentrations. For
example, Derryberry et al. (1963) reported that there were no statistically
significant differences in several respiratory parameters between a control
group and a group of 57 workers engaged in the manufacture of phosphate
fertilizer. Exposure to dust and HF gas combined resulted in fluoride con-
centrations ranging from 0.50 mg/m’to 8.32 mg/m?*, with an average for the
group of 2.81 mg/m’® (HF at 3.6 ppm) over a 14-y period.

Machle and Evans (1940) studied a group of workers exposed to HF
and, to a lesser extent, calcium fluoride dust during the manufacture of
hydrofluoric acid. Over a 5-y period, the workers were exposed intermit-
tently, in the vicinity of equipment or while repairs were made, to concen-
trations of fluoride at 0.011-0.021 mg/L (HF at 14-27 ppm). Medical exam-
inations revealed no clinical or roentgenologic evidence of damage.

A case of chronic poisoning of a worker exposed to HF at an alkylation
unit of an oil company was documented by Waldbott and Lee (1978).
During his 10 y of almost daily exposure, acute episodes occurred 10-15
times a year. Acute symptoms consisted of intense eye irritation, tearing,
blurred vision, marked dyspnea, nausea, epigastric pain, vomiting, and
sudden weakness. The worker had repeated minor HF “burns” on the skin.
Unfortunately, no monitoring data were available. Estimates of exposure
concentrations given by the worker and his coworkers (e.g., a concentration
of>25 ppm during acid-tank gauging) are of limited value. During the 10-y
period the previously healthy worker suffered increasingly worsening back
and leg pains, loss of memory, osteoarthritis, restrictive and obstructive
lung disease, and hematuria.

Abramson et al. (1989) cited worker exposures to HF at 0.2-4.1 mg/m’
(0.2-5 ppm) in aluminum smelter plants. Although asthma and chronic
obstructive lung disease appear to be associated with work in aluminum
smelters, the confounding factors of multiple chemical exposure, small
sample size, and cigarette smoking did not support a causal relationship.
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2.2.3. Accidents

Three documented cases of accidental release of HF were located. A
fourth accident was cited in an EPA (1993) report. Over a 48-h period,
approximately 53,000 Ib of anhydrous HF and 6,600 1b of isobutane were
released from a petrochemical plant in Texas in October, 1987 (Wing et al.
1991). The nearest residential community was 0.25 miles from the plant.
Within 20 min of the release, persons within 0.5 miles of the plant were
evacuated; eventually a S-square-mile area was evacuated (3,000 people).
Samples taken downwind (distance not stated) 1 h after the release con-
tained 10 ppm; samples obtained after 2 h contained “minimal traces” of
HF. The most frequently reported symptoms in people who presented at
emergency rooms at two area hospitals were eye irritation (41.5%), throat
burning (21.0%), headache (20.6%), shortness of breath (19.4%), throat
soreness (17.5%), chest pain (16.9%), cough (16.4%), and nausea (15%).

Dayal et al. (1992) conducted follow-up evaluations of subjects in-
volved in the Texas HF-exposure incident. Two years after the accident,
10,811 individuals were surveyed. Symptom surveys were completed by
1,994 of the 10,811. Individuals were balanced for gender, age, and predis-
position across exposure categories of high, intermediate, none, and discor-
dant (unknown or not well defined). A mathematical model was used to
predict isodensity curves of HF concentrations at the time of the accident.
However, no concentrations were mentioned in the study. Three symptoms
were used for exposure assessment: burning or irritation of the throat, burn-
ing or irritation of the eyes, and coughing or difficulty breathing. Symptoms
reported immediately after the accident were compared with symptoms
reported 2 y later. There was a strong dose relationship between the expo-
sure symptoms reported following the accident and those reported 2 y later.
Although substantial improvements in health were apparent 2 y after the
accident, some symptoms persisted, notably breathing problems and eye
symptoms. The authors discussed the problems of recall bias and behav-
ioral sensitization, which would result in an overestimation of the effects.

In another incident, a cloud of gases was released from an oil refinery
near Tulsa, Oklahoma, on March 19, 1988 (Himes 1989). The major con-
stituent of the cloud was HF, which may have reached an airborne concen-
tration of 20 ppm. A total of 36 people, including emergency personnel
responding to the incident, were treated at area hospitals for acute chemical
exposure. There were no fatalities. No measurements were taken and no
further details of the incident were given.

In a third incident, 13 workers at an oil refinery were exposed to hydro-
fluoric acid mist at a maximum concentration of 150-200 ppm for approxi-
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mately 2 min (Lee et al. 1993). Prompt treatment with nebulized calcium
gluconate was administered. The workers were medically evaluated within
an hour of exposure, at which time the only symptoms were minor upper
respiratory tract irritation.

EPA (1993) cited a study by Trevino (1991) that described an industrial
accident in Mexico that resulted in exposure of seven workers at approxi-
mately 10,000 ppm for several minutes. Periodic examinations forup to 11
y after exposure revealed no long-term or delayed effects. No measurement
methods and no further details of the study were provided.

2.3. Developmental and Reproductive Toxicity

No studies were located regarding reproductive or developmental ef-
fects in humans resulting from inhalation exposure to HF. Fluoride is rap-
idly absorbed following oral ingestion, crosses the placenta in limited
amounts, and is found in placental and fetal tissue (ATSDR 1993). Studies
on the incidence of reproductive or developmental effects in areas using
fluoridated water have found no correlation between fluoridation levels and
birth defects (ATSDR 1993).

2.4. Genotoxicity

No data concerning the genotoxicity of HF in humans were identified
in the available literature.

2.5. Carcinogenicity

Although several studies indicated an increase in respiratory cancers
among workers in several industries who could be exposed to HF or fluo-
ride dusts, the confounding factors of exposure to other chemicals and
smoking status, along with the lack of clear exposure concentrations, make
the studies of questionable relevance (ATSDR 1993). The potential carci-
nogenicity of fluoride is debatable. EPA has not yet evaluated fluoride for
potential human carcinogenicity.
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2.6. Summary

Four studies with human volunteers reported both measured concentra-
tions and exposure durations. Human volunteers could “tolerate” a concen-
tration at 32 ppm for 3 min, reporting only mild irritation of the eyes and
nose (Machle et al. 1934). The highest concentration that could be volun-
tarily tolerated for more than 1 min was 122 ppm. Irritation was slight in
humans during repeated exposures (6 h/d for up to 50 d) at mean concentra-
tions of 2.59-4.74 ppm (range 0.9-8.1 ppm), but not at 1.42 ppm for 15 d.
In general, concentrations at <2 ppm for 6 h/d were considered only slightly
irritating (Largent 1960, 1961). Male subjects (3-4 of 14) reported upper
and lower respiratory irritation of >3 on a scale of 0 to 5 at 3.0-6.3 ppm
(Lund et al. 1997). None of the subjects had obvious symptoms of bron-
chial constriction (Lund et al. 1999). No human lethality studies following
inhalation-only exposures were located. No data on developmental and
reproductive effects, genotoxicity, or carcinogenicity following inhalation
exposures were located.

3. ANIMAL TOXICITY DATA
3.1. Acute Lethality

Data on single exposures to HF resulting in mortality are available for
the monkey, rat, mouse, guinea pig, and rabbit. Those data are summarized
in Table 3-4. Results of a study with an animal model that simulates human
mouth-breathing are reported in Table 3-5, and studies using repeated expo-
sures are reported in the text.

3.1.1. Nonhuman Primates

Groups of four male and female rhesus monkeys were exposed to con-
centrations of HF at 690, 1,035, 1,575, 1,600, 1,750, or 2,000 ppm for 1 h
(MacEwen and Vernot 1970). No deaths occurred at 690, 1,575, or 1,600
ppm; one death occurred in the group exposed at 1,035 ppm; and three
deaths occurred in both the group exposed at 1,750 ppm and the group
exposed at 2,000 ppm. Using probit analysis, the authors calculated a LCj,
of 1,774 ppm (95% confidence limit, 1,495-2,105). Massive lung hemor-
rhage and edema were present in animals that died. Signs of toxicity during
exposures included respiratory distress, paresis, salivation, lacrimation, nasal
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TABLE 3-5 Mortality Data in Orally Cannulated Rats”

Exposure Duration Concentration Mortality (%)
2 min 8,621 5
4,877 10
1,589 0
593 0
10 min 7,014 80
3,847 50
1,764 5
1,454 0
950 0
271 0
135 0
60 min 48 0
20 0

“Animals were exposed via cannula to the trachea.
Sources: Dalbey 1996; Dalbey et al. 1998a.

discharge, gagging, sneezing, and vomiting. Skin burns were observed
post-exposure; those healed after several days.

3.1.2. Rats

Groups of 10 young male Wistar rats were exposed to HF at various
measured concentrations (concentration range not stated) for 5, 15, 30, or
60 min (Rosenholtz et al. 1963). The survivors were weighed daily and
observed for 14 d after exposure. LC,, values of 4,970, 2,689, 2,042, and
1,307 ppm, respectively, were calculated. During the exposures, there were
signs of irritation of the conjunctiva and nasal passages. They lasted 7 d
post-exposure and included reddened conjunctivae, pawing at the nose,
marked lacrimation, nasal secretion, and sneezing. In addition to some
delayed deaths, respiratory distress, body-weight loss (10-15% during days
3-7 post-exposure), and several days of general weakness also was seen in
some animals. After the first 7 d, surviving rats rapidly gained weight and
reached a weight level equal to that of controls.

Pathologic examinations were performed on groups of rats exposed in
the lethal range for 15 min or 30 min (Rosenholtz et al. 1963). Post-expo-
sure periods ranged from 1 h to 84 d. Gross and microscopic examination
revealed concentration-dependent lesions in the kidney, liver, nasal passage,
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bone marrow, and skin. Those lesions included nasal passage necrosis and
associated acute inflammation (the external nares and nasal vestibules
turned black), selective renal tubular necrosis, hepatocellular intracyto-
plasmic globules, dermal collagen changes with acute inflammation, and
possible myeloid hyperplasia of the bone marrow. Many of the lesions
showed signs of reversibility by 48 h to 7 d after exposure.

Groups of 10 adult Wistar rats were exposed to HF at concentrations
ranging from 12,440 ppm to 25,690 ppm for 5 min to calculate the 5-min
LC,, (DiPasquale and Davis 1971; MacEwen and Vernot 1971; Higgins et
al. 1972). Exposure concentrations were continuously monitored using
specific ion electrodes. HF produced pulmonary edema of varying degrees
of severity in most of the exposed rats. Pulmonary hemorrhage was a com-
mon finding in rats that died during or shortly after exposure at concentra-
tions above the LCs,. In exposures below the LCs, delayed deaths occurred
about 24 h after exposure; occasionally, deaths occurred 3-4 d later. The 5-
min LC,, was 18,200 ppm. Mortality was 10% at 2,440 ppm and 100% at
25,690 ppm (Higgins et al. 1972).

Groups of eight male Wistar rats were exposed to HF at 480-2,650 ppm
for 1 h (MacEwen and Vernot 1970). No deaths occurred at 480 ppm. The
LC,,, calculated by probit analysis, was 1,276 ppm (95% confidence limit,
1,036-1,566). Massive lung hemorrhage and edema were present in animals
that died. Signs of toxicity during exposures included respiratory distress,
paresis, salivation, lacrimation, and nasal discharge. In a similar study,
groups of five male Sprague-Dawley rats were exposed at 848, 1,097, or
1,576 ppm for 1 h (MacEwen and Vernot 1974; Vernot et al. 1977). No
deaths occurred at 848 ppm. The LC,, was 966 ppm with 95% confidence
limits of 785-1,190 ppm.

Groups of 10 male Sprague-Dawley-derived rats were exposed at 1,087,
1,108, 1,405, 1,565, or 1,765 ppm for 1 h (Wohlslagel et al. 1976). Ani-
mals were observed for toxic signs and mortality for up to 14 d post-expo-
sure. Some animals that died following exposure or were sacrificed after
the 14-d observation period were examined histologically. The 1-h LCj,
was 1,395 ppm. Signs during the exposures included eye and mucous
membrane irritation, respiratory distress, corneal opacity, and erythema of
the exposed skin. Pathologic examinations of rats that died during or after
exposure revealed pulmonary congestion, intra-alveolar edema, and some
cases of thymic hemorrhage. A concentration of 1,087 ppm was not lethal
(0/10 deaths), whereas a concentration of 1,108 ppm resulted in two deaths
in 10 subjects.

In another study, exposure of rats to fluoride at 148 mg/m’ (HF at 190
ppm) for 6 h resulted in 100% mortality within 3 h post-exposure (Morris



142 ACUTE EXPOSURE GUIDELINE LEVELS

and Smith 1982). Discharge of fluid from the external nares was observed
prior to death, but no lung lesions were present.

Groups of 4 male rats were exposed head-only to various concentrations
of anhydrous HF for time periods of 5, 15, or 30 min or 1 h (Haskell Labo-
ratory 1988a,b). The HF was diluted with either dry (<10% relative humid-
ity) or humid (40-60% relative humidity) air. In this study, the acute toxic-
ity of HF appeared to be related to relative humidity, and LCs, values were
lower under the humid conditions. (LCs, values under dry and humid condi-
tions, respectively, were 5 min, 14,640 ppm and 10,700 ppm; 15 min, 6,620
ppm and 2,470 ppm; 30 min, 2,890 and 1,020 ppm; and 1 h, 1,620 ppm and
540 ppm.) Subsequent work showed those values to be in error.

Because of the 3-fold difference in the two 1-h LCs, values at the high
and low relative humidities, the above experiments were repeated using the
same protocol but a different air sampling and collection device (Haskell
Laboratory 1990). The results showed no effect of humidity on toxicity, but
indicated difficulties with the sampling and analytical techniques in the
earlier study. In this study, there was little difference between 1-h LCj,
values at low (2,240 ppm) and high (2,340 ppm) relative humidities. Thus,
the 1-h LC,, for head-only exposed rats was estimated at 2,300 ppm. Using
probit analysis, LC,, values of 1,563 ppm (95% confidence limit, 1,004-
1,781) and 1,827 ppm (95% confidence limit, 1,085-2,027) were reported
for dry and humid air, respectively. Deaths occurred within the first 7 d
post-exposure. Clinical signs were similar to those in the 1988 study and
included signs of respiratory distress (labored breathing, lung noise, and/or
gasping); ocular and nasal discharges, corneal opacity, necrotic lesions of
the eyes, face, and ears; and severe weight loss among survivors during the
14-d recovery period. Most deaths occurred within 1-2 d of exposure,
although a few deaths occurred up to 10 d post-exposure.

