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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 sur-
rounding industrial facilities where EHSs are manufactured, used, or stored
and in communities along the nation’s railways and highways are potentially
atrisk of being exposed to airborne EHSs during accidental releases. 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, along with the Agency for Toxic Substances and Disease Registry
(ATSDR), in 1991 requested that the National Research Council (NRC) de-
velop 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 Committee
(NAC) on Acute Exposure Guideline Levels for Hazardous Substances —con-
sisting of members from EPA, the Department of Defense (DOD), the Depart-
ment of Energy (DOE), the Department of Transportation (DOT), other federal

'As defined pursuant to the Superfund Amendments and Reauthorization Act of
1986.
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and state governments, the chemical industry, academia, and other organiza-
tions from the private sector—has developed acute exposure guideline levels
(AEGLs) 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 organized
within its Committee on Toxicology the Subcommittee on Acute Exposure
Guideline Levels, which prepared this report. This report is the second volume
in the series Acute Exposure Guideline Levels for Selected Airborne Chemi-
cals. It reviews the appropriateness of the AEGLSs for five chemicals for their
scientific validity, completeness, and consistency with the NRC guideline
reports.

This report has been reviewed in draft form by individuals chosen for their
diverse perspectives and technical expertise, in accordance with procedures
approved by the NRC’s Report Review Committee. The purpose of this inde-
pendent 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, evidence, and
responsiveness to the study charge. The review comments and draft manuscript
remain confidential to protect the integrity of the deliberative process. We
wish to thank the following individuals for their review of this report: Leonard
Chiazze, Jr., of Georgetown University; Sidney Green of Howard University;
Sam Kacew of the University of Ottawa; and Ralph Kodell of the National
Center for Toxicological Research.

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 re-
lease. The review of this report was overseen by Robert A. Goyer, appointed
by the Division on Earth and Life Studies, who was responsible for making
certain that an independent examination of this report was carried out in accor-
dance with institutional procedures and that all review comments were care-
fully considered. Responsibility for the final content of this report rests en-
tirely with the authoring committee and the institution.

The subcommittee gratefully acknowledges the valuable assistance pro-
vided by the following persons: Roger Garrett, Paul Tobin, Ernest Falke, and
Letty Tahan (all from EPA); George Rusch (Honeywell, Inc.); William Bress
(Vermont Department of Health); George Rogers (University of Louisville);
Po Yung Lu, Cheryl Bast, and Sylvia Talmage (all from Oak Ridge National
Laboratory). Aida Neel was the project assistant. Kelly Clark edited the
report. We are grateful to James J. Reisa, director of the Board on Environ-
mental Studies and Toxicology (BEST), for his helpful comments. The sub-
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committee particularly acknowledges Kulbir Bakshi, project director for the
subcommittee, for bringing the report to completion. Finally, we would like
to thank all members of the subcommittee for their expertise and dedicated
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 second 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 chemi-
cals 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 atten-
tion 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 Committees (LEPCs) by
providing guidance for conducting health-hazard assessments for the develop-
ment 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 sub-
stances identified at hazardous waste sites or in the environment present a
public-health concern.

As a first step in assisting the LEPCs, EPA identified approximately 400
EHSs largely on the basis of their “immediately dangerous to life and health”
(IDLH) values developed by the National Institute for Occupational Safety and
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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, children, the elderly, and
persons with diseases, such as asthma, heart disease, or lung 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 De-
partment of Defense (DOD) and the National Aeronautics and Space Adminis-
tration (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 recommending emer-
gency exposure levels for short-term exposures, in 1991 EPA and ATSDR
requested that COT develop criteria and methods for developing emergency
exposure levels for EHSs for the general population. In response to that re-
quest, the NRC assigned this project to the COT Subcommittee on Guidelines
for Developing Community Emergency Exposure Levels for Hazardous Sub-
stances. The report of that subcommittee, Guidelines for Developing Commu-
nity Emergency Exposure Levels for Hazardous Substances (NRC 1993),
provides step-by-step guidance for setting emergency exposure levels for
EHSs. Guidance is given on what data are needed, what data are available,
how to evaluate the data, and how to present the results.