Dalbey et al. (1998a; see also Dalbey 1996) exposed groups of 10 or 20
female Sprague-Dawley rats to concentrations at 1,224 ppm or 2,039 ppm
for 1 h; mortality was observed over a 14-d period. One death occurred in
the 2,039-ppm group. In the same study, direct effects of HF on the trachea
and lungs were studied using a mouth-breathing model in which groups of
10 or 20 rats were exposed via cannula to the trachea. This mouth-breath-
ing model avoids the scrubbing effect of the nose. The durations of these
experiments were 2, 10, or 60 min, the latter for comparison with mortality
data in other studies. Each group of HF-exposed animals was compared
with an identical group of sham-exposed controls. End points emphasized
effects on the respiratory tract, the anticipated target site, but other organs
were also evaluated. When the groups were composed of 20 rats, 10 rats
were used for bronchoalveolar lavage (BAL), hematology, and serum chem-
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istry. The remaining 10 were used for pulmonary function tests, histopath-
ology, and organ weights. All animals were observed for clinical signs of
toxicity immediately after exposure and before sacrifice on the following
day. On the basis of preliminary results, sacrifice at 1 d after exposure
provided data on the time of peak effects from HF. One group (exposed at
1,454 ppm for 10 min) was included to allow the authors to follow possible
progression of lesions observed on the day after exposure; half of the ani-
mals were sacrificed at 3 wk after exposure, and the other half were sacri-
ficed at 14 wk after exposure. Groups exposed at 3,847 ppm and 7,014 ppm
for 10 min and 1,224 ppm and 2,039 ppm for 1 h were tested solely for
mortality. Nose-breathing rats (plus orally cannulated animals) in groups
exposed at 3,847 ppm and 7,014 ppm for 10 min were not sacrificed on the
day after exposure, but were observed for 2 wk instead. Mortality in those
groups was compared with published data on nose-breathing rats and al-
lowed direct comparison of the mouth-breathing model with nose-breathing
groups. Deaths were observed at the following concentrations and exposure
times: 4,887 ppm and 8,621 ppm for 2 min (2/20 and 1/20 rats, respec-
tively) and 1,764, 3,847, and 7,014 ppm for 10 min (1/20, 5/10, and 8/10
rats, respectively). No deaths occurred in orally cannulated rats inhaling 20
ppm or 48 ppm for 1 h. The data on orally cannulated rats are provided in
Table 3-5 (above).

The primary sites of damage following acute exposures via cannula to
the trachea appeared to be limited to the respiratory tract, particularly the
trachea and bronchi. There was also evidence of effects in the lower lung
resulting from orally cannulated exposures at the highest HF concentrations.
In nose-breathing groups, the effects were generally limited to the nose;
apparently the HF did not pass through the nose in sufficient amounts to
affect the posterior sections of the respiratory tract. The ventral meatus was
the site most affected in nose-breathing animals, followed by the
nasoturbinates. The nasal septum was least affected. Necrosis and acute
inflammation were noted in the nose; fibrinopurulent exudate was not. No
significant lesions were noted in other organs examined microscopically,
and no changes were observed in most of the other end points.

A definite exposure-related response was observed in orally cannulated
rats exposed to HF for 2 min. At 8,621 ppm and 4,887 ppm, mortality was
observed in 1/20 and 2/20 animals, respectively. Other evidence of serious
toxicologic effects observed in animals in those groups included evidence
of histopathologic damage in the lung (e.g., necrosis of the bronchial mu-
cosa). Transient effects, including changes in BAL indices and flow at 25%
forced vital capacity during forced exhalation were observed at 1,589 ppm.
Histologic effects in the mid-trachea were also observed at that concentra-
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tion. However, similar marginal effects in terms of incidence and severity
were also observed in controls and may have resulted from cannulation. No
deaths were observed in rats exposed at 593 ppm or 1,589 ppm for 2 min;
no effects were observed at 593 ppm.

A concentration-response effect was also observed in orally cannulated
rats exposed to HF for 10 min. Treatment-related mortality in one of 20
animals and serious toxicologic effects, including histopathologic damage
in the lungs and trachea, were observed at 1,764 ppm. At 950 ppm, small
increases in myeloperoxidase and polymorphonuclear leukocytes in the
BAL were observed along with histologic changes in the trachea. These
morphologic changes were marginal and were similar in incidence and
severity to controls. No deaths were observed at 135, 271, 950, or 1,454
ppm for 10 min. No treatment-related effects were observed at 271 ppm.

In orally cannulated rats exposed to HF for 60 min, a minor increase in
lung volume was observed across the upper part of the deflation pressure-
volume curve at 48 ppm. No histologic changes were noted in the respira-
tory tract, and it was not clear that the change in the pressure-volume curve
was an adverse effect. No effects were observed at 20 ppm for 60 min.

In the substudy on recovery, the effects of HF noted at the 1-d sacrifices
were not observed in the animals at sacrifice at either 3 wk or 14 wk after
exposure. The weights of the liver, spleen, and thymus were decreased at
week 3 but not at week 14. These significant differences were associated
with a significant decrease in the mean body weight compared with con-
trols. The acute lesions essentially had resolved, and the tissues appeared
to be repaired following the recovery period.

Two studies were conducted over longer exposure periods. In a range-
finding study, groups of five male and five female Fischer-344 rats were
exposed to measured concentrations of HF at 0 (air), 1, 10, 25, 65, or 100
ppm for 6 h/d, 5 d/wk for 14 d; survivors were sacrificed 2 d later (Placke
et al. 1990). No deaths occurred in females inhaling 1 ppm or 10 ppm.
Exposures at 25 ppm and above resulted in death in all females, with deaths
beginning on the eighth, third, and second day of exposure at the 25-, 65-,
and 100-ppm concentrations, respectively. No deaths occurred in males
inhaling 1, 10, or 25 ppm; exposures at 65 ppm and 100 ppm resulted in
death in all males, with deaths beginning on the third and second day at the
65-ppm and 100-ppm concentrations, respectively. No deaths occurred
during the first day of exposure at any concentration. In the group exposed
at 1 ppm, no effects other than a slight increase in lung-to-body weight ratio
occurred. There were no clinical signs of toxicity in either gender at 1 and
10 ppm. There were no effects observed at 1 ppm except for a slight in-
crease in absolute and relative lung weights in females and in absolute and
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relative heart weights in males. At 10 ppm and above, body weight and
organ weight (liver, heart, kidney, and lungs) changes occurred in one or
both genders. Clinical signs of nasal and ocular mucosal irritation occurred
in the 25-, 65-, and 100-ppm groups. Dermal crust formation, ocular opac-
ity, and tremors were also observed.

In a subchronic study (Placke and Griffin 1991), groups of 10 male and
10 female rats were exposed to concentrations of HF at 0.1, 1.0, or 10 ppm,
administered as described above, for 91 d. Animals were observed for
clinical signs, weighed, and subjected to hematology and blood chemistry
examinations; tissues were examined microscopically. Five males and one
female in the group exposed at 10 ppm died. Clinical signs included red-
colored discharge from the eyes and nose, ruffled fur, alopecia, and
hunched posture. Body weights were depressed, major organ weights were
increased, and some blood parameters were changed compared with the
control group. Dental malocclusions were observed in 11 animals. No
deaths occurred at the two lower exposure concentrations.

Two groups of rats were exposed at 33 ppm (30 animals) or 8.6 ppm
(15 animals) 6 h/d for a period of 5 wk (166 h) (Stokinger 1949). All rats
died during the exposure at 33 ppm, whereas all rats survived the exposure
period at the 8.6-ppm concentration. During exposure at the higher concen-
tration, subcutaneous hemorrhages developed around the eyes and feet.
Pathologic examinations at the end of the exposure period revealed moder-
ate hemorrhage, edema, and capillary congestion in the lungs of 20 of 30
animals and renal-cortical degeneration and necrosis in 27 of 30 animals
exposed at the higher exposure concentration.

3.1.3. Mice

Groups of 15 adult ICR mice were exposed to concentrations of HF
ranging from 2,430 ppm to 11,010 ppm for 5 min (Higgins et al. 1972).
Exposure concentrations were continuously monitored using specific ion
electrodes. HF produced pulmonary edema of varying degrees of severity
in most of the exposed mice. Pulmonary hemorrhage was a common find-
ing in mice that died during or shortly after exposure at concentrations
above the LC,, 0f 6,247 ppm. In exposures below the LCs,, delayed deaths
occurred about 24 h after exposure; occasionally, deaths occurred 3-4 d
later. No deaths occurred in mice exposed at 2,430 ppm for 5 min.

Groups of five male ICR mice were exposed to concentrations of HF at
500, 550, or 600 ppm for 1 h (MacEwen and Vernot 1970). Deaths oc-
curred at all exposures; the LCy,, calculated by probit analysis, was 501
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ppm (95% confidence limit, 355-705). In a similar study, groups of 10
female CF-1 mice were exposed at 351, 438, 505, 518, or 633 ppm for 1 h
(MacEwen and Vernot 1974; Vernot et al. 1977). No deaths occurred at
351 ppm. The LC,,, calculated by probit analysis, was 456 ppm (95%
confidence limit, 426-489).

Groups of 10 female ICR-derived mice were exposed to HF at 263, 278,
324, 381, or 458 ppm for 1 h (Wohlslagel et al. 1976). Animals were ob-
served for toxic signs and mortality during a 14-d post-exposure period.
Some animals that died following exposure or were sacrificed after the 14-d
observation period were examined histologically. The 1-h LCs, was 342
ppm. Signs during the exposures included eye and mucous membrane
irritation, respiratory distress, corneal opacity, and erythema of the exposed
skin. Pathologic examinations of mice that died during or after exposure
revealed pulmonary congestion and hemorrhage. No deaths occurred at 263
ppm.

In a repeated exposure study, two groups of mice were exposed at 33
ppm or 8.6 ppm 6 h/d for a period of 5 wk (166 h) (Stokinger 1949). All 18
mice died during the exposure at 33 ppm, whereas all mice survived the
exposure period at the 8.6-ppm concentration. No pathologic examinations
were undertaken.

3.1.4. Guinea Pigs

Young male guinea pigs of the Hartley strain were exposed in groups
of 10 to various measured concentrations of HF for 15 min (Rosenholtz et
al. 1963). The 15-min LCy, of 4,327 ppm was calculated following a 14-d
observation period. At these concentrations, signs of irritation in the con-
junctiva and nasal passages were observed and lasted 7 d post-exposure.
They included reddened conjunctivae, pawing at the nose, marked
lacrimation, nasal secretion, and sneezing. For animals surviving a week
or more, respiratory distress, a body-weight loss of 25% during the first
week, and general weakness were present. In the same study, a group of 10
young male guinea pigs was exposed at 1,377 ppm for 30 min. No deaths
were reported; pathologic examinations were not performed.

Machle et al. (1934) exposed guinea pigs to concentrations ranging
from 30 ppm to 9,760 ppm for exposure times of 5 min to 41 h. The data
were summarized in a general manner by the authors and presented graphi-
cally (graph indicates approximately 100% mortality at 9,760 ppm for 5
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min, at >4,000 ppm for 15 min, at >1,220 ppm for 2 h, and at >976 ppm for
3 h). According to the authors, a concentration at 1,220 ppm for 30 min did
not produce death, but concentrations at >1,220 ppm to 1,830 ppm for as
short a period of time as 5 min produced death in a significant number of
animals. No deaths occurred in guinea pigs exposed at 122 ppm for 5 h.

In a follow-up study, Machle and Kitzmiller (1935) exposed three
guinea pigs to a concentration of HF at 18.5 ppm for 6-7 h/d for 50 d—a
total of 309 exposure h. After an initial weight gain, two guinea pigs lost
weight and died during the exposures, one after 160 h of exposure and the
other after approximately 250 h of exposure. Pathologic examinations of
the two animals revealed the following lesions in one or both animals:
pulmonary hemorrhage, inflammation and hyperplasia of the bronchial
epithelium, congested and fatty liver with fibrotic changes, and renal tubu-
lar necrosis. The surviving animal was sacrificed 9 mo after the conclusion
of the exposure. In that animal, the lungs showed hemorrhages, alveolar
exudates, and alveolar wall thickening. The liver showed degeneration and
Necrosis.

3.1.5. Rabbits

Machle et al. (1934) exposed rabbits to concentrations ranging from 30
ppm to 9,760 ppm for exposure times of 5 min to 41 h. As noted above for
guinea pigs, the data were summarized in a general manner by the authors
and presented graphically (graph indicates approximately 100% mortality
at 9,760 ppm for 5 min, at >4,000 ppm for 15 min, at >1,220 ppm for 2 h,
and at >976 ppm for 3 h). According to the authors, a concentration at
1,220 for 30 min did not produce death, but concentrations at >1,220 ppm
to 1,830 ppm for as short a period of time as 5 min produced deaths in a
significant number of animals. No deaths occurred in rabbits exposed at
122 ppm for 5 h.

3.2. Nonlethal Toxicity

Data on effects following exposures at nonlethal concentrations of HF
are available for the monkey, dog, rat, mouse, guinea pig, and rabbit. Data
on single acute exposures are summarized in Table 3-6.
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3.2.1. Nonhuman Primates

Asnoted in Section 3.1.1, no deaths were observed in four rhesus mon-
keys exposed to HF at 690 ppm for 1 h (MacEwen and Vernot 1970). In a
longer-term study, two rhesus monkeys were exposed at 18.5 ppm for 6-7
h/d for 50 d—a total of 309 exposure h (Machle and Kitzmiller 1935).
Except for an occasional cough during the first week of exposure, the ani-
mals appeared normal, and the concentration was considered tolerable and
respirable. One monkey was sacrificed 8 mo post-exposure. The only
prominent lesions were degenerative and inflammatory changes in the kid-
ney.

3.2.2. Dogs

Groups of two mongrel dogs were exposed to HF at concentrations of
666 ppm or 460 ppm for 15 min or concentrations of 243 ppm or 157 ppm
for 1 h and were observed for 14 d post-exposure (Rosenholtz et al. 1963).
Those concentrations are approximately 25% and 12.5%, respectively, of
the rat LC,s for those respective time periods. During the exposures at 666
ppm or 243 ppm, the dogs showed signs of discomfort, including blinking,
sneezing, and coughing. After removal from the exposure chambers, the
dogs rubbed their noses and bodies on the grass. The cough persisted for
1-2 d and reappeared during the next 10 d only during periods of exercise.
No skin lesions were noted. There were no changes in hematologic parame-
ters (hematocrit and blood cell counts). Signs and effects were less severe
at 460 ppm for 15 min and at 157 ppm for 1 h. Eye irritation was mild
following exposure. Sneezing, rubbing of bodies on the ground, and a dry
cough lasting 2 d were also observed following withdrawal. No gross le-
sions were noted, and no microscopic examinations were performed.

Two groups of dogs were exposed at 33 ppm (four dogs) or 8.6 ppm
(five dogs) for 6 h/d for a period of 5 wk (166 h) (Stokinger 1949). No
deaths occurred in either group. Pathologic examinations at the end of the
exposure period revealed degenerative testicular changes (four of four ani-
mals), moderate hemorrhage and edema of the lungs (three of four animals),
and ulceration of the scrotum (four of four animals) at the 33-ppm exposure
concentration. Atthe lower exposure concentration, localized hemorrhagic
areas were observed in the lungs of one of five animals. Clinical chemistry
and hematology observations were unremarkable except for an increase in
fibrinogen level at the higher exposure concentration.
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3.2.3. Rats

Groups of 10 young Wistar-derived male rats were exposed to HF at
various concentrations below the LC, values for 5, 15, 30, or 60 min
(Rosenholtz et al. 1963). Those concentrations were 2,432, 1,438, and 749
ppm for 5 min (approximately 50%, 25%, and 12.5% of the 5-min LC,);
1,410,590, 376, and 307 ppm for 15 min (approximately 50%, 25%, 12.5%,
and 6% of the 15-min LCs,); 1,377 ppm for 30 min (68% of the 30-min
LCs,); and 489, 291, 126, and 103 ppm for 60 min (approximately 50%,
25%, 12.5%, and 6% of the 60-min LC,). Rats were observed for up to 45
d post-exposure. Clinical signs of toxicity included an increase in activity
(at 68% of the LCs,) and conjunctival and nasal irritation. Symptoms di-
minished at lower concentrations. There were no significant body- or
organ-weight changes. Tissues from 42 rats from across the exposure
groups were examined microscopically. No lesions were present in the
nasal passages, lungs, kidneys, liver, or bone marrow when concentrations
were 50% or less of the LCs,.

Kusewittetal. (1989) exposed Fischer-344 rats to concentrations of HF
at 100-1,000 ppm for 30 min and sacrificed them 8 h and 24 h later. There
was no mortality, and the lesions, necrosis and inflammation, were
restricted to the nasal region. Histopathologic examinations and gravimetric
measurements revealed no damage to the lungs. No further details were
reported. In a related study by the same investigators, groups of five to
eight male Fischer-344 rats were exposed at approximately 1,300 ppm for
30 min (Stavert et al. 1991). Ventilatory rates were measured during the
exposure, and body weights and respiratory tract histology were investi-
gated 24 h later. Rats exposed to HF experienced an immediate and persis-
tent drop in ventilatory rate of 27%. A 10% reduction in body weight com-
pared with nonexposed rats occurred by 24 h post-exposure. No changes
in lung weights were observed. Changes in the nasal passages were limited
to the anterior passages, with moderate to severe fibrinonecrotic rhinitis
accompanied by large fibrin thrombi in the submucosa and hemorrhage.
Lesions did not extend into the trachea. No deaths occurred by 24 h.

To evaluate respiratory tract effects, two groups of four rats were ex-
posed for 1 h to HF at 1,630 ppm under conditions of low humidity or at
1,910 ppm under conditions high relative humidity. Groups of four were
sacrificed at 1 d post-exposure and at 14 d post-exposure, and the respira-
tory tracts were examined histologically (Haskell Laboratory 1990). At 1
d after exposure, the examinations revealed that lesions were confined to the
nose and were characterized by extensive acute necrosis and inflammation
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of the respiratory epithelium of the anterior nose with an inflammatory
response in the submucosal tissue. No lesions were observed in the lower
respiratory tract. At 14 d post-exposure, lesions were still present, but there
was evidence of epithelial regeneration or repair in all rats.

A group of 20 Wistar rats was exposed to HF at 0.0016 mg/m’ (0.002
ppm) for 5 h/d for 3 mo (Humiczewska et al. 1989). Compared with a
group of control rats, exposed rats exhibited emphysemal changes in the
lung involving enlarged alveoli and alveolar ducts and a narrowed
interalveolar septum. Necrotic and hyperplastic areas were also noted.
According to TNO/RIVM (1996), those changes were not clearly docu-
mented, and they are difficult to interpret.

3.2.4. Mice

The highest concentrations resulting in no mortality are reported in
Table 3-4. In an unpublished ICI report cited in TNO/RIVM (1996), the
respiratory rate of mice was halved (RDs,) at a concentration of 151 ppm
(test range, 78-172 ppm). No further details were available.

3.2.5. Guinea pigs

Groups of three guinea pigs were exposed to concentrations of HF
ranging from 30 ppm to 9,760 ppm for exposure durations of 5 min to 41
h (Machle et al. 1934). Respiratory tract irritation was observed at all con-
centrations and exposure periods. Symptoms included closed eyes, cough-
ing and sneezing, mucoid conjunctival and nasal discharges, and slowing
of the respiratory rate. Exposures above 2,440 ppm resulted in damage to
the conjunctiva and nasal turbinates, pulmonary hemorrhages, and, in some
cases, development of bronchopneumonia. Guinea pigs exposed at >610
ppm for 15 min or longer appeared weak and ill. Pathologic examinations
revealed injury to the cornea and nasal mucous membranes; cardiac dilata-
tion with congestion and myocardial injury; pulmonary hemorrhage, con-
gestion, emphysema, edema, and bronchopneumonia; and hepatic, splenic,
and renal congestion. Guinea pigs showed a tendency to delayed responses
and deaths between the fifth and tenth week post-exposure. Concentrations
below 122 ppm were tolerated for 5 h “without injury severe enough to
produce death.” Exposure at 61 ppm for approximately 5 h (exposure time
read from graph) produced only mild irritation of the respiratory tract, and
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onset of symptoms was delayed compared with higher concentrations.
Other post-exposure observation times were not clearly stated, but ranged
from several hours to 15 wk. Additional data reported by the authors ap-
pear in Table 3-6. In the same study, exposure at 30 ppm for 6 h/d for
approximately 5 d (41 h total) caused no deaths within a year following
exposure, but lesions were present.

Guinea pigs were exposed to HF at either 33 ppm or 8.6 ppm for 6 h/d
for a period of 5 wk (166 h) (Stokinger 1949). No deaths occurred with
either exposure regime. No pathologic examinations were undertaken.

3.2.6. Rabbits

Groups of three rabbits were exposed to HF at 30-9,760 ppm for expo-
sure durations of 5 min to 41 h (Machle et al. 1934). Concentrations below
122 ppm were tolerated for 5 h “without injury severe enough to produce
death.” Irritation of the eyes and respiratory tract and effects on other or-
gans were the same as those described for the guinea pig above. Rabbits
that did not contract bronchopneumonia returned to normal appearance and
activity in a few days to a few weeks. In the same study, exposure at 30
ppm for 8 h/d for approximately 5 d (41 h total) caused no deaths; however,
one rabbit examined 18 h after the last exposure had liver and kidney dam-
age and fibrosing processes in the emphysematous lungs.

In a follow-up study, Machle and Kitzmiller (1935) exposed four rab-
bits to HF at 18.5 ppm for 6-7 h/d for 50 d—a total of 309 exposure hours.
The animals gained weight throughout the exposure, although at a slower
rate than a group of control rabbits. Pathologic examinations 7-8 mo post-
exposure revealed the following lesions: leucocytic infiltration of the alveo-
lar walls of the lungs; fatty changes in the liver; and degeneration, necrosis,
and fibrosis of the kidneys. Two rabbits had acute lobular pneumonia.
During metabolism studies, rabbits were exposed to concentrations ranging
from 1.05 mg/L (1,283 ppm) for 1 h to 0.0152 mg/L (18.5 ppm) for 13 d
(Machle and Scott 1935). Sacrifice occurred 9-15 mo later; no early deaths
were reported.

Groups of five rabbits were exposed to concentrations of HF at 1,247
ppm or 854 ppm for 15 min (Rosenholtz et al. 1963). At the 1,247-ppm
exposure, lacrimation, nasal discharge, pawing at the nose, reddened
conjunctivae, and respiratory distress were observed, the latter lasting for
a few hours after exposure. Those symptoms disappeared after 4 d. Signs
were less severe at the lower concentration. Two exposed and two control
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rabbits were sacrificed and examined histologically. One rabbit exposed at
the higher concentration (1,247 ppm) showed alveolar congestion at 14 d
post-exposure, and one rabbit exposed at the lower concentration (854 ppm)
showed severe intra-alveolar and intrabronchial hemorrhage when exam-
ined 2 d post-exposure.

Rabbits were exposed to HF at either 33 ppm or 8.6 ppm for 6 h/d for
a period of 5 wk (166 h) (Stokinger 1949). No deaths occurred with either
exposure regime. Slight pulmonary hemorrhage was observed in four of 10
rabbits at the higher exposure regime.

3.3. Developmental and Reproductive Toxicity

No studies were located addressing developmental or reproductive
effects following inhalation exposure to HF. However, because effects on
development and reproduction would be systemic (due to circulating fluo-
ride), the effects of oral administration of fluoride are relevant. Those
studies, reviewed by ATSDR (1993) and TNO/RIVM (1996), have conflict-
ing results. Thus, the reproductive and developmental toxicity of HF cannot
be fully assessed. However, studies indicate that there are no effects on
animal reproduction and development when fluoride is administered at
<400 ppm in drinking water.

Oral administration of sodium fluoride at 70 mg/kg for 5 d (Li et al.
1987) or at 75 ppm in drinking water for 21 wk (Dunipace et al. 1989) had
no effect on spermatogenesis of B6C3F, mice. However, intraperitoneal
injection of 8 mg/kg for five consecutive days (Pati and Buhnya 1987) and
administration at 500 ppm or 1,000 ppm for up to 3 mo (DHHS 1991) re-
sulted in abnormal spermatozoa in mice.

Sodium fluoride was administered in drinking water at 0, 10, 25, 100,
175, or 250 mg/L throughout gestation (Collins et al. 1995). At the highest
dose level, maternal toxicity (reduced growth) and an increase in the num-
ber of fetuses with skeletal variations, but not the number of litters, was
observed. No signs of retarded fetal development were observed, and the
compound was not considered to have developmental toxicity.

Administration of sodium fluoride in drinking water at 0, 50, 150, or
300 ppm to pregnant rats during gestation days 6 through 15 or at 0, 100,
200, or 400 ppm to pregnant rabbits during gestation days 6 through 19 did
not significantly affect the frequency of post-implantation loss, mean fetal
weight/litter, or external, visceral, or skeletal malformations in either the rat
or rabbit. Thus the NOAEL for developmental toxicity was >300 ppm
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(approximately 27 mg/kg/d) in the rat and >400 ppm (approximately 29
mg/kg/d) in the rabbit (Heindel et al. 1996).

3.4. Genotoxicity

Data on genotoxicity from inhalation exposures are limited. Voroshilin
et al. (1975, as cited in ATSDR 1993) found hyperploidy in bone marrow
cells of rats exposed at 1.0 mg/m® (1.22 ppm) for 6 h/d, 6 d/wk for 1 mo.
The significance of hyperploidy is unknown. The same authors found no
effects in C57B1 mice under the same conditions.

Other genotoxicity studies were conducted with sodium fluoride or
potassium fluoride. Negative results were found in mutation studies with
Salmonella typhimurium (with or without metabolic activation), and posi-
tive results were found in the mouse lymphoma (with and without activa-
tion), sister chromatid exchange (with and without activation), and chromo-
some aberration tests (without activation) (NTP 1990), generally at higher
doses at which fluoride acts as a general “protein poison” (ATSDR 1993).

3.5. Chronic Toxicity and Carcinogenicity

No carcinogenicity studies using acute or longer-term inhalation expo-
sures were located. Because inhaled HF would exert its systemic effects as
fluoride ion, oral studies of fluoride administration may be relevant. A
chronic oral carcinogenicity study in which sodium fluoride was adminis-
tered to male and female rats and mice via drinking water resulted in equiv-
ocal evidence of bone cancer in male rats, but not in female rats or in mice
of either gender (NTP 1990). The cancer was a rare bone osteosarcoma.
Another chronic study (Maurer et al. 1990) found no evidence of cancers
in male or female rats.

3.6. Summary

Sublethal and lethal inhalation data encompassing exposure times of 2
min to 6 h for six species of mammals were located. For 60-min exposures,
only mild and occasional signs of ocular, nasal, or respiratory irritation were
observed in the dog, at 157 ppm, and in the rat, at 103 and 126 ppm
(Rosenholtz etal. 1963). The highest 60-min concentrations resulting in no
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deaths ranged from 263 ppm for the mouse to 1,087 ppm for the rat
(Wohlslagel et al. 1976). No lung effects and only minor respiratory track
effects were reported in orally cannulated rats exposed at 950 ppm for 10
min or 48 ppm for 1 h. One of 20 orally cannulated rats exposed at 1,764
ppm for 10 min died, whereas one of 10 nose-breathing rats exposed at
2,039 ppm for 1 h died. Severe irritant effects but no deaths occurred in
nose-breathing rats exposed at 1,224 ppm for 1 h (Dalbey 1996; Dalbey et
al. 1998a). The RD,, in mice was reported to be 151 ppm (TNO/RIVM
1996). Sixty-minute LCs, values ranged from a low of 342 ppm for the
mouse (Wohlslagel et al. 1976) to a high of 2,300 ppm for the rat (Haskell
Laboratory 1990). The lowest LCs, for the rat was 966 ppm (Vernot et al.
1977). Studies addressing developmental and reproductive effects,
genotoxicity, and carcinogenicity generally used fluoride salts. The results
of the two carcinogenicity studies were conflicting, but the shorter-term
studies indicate that there are no exposure-related effects when fluoride is
administered in drinking water.

4. SPECIAL CONSIDERATIONS
4.1. Metabolism/Disposition Considerations
4.1.1. Deposition

HF penetration in the lower respiratory tract may depend on
concentration-exposure durations, because lower doses are effectively de-
posited only in the nasal passages, whereas very high concentrations reach
the lungs. Species that are not obligate nose-breathers (e.g., humans) may
also experience more severe lower respiratory tract effects, as would indi-
viduals undergoing exercise or physical exertion resulting in an increased
ventilatory rate.

Morris and Smith (1982) studied the regional deposition of HF in the
surgically isolated upper respiratory tract of male Long-Evans rats. Two
endotracheal tubes were inserted into the upper tract, one for respiration and
the other for collection of respired air. Known amounts of HF were drawn
through the isolated upper respiratory tract while the animal respired HF-
free air through an endotracheal tube. At fluoride concentrations ranging
from 30 mg/m’ to 176 mg/m’ (HF at 38.5-226 ppm), >99.7% of the HF was
deposited in the upper respiratory tract between the external nares and lar-
ynx; detectable levels did not penetrate to the trachea. A 6-h exposure of
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intact rats at 190 ppm resulted in 100% mortality by 3 h post-exposure but
did not cause lung edema.

Because rats are obligatory nose-breathers while humans can breathe
through both the nose and mouth, Stavert et al. (1991) studied the effects of
HF inhalation via the nose and the mouth in rats. For compulsive mouth-
breathing, male Fischer-344 rats were fitted with a mouthpiece and
endotracheal tube, which extended to the middle of the trachea. Both nose-
breathing and orally cannulated rats were exposed at approximately 1,300
ppm for 30 min. No deaths occurred in the nose-breathing rats, whereas
25% of orally cannulated rats died within 24 h of exposure. Effects in nose-
breathing rats were limited to the anterior nasal passages; no changes were
observed in the trachea. Observations were made at 24 h following expo-
sure. Effects in orally cannulated rats occurred in the trachea (diffuse,
severe fibrinonecrotic tracheitis and damaged tracheal rings), bronchi (focal
areas of necrotizing bronchitis), and alveoli (scattered foci of
polymorphonuclear leukocytes). Pulmonary function changes were ob-
served, and lung weights were significantly elevated over values for nose-
breathing rats. The results indicate that HF is effectively scrubbed in the
nasal passages, and that species that are not obligate nose-breathers may be
more sensitive to the effects of HF.

Likewise, in the study by Dalbey (1996; Dalbey et al. 1998a), orally
cannulated rats were more susceptible to mortality than nose-breathing rats.
No deaths occurred in nose-breathing rats exposed at 3,847 ppm or 7,014
ppm for 10 min, whereas mortality was high at the same concentrations
(5/10 and 8/10, respectively) in orally cannulated rats.

Several studies indicated that there may be species differences in depo-
sition of inhaled HF in the nasal passages and lungs, presumably due to
differences in nasal scrubbing capacity. However, specific data reflecting
differences in nasal scrubbing capacity could not be identified. The greater
sensitivity of the rodents might largely be due to the rodents’ higher respira-
tory rate. For example, all rats and mice exposed at 33 ppm for 5 wk died,
whereas no deaths occurred in dogs, guinea pigs, and rabbits under the same
exposure regime (Stokinger 1949). The greater sensitivity of the mouse
compared with the rat, and the greater sensitivity of rodents compared with
the monkey, as reflected by LC;, values (MacEwen and Vernot 1970;
Wohlslagel et al. 1976), may be due to the higher respiratory rate of the
mouse. Too few studies are available to predict regional deposition in
humans, but Machle et al. (1934) noted irritation of only the larger airways
from inhalation exposure at 32 ppm for several minutes.
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4.1.2. Metabolism

HF is very soluble in water and is readily absorbed in the upper respira-
tory tract. The relatively low dissociation constant (3.5 x 10™) allows the
non-ionized compound to penetrate the skin, respiratory system, or gastroin-
testinal tract and form a reservoir of fluoride ions that bind calcium and
magnesium, forming insoluble salts (Bertolini 1992). Fluoride ion is ab-
sorbed into the bloodstream and is carried to all organs of the body in pro-
portion to their vascularity and the concentration in the blood. Equilibrium
across biological membranes is rapid (Perry et al. 1994). Significant depo-
sition occurs in the bone, where the fluoride ion substitutes for the hydroxyl
group of hydroxyapatite, the principal mineral component of bone. In
humans, chronic exposure to elevated levels of fluoride or HF has produced
osteofluorosis. Elimination is primarily through the kidneys.

Studies with human volunteers, workers exposed to HF in the work-
place, and laboratory animals were located. Those studies, a few of which
are summarized here, show that urinary excretion of F increases following
exposure to HF and that chronic exposures may result in osteofluorosis. In
five human subjects exposed to average air concentrations at 1.42-4.74 ppm
6 h/d for up to 50 d, fecal excretion of fluoride increased 4-fold from 0.102
mg/d to 0.423 mg/d (Largent 1960, 1961). Urinary excretion during the
inhalation period ranged from 3.46 mg/d to 19.6 mg/d; pre-exposure urinary
concentrations were not given. At an inhaled fluoride concentration of 4
ppm (measured from a combination of HF and silicon tetrafluoride) for 8
h, urinary excretion in two humans subjects increased from a pre-exposure
range of 0.8-1.4 mg/d to an average of 9.1 mg during the day of exposure
(Collings et al. 1951). Fluoride appeared in the urine within 2 h of expo-
sure.

Mean urinary fluoride concentrations in aluminum smelter workers
increased from a range of 1.23-2.45 mg/L pre-exposure to a range of 2.35-
8.21 mg/L during a 7-d workshift (Dinman et al. 1976). Mean atmospheric
concentrations of fluoride measured at different times and in different parts
of the work area ranged from 0.73 mg/m’ to 2.27 mg/m’. At two other
plants, average 8-h exposure concentrations ranged from 2.4 mg/m’ to 6.0
mg/m’ (2.9-7.3 ppm), and average fluoride concentrations in the urine
ranged from 8.7 ppm to 9.8 ppm (Kaltreider et al. 1972). The urinary value
for a control group was 0.7 ppm. Ninety-six percent of 79 chronically
exposed employees who were X-rayed had developed fluorosis without
physical impairment or overt clinical signs. On the basis of total fluoride
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levels, Derryberry et al. (1963) reported that exposure to a time-weighted
average concentration of 3.38 mg/m’ (range, 1.78-7.73 mg/m®) was associ-
ated with increases in bone density in 17 of 74 workers. The average time
of employment with fluoride exposure was 13.7 y. Exposure to a time-
weighted concentration at 2.65 mg/m’ did not result in a skeletal effect.

In a monitoring study, Kono et al. (1987) measured air and urinary
concentrations of fluoride in 82 unexposed subjects and in 142 workers
engaged in the manufacture of hydrofluoric acid in Japan. The air concen-
tration for unexposed workers was 0 ppm, whereas the air concentrations
in different areas of the manufacturing sites ranged from 0.3 ppm (16 work-
ers) to 5.0 ppm (10 workers). There was a linear relationship between the
mean values of urinary fluoride and the HF in the air.

Plasma fluoride concentrations significantly increased in male volun-
teers exposed to HF at 0.85-2.9 ppm or 3.0-6.3 ppm for 1 h (Lund et al.
1997). No increase was reported in a group exposed at 0.2-0.7 ppm for 1
h. In the higher exposure group, concentrations increased from approxi-
mately 8-17 ng/mL (baseline values for seven subjects) to 30-80 ng/mL at
the end of the 1-h exposure. For several individuals in the highest exposure
group, plasma fluoride remained elevated at 180 min after the start of expo-
sure.

Rats exposed to airborne concentrations of HF (nose-only exposure)
had increased concentrations of fluoride in their blood plasma and lungs
(Morris and Smith 1983). There was a linear relationship between concen-
trations in air and plasma fluoride content. At an exposure concentration
of 81 ppm, the blood and plasma ionic fluoride concentrations were 0.26
pg/mland 0.19 pg/g, respectively. Mean concentrations in a control group
were 0.037 ug/ml and 0.07 ug/g, respectively. The form of fluorine in both
lung and plasma was primarily ionic, with a small amount being bound or
nonexchangeable.

Plasma fluoride concentrations in guinea pigs exposed at 1.8, 3.7, 6.1,
or 12.2 ppm were increased in a concentration-dependent manner (Dousset
et al. 1986). After 84 h of constant exposure, plasma fluoride concentra-
tions were 1.2, 1.4, 2, and 2.5 mg/L, respectively. Concentrations of F~ in
the blood, urine, and bones of guinea pigs exposed to atmospheres contain-
ing 0.6-29 mg/m’ (0.7-35 ppm) for one day increased with increasing HF
concentrations (Bourbon et al. 1984).

Following short-term HF exposures in rabbits, the bulk of stored fluo-
rine was found in the bone, whereas following long-term exposures, storage
also occurred in the teeth (Machle and Scott 1935). For example, 15 mo
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after a single 1-h exposure at 1,281 ppm, the fluorine content in bone was
99.4 mg/100 g. The value in a group of unexposed controls was 14.25
mg/100 g of bone. Storage of as much as 10 times the amount normally
found in bone caused changes normally associated with fluorosis. After 16
d of exposure at 33 ppm for 6 h/d, the fluoride content of the teeth and
femurs of rats increased by a factor of 10-30 (Stokinger 1949).

4.2. Mechanism of Toxicity

The available studies indicate that HF is a severe irritant to the skin,
eyes, and respiratory tract, particularly the anterior nasal passages where,
depending on species and concentration, it appears to be effectively
scrubbed from the inhaled air. Effective deposition in the anterior nasal
passages may be attributed to the high aqueous solubility and reactivity of
HF. Penetration into the lungs results in pulmonary hemorrhage and edema
and may result in death. Cardiac arrhythmias have been seen in humans
following accidental dermal and inhalation exposure. Cardiac arrhythmias
are the result of hypocalcemia- and hypomagnesemia-induced acidosis
following dermal fluoride uptake. It is not known whether inhalation expo-
sure alone would cause this effect (ATSDR 1993). Although renal and
hepatic changes have been observed in animal studies, serious systemic
effects are unlikely to occur at a level below what would cause serious
respiratory effects. In the studies summarized in Tables 3-4 and 3-6, the
tissues of the respiratory tract sustain the impact of an acute exposure.
Therefore, the concentration of HF in the inhaled air, and not the absorbed
dose, is the primary determinant of effects in acute exposure scenarios.

4.3. Structure-Activity Relationships

Although the AEGL values for HF are based on empirical toxicity data,
it is important to consider the relative toxicities of HF and other structurally
similar chemicals. The compounds most closely related to HF are the other
hydrogen halides, HCl and HBr. It might be anticipated that some relation-
ships exist in this chemical class between structure and respective toxicities
in animals and humans. However, because of the differences in size and
electron configuration of the various halogen atoms, substantial differences
exist with respect to their chemical and physical properties, which in turn
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are responsible for their toxicologic properties (atomic weights of fluorine,
chlorine, and bromine are 19, 35.5, and 80, respectively). That is particu-
larly true in the case of acute toxic effects resulting from inhalation exposure.

For example, HCI has a considerably higher ionization constant than
HF, and is therefore classified as a stronger acid. Consequently, higher
concentrations of proton-donor hydronium ions are generated from HCI in
aqueous solutions under the same conditions. The protons readily react
with cells and tissues resulting in HCI’s irritant and corrosive properties.
On the other hand, the fluoride ion from dissociated HF is a strong
nucleophile, or Lewis base, that is highly reactive with various organic and
inorganic electrophiles, which are biologically important substances, also
resulting in irritation and tissue damage.

In addition to these differences in chemical properties, differences in
water solubility may be a significant factor in acute inhalation toxicity. HF
and HBr are characterized as infinitely and freely soluble in water, respec-
tively, and the solubility of HCI, although high, is lower at 67 g/100 g of
water at 30°C (Budavari et al. 1996). Thus, it is likely that HF is more
effectively scrubbed than HCI in the nasal cavity, resulting in less penetra-
tion to the lungs and less severe toxicity there. The effectiveness of the
scrubbing mechanism is demonstrated in a study that addressed the acute
toxicities of HF, HCI, and HBr and the deposition (scrubbing) of those
chemicals in the nasal passages. Stavertetal. (1991) exposed male Fischer-
344 rats to each of the hydrogen halides at 1,300 ppm for 30 min and as-
sessed damage to the respiratory tract 24 h after the exposure. The nasal
cavity was divided into four regions, which were examined microscopically.
For all three hydrogen halides, tissue injury was confined to the nasal cav-
ity. Tissue injury in the nasal cavity was similar following exposures to HF
and HCI and involved moderate to severe fibrinonecrotic rhinitis in nasal
region 1 (most anterior region). For HF and HCI, the lesions extended into
region 2, but regions 3 and 4 were essentially normal in appearance, as was
the trachea. Nasal cavity lesions following exposure to HBr were limited
to region 1 and were similar in extent to those produced by HF and HCI,
showing that all three chemicals are well scrubbed. No lung or tracheal
injury was evident for any of the chemicals, although accumulations of
inflammatory cells and exudates in the trachea and lungs following the
exposure to HCI indicated that it may not be as well scrubbed in the nasal
passages as HF and HBr. However, that possibility is modified by the au-
thors’ observation of lower minute volumes in the HF- and HBr-exposed
rats, so that greater amounts of HCl were breathed. Morris and Smith
(1982) also showed that at concentrations up to 226 ppm, >99.7% of in-
spired HF may be scrubbed in the upper respiratory tract of the rat.
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In a series of experiments with HF and HCI that used guinea pigs and
rabbits as the test species, Machle and coworkers (Machle and Kitzmiller
1935; Machle et al. 1934, 1942) concluded that the acute irritant effects of
HF and HCI were similar, but the systemic effects of HF were more severe,
presumably because chloride ion is a normal electrolyte in the body, and
fluoride ion is not. However, the conclusions involving systemic effects
followed repeated exposures.

Aside from lethality studies, no clear evidence is available to establish
the relative toxicities of HF and HCI. At concentrations ranging from 100
ppm to 1,000 ppm for 30 min, Kusewitt et al. (1989) reported epithelial and
submucosal necrosis, accumulation of inflammatory cells and exudates, and
extravasation of erythrocytes in the nasal region of rats exposed to HF, HCI,
or HBr. The severity of injury increased with increasing concentration, and
the relative toxicities of the hydrogen halides were reported as HF > HCl >
HBr. However, in a later study by the same authors, Stavert et al. (1991)
reported no difference in the toxicities of HF, HCI, or HBr to the nasal
regions or the lung in nose-breathing or mouth-breathing rats, respectively,
at 1,300 ppm for 30 min.

Atthe high concentrations necessary to cause lethality during exposure
durations of 5 min to 1 h, HF is approximately twice as toxic to the rat (1.8-
to 2.2-fold) as HCI (Table 3-7). The relationship is similar for the mouse
within that time period (2.2- to 3.2-fold). A later study on HF by MacEwen
and Vernot (1974) resulted in slightly lower 1-h LCs, values of 456 ppm
and 966 ppm for the mouse and rat, respectively, but the approximately 2-
fold difference between HF and HCI remained for both species. However,
when considering lethal concentrations of respiratory irritants such as HCI,
the mouse “may not be an appropriate model for extrapolation to humans,”
because “mice appear to be much more susceptible to the lethal effects of
HCl than other rodents or baboons. To some extent, this increased suscepti-
bility may be due to less effective scrubbing of HCl in the upper respiratory
tract” (NRC 1991). Quantitative data for HBr were limited to one study,
but that study also showed that HF was more toxic than either HCI or HBr.

It is important to note that the relative toxicities for HF, HCI, and HBr
shown in Table 3-7 are for exposure durations ranging from 5 min to 1 h.
On the basis of empirical lethality (LCs,) data in rats, rabbits, and guinea
pigs, the exposure time-LCs, relationship for HF using the equation C" X ¢
= kresults in an n value of 2. That compares to a value of n =1 empirically
derived from rat and mouse lethality data for HCl. Hence, although HF is
more toxic than HCI at the higher concentrations and shorter exposure
durations, the rate of decrease in the LCs, threshold is less (i.e., less slope
in the curve derived from C" x ¢ = k) for HF than HCI. As aresult, the LCj,
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values, and therefore the lethal toxicities of HF and HCI, are comparable at
4 h and 8 h. This shift in relative lethal toxicity across time also is reflected
in the AEGL-3 values developed for HF and HCL.

Considering the greater water solubility of HF compared with HCI, it
is possible that the more effective scrubbing of HF in the nasal passages is
responsible for the apparent decrease in the relative toxicities of HF and
HCI at lower concentrations associated with longer exposure durations.
Conversely, the greater toxicity of HF at higher concentrations associated
with shorter exposure durations might be due to saturation of the scrubbing
mechanism and higher concentrations in the lower respiratory system.

4.4. Other Relevant Information
4.4.1. Susceptible Populations

Individuals with asthma might respond to exposure to HF with
increased bronchial responsiveness. No information on the relative suscep-
tibility of asthmatic and normal individuals to HF was located.

Individuals under stress, such as those involved in emergency situations
and individuals engaged in physical activity, will experience greater HF
deposition and pulmonary irritation than individuals at rest. Furthermore,
individuals who breathe through their mouths would be at greater risk. The
exercise incorporated into the protocol of the Lund et al. (1997, 1999) study
takes into account the increased physical activity in emergency situations.

4.4.2. Species Differences

Lethal concentrations were investigated in rats, mice, and guinea pigs.
Results of studies in different species by the same investigators indicate that
the rat is more sensitive than the guinea pig (Rosenholtz et al. 1963), and
the mouse is more sensitive than the rat (Wohlslagel et al. 1976). Similar
60-min LC,, values for the rat were found by Wohlslagel et al. (1976),
Rosenholtz et al. (1963), and MacEwen and Vernot (1970)—1,395, 1,307,
and 1,276 ppm, respectively. The monkey, with its lower respiratory rate,
is less sensitive to HF than the mouse or rat (by factors of 1.4 and 3.5, re-
spectively [MacEwen and Vernot 1970, 1971]). Data presented in this
document clearly show that the rank order of susceptibility is mice > rats >
rhesus monkeys.
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TABLE 3-7 Relative Toxicities of HF, HCI, and HBr as Expressed by
LC,, Values (ppm)

Exposure

Species Duration HF HC1 HBr Reference

Rat 5 min 18,200 41,000 Higgins et al. 1972

Mouse 6,247 13,750

Rat 30 min 2,042 4,700 Rosenholtz et al. 1963

Mouse 2,644 (HF); MacEwen and
Vernot 1972 (HCI)

Rat 1h 1,395 3,124 Wohlslagel et al.

Mouse 342 1,108 1976

Rat 1h 1,278 2,858 MacEwen and Vernot

Mouse 501 814 1972¢

“The data of Wohlslagel et al. (1976) and MacEwen and Vernot (1972) were gener-
ated in the same laboratory. Therefore, the values for HCI can be compared with
those for HF and HBr in the following row.

When comparing species differences in sensitivity, there are four stud-
ies that indicate that mice are 2 to 4 times more sensitive to the toxic effects
of HF than are rats. Three of those studies are summarized in Table 3-7,
above. The 5-min LC,, value for the mouse was 6,247 ppm compared with
18,200 for the rat (Higgins et al. 1972). In the second study, the 60-min
LC, for the mouse was 342 ppm compared with 1,395 ppm for the rat
(Wohlslagel et al. 1976). In the third study, the 1-h LCs, values for the
mouse and rat were 501 ppm and 1,276 ppm, respectively (MacEwen and
Vernot 1970). In the fourth study, the 1-h LCs, of the rat was 966 ppm,
whereas that of the mouse was 456 ppm (Vernot et al. 1977). When mouse
and rat lethality values are compared across all studies, the species differ-
ence appears greater than 3- to 4-fold, but that greater difference is probably
attributable to the different analytical techniques among laboratories. Mon-
keys have substantially lower respiratory rates than rodents and are there-
fore less susceptible to pulmonary irritation from inhaled HF.

In other studies, the monkey was less sensitive than the rat (1-h LCj,
values of 1,774 ppm and 1,276 ppm, respectively). The rat was more sensi-
tive than the guinea pig (15-min LC,, values of 2,689 ppm and 4,327 ppm,
respectively) (Rosenholtzetal. 1963). Responses of rabbits and guinea pigs
to sublethal and lethal exposures appeared to be similar, except that guinea
pigs were more likely than rabbits to suffer delayed deaths. Some differ-
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ences between the two species were noted in the severity and incidence of
organ lesions (Machle et al. 1934). In another study, rats and mice suffered
100% mortalities at a concentration of 33 ppm for 6 h/d for 5 wk, whereas
no mortalities occurred in guinea pigs, rabbits, and dogs (Stokinger 1949).
Rhesus monkeys survived exposure at 18.5 ppm for 6-7 h/d for 50 d, with
lesions confined to the kidneys, whereas two of three guinea pigs died
during the same exposure regimen (Machle and Kitzmiller 1935). Lesions
were present in the lungs and organs of guinea pigs. Rabbits survived the
same exposure regimen, but suffered lung and organ lesions. Differences
in nasal scrubbing capacity among the species could not be ascertained from
these data.

Because most rodents are obligatory nose-breathers, whereas humans
may be mouth-breathers, especially during exercise, Stavert et al. (1991)
and Dalbey (1996) studied the effects of HF inhalation via the nose and
mouth in rats. HF was delivered directly to the trachea by cannulation. In
both studies, concentrations that produced effects confined to the nasal
passages in nose-breathing rats resulted in serious lower respiratory tract
effects or deaths in orally cannulated rats. These results indicate that the
site of injury and resultant toxicologic effects will differ with oral and nasal
breathing, the former mode resulting in more severe responses under similar
exposure situations. Thus, species that can breathe through their mouth
may be more sensitive to the effects of HF than are those who are obligate
nose-breathers.

4.4.3. Concentration-Exposure Duration Relationship

When data are lacking for desired exposure times, time-scaling can be
executed based on the relationship between acute toxicity (concentration)
and exposure duration for a common end point. Time-scaling data were
available for the rat (Rosenholtz et al. 1963). Using 5-, 15-, 30-, and 60-
min LCy, values from Rosenholtz et al. (1963), Alexeeff et al. (1993)
showed that the association between concentration and exposure duration
for HF can be described as C? x t = k (where C = concentration, ¢ = time,
and k is a constant). The least-squares linear curve fit of the graph, log time
vs log LCs, resulted in the equation y = 7.69 - 1.89x. The slope of the line,
1.89 (rounded to 2), is the value of the exponent n. The graph showing this
relationship is in Appendix A. ten Berge et al. (1986) found the same rela-
tionship between concentration and time using the data of Machle et al.
(1934) (i.e., C* x t = k).
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The above time-scaling relationship holds true for exposure durations
between 5 and 60 min. Because HF is well scrubbed in the nasal passages
at “low concentrations,” time-scaling to longer exposure durations results
in lower values that are inconsistent with the experimental data.

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

The studies of Largent (1960, 1961), Machle et al. (1934), and Lund et
al. (1997, 1999) provide information on both concentrations and exposure
times. These studies with healthy human volunteers, including subjects
who were characterized as atopic, indicated that a concentration of HF at
1.42 ppm was a NOAEL for irritation, although average concentrations of
2.59-4.74 ppm could be tolerated for 6 h daily for a number of days with
only slight irritation of the eyes, skin, and nasal passages (Largent 1960,
1961). Concentrations at <2 ppm (Largent 1960, 1961) and <3 ppm (Lund
et al. 1997, 1999) were characterized as only slightly irritating; there was
a slight lung inflammatory response in exercising adults in the study by
Lund et al. (1999). Moreover, excursions up to 7.9 ppm and 8.1 ppm
(Largent 1960, 1961) could be tolerated by two subjects, apparently without
increased irritancy. Workers have been chronically exposed to HF at an
average concentration of 3.6 ppm (Derryberry et al. 1963), ranges of con-
centrations from 0.3 ppm to 5.0 ppm (Kono et al. 1987) and from 0.2 ppm
to 5 ppm (Abramson et al. 1989), and intermittently at 14 ppm to 27 ppm
(Machle and Evans 1940). Those workers were for the most part asymp-
tomatic (Derryberry et al. 1963; Machle and Evans 1940), although the
chronic exposures in the study of Derryberry et al. (1963) were associated
with increases in bone density (osteofluorosis).

5.2. Summary of Animal Data Relevant to AEGL-1

Studies involving mild irritation effects in animals were summarized
in Table 3-6. For 60-min exposures, mild and occasional signs of eye, nose,
or respiratory irritation were observed in the dog at 157 ppm and in the rat
at 103 and 126 ppm (Rosenholtz et al. 1963). For guinea pigs and rabbits,
a concentration at 61 ppm for 5 h resulted in only mild irritation to the
respiratory tract, but histologic studies were not performed at that exposure
concentration.
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5.3. Derivation of AEGL-1

Because human data are available, they should be used to derive the
AEGL-1. The basis for the AEGL-1 is 3 ppm, a higher exposure concentra-
tion in a range of concentrations evaluated by Lund et al. (1997, 1999). The
exposure duration was 1 h. This exposure level can be considered a
subthreshold for lung inflammation, because there were no increases in
markers of lung inflammation, which include neutrophils, eosinophils,
protein, and methyl histamine. There were no changes in lung function
(FVC and FEV)), and no to minor symptoms of irritation at this concentra-
tion. The subjects were healthy exercising adults, but two of them had
increased immune parameters. Compared with healthy adults, individuals
with asthma may experience bronchial constriction at lower concentrations
of HF.

For HF, the use of an intraspecies uncertainty factor (UF) of 3 for the
Lund et al. (1997, 1999) data is reasonable. There was no evidence of
effects on respiratory parameters in healthy adults at concentrations up to
7.8 ppm (Lund et al. 1995) or 8.1 ppm (Largent 1960, 1961) or in healthy
but atopic individuals at concentrations up to 6.3 ppm (Lund et al. 1997,
1999). Application of an intraspecies UF of 3 to data sets that included
atopic individuals results in a 1-h AEGL-1 value of 1 ppm. This value is
lower than the concentrations in the Lund et al. (1995, 1997, 1999) and
Largent (1960, 1961) studies by factors of 6-8 and is considered sufficiently
low to protect asthmatic individuals. Because irritant properties would not
change greatly between the 10-min and 1-h time frames, the 10- and 30-min
values were set equal to the 1-h value. The resulting AEGL-1 values are
listed in Table 3-8, and the calculations are contained in Appendix B.

The Largent et al. (1960, 1961) study provides support data for the
safety of the longer-term AEGL-1 values. In the Largent study, concentra-
tions at <2 ppm for 6 h/d were reported as only slightly irritating. This
concentration-time relationship for an acute exposure can be considered
conservative, because the exposure was tolerated repeatedly for up to 50 d
without increased irritancy. In addition, industrial exposures at approxi-
mately 4 ppm have been experienced without effects.

Alexeeff et al. (1993) used a benchmark dose approach to estimate an
exposure level that would protect the public from any irritation from routine
HF emissions. Their approach employed a log-probit extrapolation of
concentration-response data to the 95% lower confidence limit on the toxic
concentration producing a benchmark dose of 1% response called a practi-
cal threshold. Species-specific and chemical-specific adjustment factors
were applied to develop exposure levels applicable to the general public.
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TABLE 3-8 AEGL-1 Values for Hydrogen Fluoride (ppm [mg/m’])
10 min 30 min l1h 4h 8h
1.0 (0.8) 1.0 (0.8) 1.0 (0.8) 1.0 (0.8) 1.0 (0.8)

The 1-h value was calculated to be 0.7 ppm. That value is similar to the
1.0-ppm concentration derived for the 1-h AEGL-1. Alexeeffet al. (1993)
also calculated a 1-h value of 2 ppm, which they defined as the concentra-
tion that would protect against severe irritation from a once-in-a-lifetime
release.

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

Studies with human volunteers indicate that because of irritation, con-
centrations above 32 ppm cannot be tolerated for more than a few minutes
(Machle et al. 1934). The highest concentration that two men could volun-
tarily tolerate for more than 1 min was 122 ppm. Longer-term exposures
were at lower average concentrations, 2.59-4.74 ppm, but excursions up to
8 ppm were tolerated daily for 25-50 d without more than the described
mild irritant effects (Largent 1960, 1961). Furthermore, long-term exposure
to combined HF gas and fluoride-containing dust at 3.6 ppm (Derryberry
etal. 1963), 8 h of exposure to HF and silicon tetrafluoride at approximately
4 ppm (Collings et al. 1951), and intermittent long-term exposure to com-
bined HF and calcium fluoride dust at 14-27 ppm (Machle and Evans 1940)
did not result in clinical or respiratory effects in workers. According to
Alarie (1981), the mouse RDy, of 151 ppm (TNO/RIVM 1996) would be
“intolerable to humans” and would result in tissue damage, but 0.1 times the
RDy, (15 ppm) would result in only “some sensory irritation” and could be
tolerated for hours to days. This latter irritant effect is less than the irrita-
tion considered relevant to the development of AEGL-2 values.

6.2. Summary of Animal Data Relevant to AEGL-2
Five animal studies (Machle et al. 1934; Rosenholtz et al. 1963; Hig-

gins et al. 1972; Wohlslagel et al. 1976; Dalbey 1996) provide information
on sublethal effects from acute exposures. The 5-min exposure periods of
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Higgins et al. (1972) are short and, aside from a mention of pulmonary
edema, details of effects were not given. One-hour exposures at 157 ppm
(dog) and 103 ppm (rat) produced mild, nondisabling effects or only occa-
sional signs of ocular and nasal irritation (Rosenholtz et al. 1963). One-
hour exposures at 243 ppm (dog) and 291 ppm (rat) produced moderate
ocular, nasal, and respiratory irritation (Rosenholtz et al. 1963). For the
guinea pig and rabbit, a concentration at 61 ppm for 5 h resulted in only
mild irritation of the respiratory tract, but histologic studies revealed that
exposures at 54 ppm for 6 h and 30 ppm for 41 h resulted in liver and kid-
ney lesions (Machle et al. 1934).

The Dalbey (1996; Dalbey et al. 1998a) data are relevant to the devel-
opment of short-term AEGL-2 values. In those studies, 10-min exposures
of orally cannulated rats (a conservative model for the human breathing
pattern under irritant conditions, because HF would not be scrubbed by the
mouth and upper respiratory tract) resulted in a NOAEL of 950 ppm for the
AEGL-2 definition (the next highest exposure, 1,764 ppm, resulted in death
in one of 20 rats). At 950 ppm, small increases in myeloperoxidase and
polymorphonuclear leukocytes in the BAL were observed along with
histologic changes in the trachea. These morphologic changes were mar-
ginal and were similar in incidence and severity to controls. It should be
noted that in nose-breathing rats, a concentration at 1,669 ppm was well
scrubbed by the nasal passages, and lesions were confined to the nasal
passages (Dalbey et al. 1998Db).

6.3. Derivation of AEGL-2
6.3.1. Derivation of 10-Min AEGL-2

Animal data for short-term exposures and human data for long-term
exposures were available for consideration in calculating the AEGL-2 val-
ues. Because 10-min data were available in orally cannulated rats, they
were used to derive the 10-min AEGL-2. Mortality occurred at the 10-min,
1,764-ppm exposure in cannulated rats, so the lower value of 950 ppm was
chosen as the threshold for serious effects for the 10-min AEGL-2. How-
ever, no serious effects occurred at that exposure even though HF was de-
livered directly to the trachea. A total UF of 10 is reasonable because the
end point chosen is a mild response that does not approach the definition of
an AEGL-2 effect. In addition, the delivery of HF in orally cannulated rats
eliminates scrubbing by the nose. The dose to the lungs is greater than in
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naturally breathing rodents. Therefore, this route of exposure coupled with
the mild effect is already an inherently conservative exposure from which
to derive the 10-min AEGL-2. Using this estimated threshold, a total UF
of 10 (3 each for inter- and intraspecies differences) was applied resulting
in a 10-min AEGL-2 of 95 ppm. The 10-min AEGL-2 is clearly below the
serious injury category of data from tests in monkeys, rats, dogs, mice,
guinea pigs, and rabbits, as shown in Figure 3-1. Therefore, a total UF of
10 applied to the orally cannulated rat data should be protective of suscepti-
ble populations. Figure 3-1 is a plot of all of the data on HF from 3 min to
7 h by category of response.

6.3.2. Derivation of 30-Min to 8-H AEGL-2s

The 1-h exposure of dogs at 243 ppm, which resulted in signs of irrita-
tion and discomfort including blinking, sneezing, and coughing, was chosen
as the basis for the longer-term AEGL-2 values. That value is one-fourth
of the rat LC,, in the same study. Rats exposed to a similar concentration
(291 ppm) developed moderate eye and nasal irritation. The next higher
concentration (489 ppm for 1 h) resulted in respiratory distress and severe
eye and nasal irritation in the rat, signs more severe than those ascribed to
AEGL-2. The moderate eye and nasal irritation observed in dogs at 243
ppm was considered the threshold for impaired ability to escape. That 1-h
value was divided by a total UF of 10 (3 for intraspecies differences and 3
for interspecies differences). The values were scaled across time using C*
x t = k. The resulting time-scaled 8-h AEGL-2 value of 8.6 ppm is incon-
sistent with the human data in the study of Largent (1960, 1961) in which
humans inhaling 8.1 ppm intermittently suffered no greater effects than
slight irritation. Therefore, the 8-h AEGL-2 was set equal to the 4-h
AEGL-2. It should be noted that the resulting 30-min AEGL-2 of 34 ppm
is similar to the 32-ppm concentration that was tolerated for only several
minutes by human subjects in the Machle et al. (1934) study. The AEGL-2
values are listed in Table 3-9, and the calculations are contained in Appen-
dix B.

A total UF of 10 is reasonable and sufficient. If a total UF of 30 were
used, the predicted 6-h AEGL-2 level would be 3.3 ppm. However, human
subjects exposed intermittently at 8 ppm for 6 h over a 10-50 d period expe-
rienced only slight irritation (Largent 1960, 1961). Even a susceptible
person should not experience a disabling effect at that concentration. The
derived 6-h value using a total UF of 10 is 9.9 ppm, which is in the range
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TABLE 3-9 AEGL-2 Values for Hydrogen Fluoride (ppm [mg/m’])
10 min 30 min l1h 4h 8h
95 (78) 34 (28) 24 (20) 12 (9.8) 12 (9.8)

that a healthy person can tolerate with only minor irritation upon repeated
exposure. Susceptible individuals, including asthmatic patients, should not
be incapacitated at that concentration. Figure 3-1 is a plot of all of the data
on HF from 3 min to 7 h by category of response. The AEGL-2 values are
clearly below the serious injury category of data from tests in monkeys,
rats, dogs, mice, guinea pigs, and rabbits.

According to Alarie (1981), 0.1 times the RDs, of 151 ppm for the
mouse (TNO/RIVM 1996) can be tolerated for hours by humans with some
irritation. The resulting concentration of 15 ppm is only slightly higher
than both the 4- and 8-h values in Table 3-9.

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

Human data were insufficient for derivation of an AEGL-3. The high-
est nonlethal concentration that human volunteers were exposed to, 122
ppm for 1 min, produced marked irritation (Machle et al. 1934). Thatis a
lesser effect than the AEGL-3 definition. Scaling to the longer time periods
would result in lower values than the AEGL-2. Fatalities of humans from
HF exposure have been reported, but exposures were via both dermal and
inhalation routes, and exposure concentrations were unknown. Exposures
during accidents were usually estimated.

7.2. Summary of Animal Data Relevant to AEGL-3

Lethality data are summarized in Table 3-4, and sublethal data are
summarized in Table 3-6. The lowest lethal concentrations were reported
for the mouse. Wohlslagel etal. (1976) reported a 1-h LC, of 342 ppm and
a 1-h value of 263 ppm that resulted in no deaths, which the data indicate
is a threshold for lethality. However, the LC,,, calculated by probit analy-
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sis, was 200 ppm, below the LC,. The data also indicate that mice are ap-
proximately 3 times more sensitive to HF than rats.

The Dalbey (1996; Dalbey et al. 1998a) data are relevant to the devel-
opment of short-term AEGL-3 values. In those studies, 10-min exposures
to HF in orally cannulated rats (a potentially realistic model for the human
breathing pattern under irritant conditions) resulted in serious effects includ-
ing lethality at 1,764 ppm (1/20) and caused local irritation but no serious
effects at 950 ppm. The NOAEL was 271 ppm.

7.3. Derivation of AEGL-3
7.3.1. Derivation of 10-Min AEGL-3

The concentration causing death in one of 20 orally cannulated rats,
1,764 ppm, was chosen as the lethal threshold for the 10-min AEGL-3
(Dalbey et al. 1998a). Although 1/20 is higher than the usual threshold for
the AEGL-3, the oral cannulation model is conservative compared with
normal nose-breathing, because it bypasses nasal scrubbing and maximizes
the pulmonary dose. A total UF of 10 is reasonable under those conditions.
Figure 3-1 shows that the 10-min AEGL-3 value is clearly below levels that
cause death in tests in monkeys, rats, dogs, mice, guinea pigs, and rabbits.
The use of a total UF of 30 would drive the 10-min AEGL-3 to 59 ppm,
which is below the 10-min AEGL-2. Nose-breathing rats exposed at 1,669
ppm for 10 min had lesions confined to the nasal passages (Dalbey et al.
1998b). In addition, exposure of monkeys at 690 ppm for 1 h (MacEwen
and Vernot 1970) did not result in any deaths. That value extrapolated to
10 min with an n =2 and a total UF of 10 would predict no deaths if mon-
keys were exposed at 169 ppm for 10 min, essentially the same value as the
10-min AEGL-3 of 170 ppm. Therefore, a total UF of 10 applied to the
orally cannulated rat data should be quite protective.

7.3.2. Derivation of 30-Min to 8-H AEGL-3s

The AEGL-3 values for the threshold for life-threatening health effects
or death for the longer time periods were based on the 60-min value of 263
ppm, which was the highest nonlethal concentration for the mouse reported
by Wohlslagel et al. (1976). UFs and MFs are applied to account for
interspecies and intraspecies variability. On the basis of LC,, data from
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studies in which the susceptibility of both the rat and mouse were evaluated,
the mouse was found to be approximately three times more sensitive than
the rat to the effects of HF (Table 3-7). Because of the greater sensitivity
of the mouse, an interspecies UF of 1 was applied; an intraspecies UF of 3
was applied to account for differences in human susceptibility. In addition,
a MF of 2 was applied, because the highest nonlethal value of 263 ppm was
close to the 60-min LCs, of 342 ppm. The 30-min and 4-h values were
calculated based on the C* x t = k relationship. Because the time-scaled 8-h
value of 15 ppm is inconsistent with the animal data (e.g., two rhesus mon-
keys survived a 50-d exposure to 18.5 ppm with no effects other than kid-
ney lesions [Machle and Kitzmiller 1935]), the 8-h AEGL-3 value was set
equal to the 4-h value. Calculations are contained in Appendix B, and
results are listed in Table 3-10.

A total factor of 6 is reasonable and sufficient. If a total factor of 20
were used (3 each for inter- and intraspecies uncertainties and 2 as an MF),
the predicted 6-h AEGL-3 would be 5.4 ppm. However, human subjects
exposed intermittently at 8 ppm for 6 h over a 25-50 d period experienced
only slight irritation (Largent 1960, 1961). Even a susceptible person
should not experience a life-threatening effect at that concentration. In
addition, the use of a total factor of 20 would drive the AEGL-3 values
below the AEGL-2 values. Therefore, a combined factor of 6 is reasonable.
The AEGL-3 values are clearly below the levels that cause death in mon-
keys, rats, dogs, mice, guinea pigs, and rabbits (Figure 3-1).

The database for HF is extensive, and many other studies with labora-
tory animals support the AEGL-3 values. Concentrations resulting in se-
vere effects but no deaths in several animal species were divided by 10 (an
interspecies UF of 3 to account for the fact that these species may be less
sensitive than mice, and an intraspecies UF of 3 to account for differences
in human susceptibility). When scaled across time, the 1-h values ranged
between 69 ppm and 163 ppm, which are above the 1-h AEGL-3 of 44 ppm.
In addition, the RDs, for mice of 151 ppm is not far below the 10-min
AEGL-3 of 170 ppm. According to Alarie (1981), the RD,, could be toler-
ated for hours by humans but would result in tissue damage.

TABLE 3-10 AEGL-3 Values for Hydrogen Fluoride (ppm [mg/m’])
10 min 30 min l1h 4h 8h
170 (139) 62 (51) 44 (36) 22 (18) 22(18)
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8. SUMMARY OF AEGLs
8.1. AEGL Values and Toxicity End Points

In summary, the AEGL values were derived in the following manner.
The AEGL-1 was based on the study of Lund et al. (1997, 1999) in which
sensitive biochemical markers of pulmonary inflammation were noted in
human volunteers at a mean concentration of 3 ppm. The exposures were
for 1 h. In a supporting study, human volunteers could tolerate exposure at
a concentration of 2 ppm for 6 h/d with only mild irritation of the eyes,
skin, and upper respiratory tract (Largent 1960, 1961). The 3-ppm concen-
tration from the Lund et al. (1997, 1999) study was divided by an
intraspecies UF of 3 to protect sensitive individuals. Because of the 6-h
exposure duration of the supporting study, and because adaptation to mild
sensory irritation occurs, the 1 ppm value was applied to all AEGL-1 expo-
sure durations.

The 10-min AEGL-2 value was based on the 10-min NOAEL of 950
ppm for serious lung effects in orally cannulated rats; that value was consid-
ered the threshold for serious effects. A combined UF of 10—3 for
interspecies variability (HF is a primary irritant, LC,, values differ by a
factor of 2-4 between the mouse and rat, and the irritation end point is ap-
propriate for human health risk assessment) and 3 for intraspecies variabil-
ity.

The 30-min and 1-, 4- and 8-h AEGL-2 values were based on a study
in which dogs exposed at 243 ppm for 1 h showed signs of irritation includ-
ing blinking, sneezing, and coughing. The 1-h value of 243 ppm was di-
vided by a total UF of 10—3 for intraspecies (the dog is a sensitive species
for sensory irritation) and 3 for intraspecies. The values were scaled across
time using C* x ¢ = k. Based on the study of Largent (1960, 1961) in which
human subjects intermittently exposed at 8.1 ppm for up to 50 d found the
exposure only slightly irritating, the calculated time-scaled 8-h value of 8.6
ppm was considered too low. Therefore, the 8-h value was set equal to the
4-h value.

The 10-min AEGL-3 was based on the 10-min lethal threshold in orally
cannulated rats, 1,764 ppm. That value was rounded down to 1,700 ppm
and divided by a combined UF of 10—3 for interspecies differences (LCs,
values differ by a factor of 2-4 between the mouse and rat) and 3 for
intraspecies differences.

The other AEGL-3s were derived from the highest reported nonlethal
1-h value for the most sensitive animal species, the mouse. That value, 263
ppm, was divided by UFs of 1 for interspecies variability (the mouse was
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TABLE 3-11 Summary of AEGL Values (ppm [mg/m’])

Exposure Duration

Classification 10 min 30 min lh 4h 8h
AEGL-1 1.0 1.0 1.0 1.0 1.0
(Nondisabling) (0.8) (0.8) (0.8) (0.8) (0.8)
AEGL-2 95 34 24 12 12
(Disabling) (78) (28) (20) (9.8) (9.8)
AEGL-3 170 62 44 22 22
(Lethal) (139) 5D (36) (18) (18)

approximately 3 times more sensitive than rats) and 3 for intraspecies vari-
ability and by an MF of 2 to account for the fact the highest nonlethal value
was close to the LCs,. That value was scaled to the other time periods using
C* x t = k. On the basis of repeated exposures in animal studies and the
well-known scrubbing capacity of the mammalian nose at low concentra-
tions, the 8-h AEGL-3 was set equal to the 4-h value. Values are summa-
rized in Table 3-11, above.

8.2. Comparisons with Other Standards and Criteria

Standards and guidelines developed by other agencies are listed in
Table 3-12. Those values are for both daily exposures in the workplace and
emergency situations. The ERPGs are defined similarly to the AEGLs but
are usually for only the 1-h exposure duration. Although based on older
data than those used for AEGL development, the 1-h ERPG levels for the
respective categories are similar to the 1-h AEGLs. In 1999, 10-min
ERPGs were developed for HF. For the three respective levels, they were
2,50, and 170 ppm. The ERPG-1 and ERPG-3 values are similar to the
respective 10-min AEGLs.

The NIOSH IDLH (NIOSH 2002) of 30 ppm, applicable to a 30-min
time period prior to donning suitable protective equipment or evacuation,
is similar to the 30-min AEGL-2 of 34 ppm. The IDLH of 30 ppm is based
on eye, nose, and lung irritation seen in studies with humans (Largent 1961)
and animals (Machle et al. 1934).

Other standards and guidelines, applicable to an 8-h work day or peak
excursions during an 8-h work day (3 ppm), are higher than the AEGL-1 (1
ppm), indicating the conservative end point chosen for the AEGL-1 and the
fact that the AEGL-1 is applicable to the general population.
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TABLE 3-12 Extant Standards and Guidelines for Hydrogen Fluoride

(ppm)

Exposure Duration
Guideline 0 min 30min 1lh 4h 8h
AEGL-1 1.0 1.0 1.0 1.0 1.0
AEGL-2 95 34 24 12 12
AEGL-3 170 62 44 22 22
ERPG-1 (AIHA)* 2 2
ERPG-2 (AIHA) 50 20
ERPG-3 (AIHA) 170 50
CEEL-1 (CIC)" 1.5
CEEL-2 (CIC) 7
CEEL-3 (CIC) 50
IDLH (NIOSH)* 30
REL-TWA 3¢
(NIOSH)?
REL-STEL 6°
(NIOSHY
PEL-TWA 3¢
(OSHA)®
TLV-Ceiling 3¢
(ACGIH)
MAK (Germany)’ 3
MAC-Peak Category 33
(The Netherlandsy

“ERPG (emergency response planning guidelines, American Industrial Hygiene
Association) (AIHA 2002). The 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 any symptoms other than mild, transient adverse health effects
or without perceiving a clearly defined objectionable odor. The 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 irreversible or
other serious health effects or symptoms that could impair an individual’s ability
to take protective action. The 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.

?CEEL (community emergency exposure levels) (Clement International Corp.,
unpublished material). CEELSs are concentrations that cause adverse health effects
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(exposure durations are unspecified). CEELs I, II, and III are designated alert,
evacuation, and death levels, respectively. The CEELs developed by Clement
International Corp. are recommended values.

‘IDLH (immediately dangerous to life and health, National Institute of Occupational
Safety and Health) (NIOSH 2002). IDLH represents the maximum concentration
from which one could escape within 30 min without any escape-impairing symp-
toms or any irreversible health effects. “NIOSH REL-TWA (recommended expo-
sure limit-time-weighted average, National Institute of Occupational Safety and
Health) (NIOSH 2002). The REL-TWA is defined analogous to the ACGIH-TLV-
TWA (i.e., the time-weighted average concentration for a normal 8-h work day and
a 40-h work week, to which nearly all workers may be repeatedly exposed, day
after day, without adverse effect).

°As fluorine.

/NIOSH REL-STEL (recommended exposure limits—short-term exposure limit)
(NIOSH 2002). The REL-STEL is defined analogous to the ACGIH TLV-STEL
(i.e., it is defined as a 15-min TWA exposure that should not be exceeded at any
time during the work day even if the 8-h TWA is within the TLV-TWA). Expo-
sures above the TLV-TWA up to the STEL should not be longer than 15 min and
should not occur more than 4 times per day. There should be at least 60 min be-
tween successive exposures in this range.

SOSHA PEL-TWA (permissible exposure limits—time-weighted average, Occupa-
tional Health and Safety Administration) (NIOSH 2002). The PEL-TWA is defined
analogous to the ACGIH TLV-TWA, but is for exposures of no more than 10 h/d,
40 h/wk.

"ACGIH TLV-ceiling (Threshold Limit Value—ceiling, American Conference of
Governmental Industrial Hygienists) (ACGIH 2002). This is the concentration that
should not be exceeded during any part of the working day.

'MAK (Maximale Arbeitsplatzkonzentration [Maximum Workplace Concentration])
(Deutsch Forschungsgemeinschaft [German Research Association] 2000). The
MAK is defined analogous to the ACGIH TLV-TWA. The peak category for HF
is 1.

'MAC (Maximaal Aanvaaarde Concentratie [Maximal Accepted Concentration-
peak category]) (SDU Uitgevers [under the auspices of the Ministry of Social
Affairs and Employment], The Hague, The Netherlands 2000). The MAC is de-
fined analogous to the ACGIH TLV-ceiling.

8.3. Data Adequacy and Research Needs

The database for human exposures is relatively good—both short-term
and long-term studies with human volunteers are available. The well-con-
ducted study of Lund et al. (1997, 1999) examined lung dynamics as well
as biomarkers of exposure. In addition, some data from industrial expo-
sures were located, although few exposures were to HF alone. Data from
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animal studies used six species of mammals and encompassed a wide range
of exposure concentrations and a range of exposure durations, including
daily exposures. The data from human studies was adequate to derive or
support the AEGL-1 and AEGL-2 concentrations, and the database for
animal studies was adequate to derive the AEGL-2 and AEGL-3 concentra-
tions. Extrapolation to longer exposure times for the animals studies
showed that, based on the data of Largent (1960, 1961), the values were too
low. Therefore, the 8-h AEGL-2 and AEGL-3 values were set equal to the
respective 4-h values.

Sampling and analytical methods used in the human and animal studies
conducted in the 1960s and 1970s were not as sensitive as those perfected
by the late 1980s and 1990s and may have under- or overestimated concen-
trations. An improved sampling/analytical methodology developed by
Haskell Laboratory (1990) indicates that HF may have collected on glass-
ware in the exposure apparatus. That factor would indicate that exposure
concentrations in the early studies may have been underestimated. How-
ever, the studies of Lund et al. were very recent and used a more sensitive
analytical method.
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Time-Scaling Calculations for Hydrogen Fluoride AEGLs
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Data (LC,, values) (Rosenholtz et al. 1963)

Time (min) Concentration (ppm) Log time Log concentration
5 4,970 0.6990 3.6964
15 2,689 1.1761 3.4296
30 2,042 1.4771 3.3101
60 1,307 1.7782 3.1163

Regression Output:
Intercept

Slope

R Squared
Correlation

Degrees of Freedom
Observations

n=19
k=5.3E+07

4.0627
-0.5260
0.9948
-0.9974



188

ACUTE EXPOSURE GUIDELINE LEVELS

APPENDIX B

Derivation of AEGL Values

Derivation of AEGL-1

Key study:

Toxicity
end point:

Time-scaling:

Uncertainty
factors:

Calculations:

Lund et al. 1997, 1999

Biomarkers of exposure during 1 h exposure of exer-
cising human subjects to several ranges of concentra-
tions.

Not applied; adaptation occurs to the slight effects
characterized by the AEGL-1.

3 for differences in human susceptibility. The result-
ing concentration should be protective of asthmatic
individuals because it is below the average (2 ppm)
and ranges of concentrations (up to 8.1 ppm) (Largent
1960, 1961) that produced slight to mild irritation in
healthy adult male subjects.

The 3 ppm concentration was divided by the
intraspecies UF of 3. The resulting concentration, 1
ppm, was used for all AEGL-1 time points.

Derivation of AEGL-2

Key studies:

Toxicity
end point:

Dalbey 1996; Dalbey et al. 1998a; Rosenholtz et al.
1963

Lower respiratory tract effects (10-min value)—the
10-min NOAEL of 950 ppm in orally cannulated rats
(Dalbey 1996)

Irritation (30-min and 1-, 4-, and 8-h values)—signs of
blinking, sneezing, and coughing in dogs exposed at
243 ppm for 1 h (Rosenholtz et al. 1963)
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Time-scaling:

Uncertainty
factors:

10-min AEGL-2:

30-min AEGL-2:

1-h AEGL-2:

4-h AEGL-2:

8-h AEGL-2:

189

C? x t = k, based on the data of Rosenholtz et al.
(1963), where C =243 ppm, ¢ = 60 min, UF = 10, and
n=2

C}10xt=k
k= 135429.4 ppm*min

10-min AEGL-2

Combined uncertainty factor of 10

3 for interspecies (effects are unlikely to differ be-
tween species; LCs, values were similar among spe-
cies; oral cannulation maximizes the dose to the lower
respiratory tract)

3 for intraspecies (oral cannulation maximizes the dose
to the lower respiratory tract and is a potentially realis-
tic model for human response to corrosive gases)

30-min and 1-, 4-, and 8-h AEGL-2

Combined uncertainty factor of 10

3 for interspecies (the dog is a sensitive species for
sensory irritation)

3 for intraspecies

950 ppm/10 =95 ppm

C*/10 x 30 min = 35429.4 ppm®min
C=34.4 ppm

C =243 ppm/10 = 24.3 ppm

C*/10 x 240 min = 35429.4 ppm*min
C=12.2 ppm

12 ppm

Time-scaling to the 8-h exposure duration results in a
value inconsistent with the human data. Because hu-
mans suffered no greater effect than slight irritation
during intermittent exposures at 8.1 ppm on a repeated
basis (Largent 1961, 1962), the calculated concentra-
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tion of 8.6 ppm was considered too low. Therefore,
the 8-h AEGL-2 value was set equal to the 4-h value.

Derivation of AEGL-3

Key studies:

Toxicity
end point:

Time-scaling:

Uncertainty
factors:

Dalbey 1996; Dalbey et al. 1998a; Wohlslagel et al.
1976

Lethality (10-min value)—LC in rats (1,764 ppm)
(Dalbey 1996)

Lethality (30-min and 1-, 4-, and 8-h values)—1-h no-
death value in the mouse (263 ppm) (Wohlslagel et al.
1976)

C? x t = k, based on the data of Rosenholtz et al.
(1963), where C = 263 ppm, ¢ = 60 min, UF/MF = 6,
andn=2

(263 ppm/6)* x 60 min = 115,281.67 ppm*min

10-min AEGL-3

Combined uncertainty factor of 10

3 for interspecies (effects are unlikely to differ greatly
among species; LCs, values were similar among spe-
cies; oral cannulation maximizes the dose to the lower
respiratory tract)

3 for intraspecies (oral cannulation maximizes the dose
to the lower respiratory tract and is a potentially realis-
tic model for human response to corrosive gases)

30-min and 1-, 4-, and 8-h AEGL-3

1 for interspecies (the mouse was the most sensitive
species; LCy, values differed by approximately 3 be-
tween the rat and mouse and effects are unlikely to
differ between species).

3 for intraspecies
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Modifying
factor:

10-min AEGL-3:

30-min AEGL-3:

1-h AEGL-3:

4-h AEGL-3:

8-h AEGL-3:
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2 to account for the fact that the highest nonlethal
value was close to the LCs, (applied to the 30-min, and
1-, 4-, and 8-h values)

1,700 ppm (rounded from 1,764)/10 = 170 ppm

C%*6 x 30 min = 115,281.67 ppm*min
C=61.9 ppm

C =263 ppm/6 = 43.8 ppm

C%6 x 240 min = 115,281.67 ppm*min
C=21.9 ppm

C%6 x 480 min = 115,281.67 ppm*min
C =15.4 ppm (set equal to the 4-h value of 22 ppm)

The time-scaled 8-h AEGL-2 value of 15 ppm is con-
sidered inconsistent with the animal data. Rats sur-
vived for 8 d during a 14-d exposure at 5 ppm (Placke
et al. 1990). No deaths occurred in groups of four
male and female rhesus monkeys inhaling 690 ppm for
1 h (MacEwen and Vernot 1970). In a longer-term
study, two rhesus monkeys survived a 50-d exposure
at 18.5 ppm, 6-7 h/d for 50 d for a total of 309 expo-
sure hours (Machle and Kitzmiller 1935). Therefore,
the 8-h AEGL-3 was set equal to the 4-h AEGL-3.
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APPENDIX C

ACUTE EXPOSURE GUIDELINE LEVELS FOR
HYDROGEN FLUORIDE (CAS No. 7664-39-3)

DERIVATION SUMMARY
AEGL-1
10 min 30 min l1h 4h 8h
95 ppm 34 ppm 24 ppm 12 ppm 12 ppm

Key references: (1)Lund et al. 1997. Exposure to hydrogen fluoride: an ex-
perimental study in humans of concentrations of fluoride in
plasma, symptoms, and lung function. Occup. Environ.
Med. 54:32-37.

(2) Lund et al., 1999. Increased CD3 positive cells in
bronchoalveolar lavage fluid after hydrogen fluoride inhala-
tion. Scand. J. Work. Environ. Health 25:326-334.

Test species/strain/number: 20 healthy male volunteers

Exposure route/concentrations/durations: Inhalation; average concentrations
0f 0.2-0.7 ppm (n = 9), 0.85-2.9 ppm (n = 7), and 3.0-9.3 ppm (n = 7).

Effects: At 0.2-0.7 ppm, no to low sensory irritation; no change in FVC,
FEV; no inflammatory response in bronchoalveolar lavage fluid (BAL). At
0.85-2.9 ppm, no to low sensory irritation; no change in FVC, FEV|; increase
in the percentage of CD3 cells and myeloperoxidase in bronchial portion of
BAL; no increases in neutrophils, eosinophils, protein, or methyl histamine in
BAL. At 3.0-6.3 ppm, low sensory irritation; no change in FVC, FEV,; in-
crease in the percentage of CD3 cells and myeloperoxidase in bronchial por-
tion of BAL; no increases in neutrophils, eosinophils, protein, or methyl hista-
mine in BAL.

End point/concentration/rationale: Subthreshold concentration for inflamma-
tion of 3 ppm (0.85-2.9 ppm) for 1 h, which was without sensory irritation
was chosen as the basis for the AEGL-1.

Uncertainty factors/rationale:

Total uncertainty factor: 3
Interspecies: Not applicable since human subjects were the test species.
Intraspecies: 3. The subjects were healthy adult males. The resulting
concentration is far below tested concentrations that did not cause symp
toms of bronchial constriction in healthy adults (ranges up to 6.3 ppm
[Lund et al. 1997] and 8.1 ppm [Largent 1960, 1961])
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AEGL-1 Continued
Modifying factor: Not applicable

Animal to human dosimetric adjustment: Not applicable, human data used.

Time-scaling: Not applied. AEGL-1 values were calculated by adjusting the
1-h concentration of 3 ppm by a UF of 3. Because the response to slight irri-
tation would be similar at shorter exposure durations, the 10- and 30-min val-
ues were set equal to the 1-h concentration.

Data adequacy: The values are supported by the earlier study of Largent
(1969, 1961) in which five healthy human volunteers were exposed at 1.42-
4.74 ppm for 10 to 50 d with no greater effects than slight irritation and red-
dened facial skin. Effects were no more severe in two individuals who were
exposed at concentrations up to 7.9 ppm and 8.1 ppm during some of the ex-
posure days.
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AEGL-2
10 min 30 min l1h 4h 8h
95 ppm 34 ppm 24 ppm 12 ppm 12 ppm

Key references: (1) Dalbey, W. 1996. Evaluation of the toxicity of hydro-
gen fluoride at short exposure times. Petroleum Envi-
ronmental Research Forum Project 92-09. Performed at
Stonybrook Laboratories, Inc., Pennington, NJ.

(2) Dalbey, W., B. Dunn, R. Bannister, W. Daughtrey, C.
Kirwin, F. Reitman, A. Steiner, and J. Bruce. 1998. Acute
effects of 10-minute exposure to hydrogen fluoride in rats
and derivation of a short-term exposure limit for humans.
Regulat. Toxicol. Pharmacol. 27:207-216.

(3) Rosenholtz, M.J., T.R. Carson, M.H. Weeks, F.
Wilinski, D.F. Ford and F.W. Oberst. 1963. A
toxicopathologic study in animals after brief single expo-
sures to hydrogen fluoride. Amer. Ind. Hyg. Assoc. J.
24:253-261.

Test species/strain/gender/number: female Sprague-Dawley rats, 20/exposure
group (Dalbey 1996); mongrel dogs, 2/exposure group (Rosenholtz et al.
1963)

Exposure route/concentrations/duration: 10-min inhalation exposures of
orally cannulated rats to 135, 271, 950, or 1,764 ppm (Dalbey, 1996); 60-min
inhalation exposures of mongrel dogs to 157 ppm or 243 ppm (Rosenholtz et
al. 1963)

Effects: In the 10-min inhalation exposures of orally cannulated rats (Dalbey
1996), at 135 ppm there was no effect; at 271 ppm there was no effect; 950
ppm was set as a no-observed-adverse-effect level (NOAEL) (increase in
myeloperoxidase and polymorphonuclear leukocytes in BAL); and 1,764 ppm
resulted in death of one of 20 animals. In the 60-min inhalation exposures of
mongrel dogs (Rosenholtz et al. 1963), at 157 ppm there was mild eye irrita-
tion and sneezing and dry cough that persisted for 2 d; and at 243 ppm there
was eye, nasal, and respiratory irritation (blinking, sneezing, and coughing
during exposures; cough persisted for 2 d and during exercise for up to 10 d).

End point/concentration/rationale: For the 10-min exposure, the NOAEL of
950 ppm in orally cannulated rats was chosen because it addresses the rele-
vant exposure period and represents the highest concentration tested that did
not result in death. In addition, direct delivery of hydrogen fluoride to the tra-
chea via cannulation is a sensitive model and simulates 100% mouth-breath-
ing in humans exposed to irritant gases. For longer-term exposures, the study
by Rosenholtz et al. (1963) was chosen because it was well designed and used
dogs which represent a sensitive model for irritants. The highest exposure
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AEGL-2 Continued

level of 243 ppm for 60 min, which resulted in symptoms/effects of great dis-
comfort but is not expected to impair the ability to escape or result in irrevers-
ible or long-lasting effects, was chosen as the threshold for AEGL-2 effects.

Uncertainty factors/rationale:

10-min AEGL-2 values

Total uncertainty factor: 10
Interspecies: 3. A sensitive model was used (orally cannulated rats).
Intraspecies: 3. Oral cannulation maximizes the dose to the lungs and
is relevant to mouth-breathing humans.

30-min and I-, 4-, and 8-h AEGL-2 values

Total uncertainty factor: 10
Interspecies: 3. A sensitive species was used (other studies with irritant
gases show an irritant response in the dog at concentrations that are nonir
ritating to rodents).
Intraspecies: 3. A greater factor would lower the value to concentrations
that were non-irritating in human studies.

Modifying factor: Not applicable

Animal to human dosimetric adjustment: Insufficient data

Time-scaling: C" X t = k where n =2 was derived based on regression analy-
sis of rat LC,, studies conducted at time periods of 5, 15, 30, and 60 min. A
second study using rabbits and guinea pigs and conducted over time periods
of 5 min to 6 h resulted in the same value for n (reported in a third study).
End points for the second study were both irritation and death. Because the
time-scaled 8-h value of 8.6 ppm was inconsistent with the data of Largent
(1960, 1961), the 8-h AEGL-2 was set equal to the 4-h value.

Data adequacy: Based on the following observations, there is considerable
support for the scientific credibility of the AEGL-2 values. Oral cannulation
bypasses nasal scrubbing and maximizes the dose to the lung. Two species
(rat and dog) were tested but not at the same concentrations. A similar irritant
response was observed in the rat at higher test concentrations. According to
Alarie (Environ. Health Persp. 42:9-13), one-tenth of the mouse RD;, for irri-
tant chemicals can be tolerated for “hours” by humans. The mouse RDj is
151 ppm; deriving AEGL-2 values based on the RD;, results in a human 4- or
8-h exposure of 15 ppm, slightly higher than the AEGL-2 values based on
irritant effects in the dog. The database for irritant effects of hydrogen fluo-
ride is extensive. Five species were tested over a range of concentrations for
time periods of 5 min to 6 h.
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AEGL-3
10 min 30 min l1h 4h 8h
170 ppm 62 ppm 44 ppm 22 ppm 22 ppm

Key References: (1) Dalbey, W. 1996. Evaluation of the toxicity of hydro-
gen fluoride at short exposure times. Petroleum Environ-
mental Research Forum Project 92-09. Performed at
Stonybrook Laboratories, Inc., Pennington, NJ.

(2) Dalbey, W., B. Dunn, R. Bannister, W. Daughtrey, C.
Kirwin, F. Reitman, A. Steiner, and J. Bruce. 1998. Acute
effects of 10-minute exposure to hydrogen fluoride in rats
and derivation of a short-term exposure limit for humans.
Regulat. Toxicol. Pharmacol. 27:207-216.

(3) Wohlslagel, J., L.C. DiPasquale and E.H. Vernot. 1976.
Toxicity of solid rocket motor exhaust: Effects of HCI, HF,
and alumina on rodents. J. Combust. Toxicol. 3:61-69.

Test species/strain/gender/number: female Sprague-Dawley rats, 20/exposure
group; female CF-1 mice, 10/exposure group

Exposure route/concentrations/durations: 10-min inhalation exposures of
orally cannulated rats at 135, 271, 950, or 1,764 ppm. 60-min inhalation ex-
posures of female mice at 263, 278, 324, 381, or 458 ppm

Effects: In the 10-min inhalation exposures of orally cannulated rats, at 135
ppm there were no effects; at 271 ppm there was no effect; 950 ppm was set
as a no-observed-adverse-effect level (NOAEL) (increase in myeloperoxidase
and polymorphonuclear leukocytes in BAL); and 1,764 ppm resulted in the
death of one of 20 animals. In the 60-min inhalation exposures of female
mice, at 263 ppm there were no deaths; at 278 ppm there were 1/10 deaths; at
324 ppm there were 7/10 deaths; at 381 ppm there were 6/10 deaths; at 458
ppm there were 9/10 deaths.

End point/concentration/rationale: For the 10-min AEGL-3, the LC of 1,764
ppm was rounded down to 1,700 ppm. Although 1/20 deaths is higher than
the usual threshold for the AEGL-3 (1/100 deaths), the oral cannulation
model is conservative compared with normal nose breathing as it bypasses
nasal scrubbing and maximizes the dose to the lung. No higher concentra-
tions were tested at the 10-min exposure period. The concentration resulting
in no deaths in the mouse, 263 ppm, was chosen for the longer exposure peri-
ods. This specific data set was selected because, based on LCs, values in sev-
eral studies, the mouse was the most sensitive of three tested species (mon-
key, rat, and mouse).

Uncertainty factors/rationale:
10-min AEGL-3 values
Total uncertainty factor: 10
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AEGL-3 Continued

Interspecies: 3. Based on LCs, values in the same studies, the rat was
approximately three times less sensitive than the mouse to the lethal effects
of hydrogen fluoride; however, the delivery of hydrogen fluoride directly to
the trachea via oral cannulation is a conservative model.
Intraspecies: 3. Oral cannulation maximizes the dose to the lungs and is
relevant to mouth breathing humans.

30-min and 1-, 4-, and 8-h AEGL-2 values

Total uncertainty factor: 3
Interspecies: 1. Based on LC,, values, the mouse was the most sensitive of
three tested species; of several studies involving the mouse, this study had
the lowest lethal values.
Intraspecies: 3. Application of a greater uncertainty factor would reduce
concentrations to those found only slightly irritating in human studies.

Modifying factor: For 30-min and 1-, 4-, and 8-h AEGL-2 values, 2. The
highest non-lethal value was close to the LC;, value

Animal to human dosimetric adjustment: Insufficient data

Time-scaling: C" x ¢t = k where n = 2 based on regression analysis of rat LCs,
studies conducted at time periods of 5, 15, 30, and 60 min. A second study
using rabbits and guinea pigs and conducted over time periods of 5 min to 6 h
resulted in the same value for n (reported in a third study). End points for the
second study were both irritation and death. Because the time-scaled 8-h
AEGL-3 value of 15 ppm was inconsistent with results of longer-term studies
with monkeys and rodents, the 8-h value was set equal to the 4-h value.

Data adequacy: There is considerable support for the AEGL-3 values as the
database for hydrogen fluoride is extensive with multiple studies of lethality
conducted at several exposure durations and involving five species of mam-
mals (monkey, rat, mouse, guinea pig, and rabbit). Studies with multiple dos-
ing regimens generally showed a clear dose-response relationship. A few
longer-term studies were also available and served as supporting data. Tissue
and organ pathology indicated that the toxic mechanism was the same across
species. Difficulties in maintaining/measuring exposure concentrations were
encountered in some of the studies; studies in which these difficulties were
described were not used to derive AEGL values.