In November1995, the National Advisory Committee for Acute Exposure
Guideline Levels for Hazardous Substances (NAC)' was established to iden-
tify, review, and interpret relevant toxicologic and other scientific data and to
develop acute exposure guideline levels (AEGLs) for high-priority, acutely
toxic chemicals. The NRC’s previous name for acute exposure
levels—community emergency exposure levels (CEELs)—was replaced by the
term AEGLs to reflect the broad application of these values to planning, re-
sponse, and prevention in the community, the workplace, transportation, the
military, and the remediation of Superfund sites.

'NAC is composed of members from EPA, DOD, many other federal and state
agencies, industry, academia, and other organizations. The roster of NAC is shown
on page 8.
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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 lev-
els— AEGL-1, AEGL-2, and AEGL-3—are developed for each of five expo-
sure periods (10 min, 30 min, 1 h, 4 h, and 8 h) and are distinguished by vary-
ing degrees of severity of toxic effects.

The three AEGLs are defined as follows:

AEGL-1 is the airborne concentration (expressed as ppm [parts per mil-
lion] or mg/m’ [milligrams per cubic meter]) of a substance above which
itis predicted that the general population, including susceptible individu-
als, could experience notable discomfort, irritation, or certain asymptom-
atic nonsensory effects. However, the effects are not disabling and are
transient and reversible upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m?) of
a substance above which it is predicted that the general population, in-
cluding susceptible individuals, could experience irreversible or other
serious, long-lasting adverse health effects or an impaired ability to es-
cape.

AEGL-3 is the airborne concentration (expressed as ppm or mg/m?) of
a substance above which it is predicted that the general population, in-
cluding susceptible individuals, could experience life-threatening health
effects or death.

Airborne concentrations below AEGL-1 represent exposure levels that can
produce mild and progressively increasing but transient and nondisabling odor,
taste, and sensory irritation or certain asymptomatic, nonsensory adverse
effects. With increasing airborne concentrations above each AEGL, there is
a progressive increase in the likelihood of occurrence and the severity of ef-
fects described for each corresponding AEGL. Although 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
oridiosyncratic responses, could experience the effects described at concentra-
tions 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 guide-
lines 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 un-
published information available on a chemical. Various types of evidence are
assessed in establishing AEGL values for a chemical. These include informa-
tion from (1) chemical-physical characterizations, (2) structure-activity rela-
tionships, (3) in vitro toxicity studies, (4) animal toxicity studies, (5) con-
trolled human studies, (6) observations of humans involved in chemical acci-
dents, and (7) epidemiologic studies. Toxicity data from human studies are
most applicable and are used when available in preference to data from animal
studies and in vitro studies. Toxicity data from inhalation exposures are most
useful for setting AEGLSs for airborne chemicals because inhalation is the most
likely route of exposure and because extrapolation of data from other routes
would lead to additional uncertainty in the AEGL estimate.

For most chemicals, actual human toxicity data are not available or critical
information on exposure is lacking, so toxicity data from studies conducted in
laboratory animals are extrapolated to estimate the potential toxicity in hu-
mans. Such extrapolation requires experienced scientific judgment. The toxic-
ity 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. Uncer-
tainty factors are commonly used when animal data are used to estimate mini-
mal risk levels for humans. The magnitude of uncertainty 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 effects,
all end points—including reproductive (in both sexes), developmental,
neurotoxic, respiratory, and other organ-related effects—are evaluated, the
most important or most sensitive effect receiving the greatest attention. For
carcinogenic chemicals, theoretical 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 10®), 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 scien-
tific validity, completeness, and consistency with the NRC guideline reports
(NRC 1993; NRC in press). The NRC assigned this project to the COT Sub-
committee on Acute Exposure Guideline Levels. The subcommittee has ex-
pertise in toxicology, epidemiology, pharmacology, medicine, industrial hy-
giene, biostatistics, risk assessment, and risk communication.

The AEGL draft reports are initially prepared by ad hoc AEGL Develop-
ment Teams consisting of a chemical manager, two chemical reviewers, and
a staff scientist of the NAC contractor—QOak Ridge National Laboratory. The
draft documents are then reviewed by NAC and elevated from “draft” to “pro-
posed” status. After the AEGL documents are approved by NAC, they are
published in the Federal Register for public comment. The reports are then
revised by NAC in response to the public comments, elevated from “proposed”
to “interim” status, and sent to the NRC Subcommittee 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 subcommittee
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 revised 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 reports,
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 second volume in the series Acute Exposure Guideline
Levels for Selected Airborne Chemicals. AEGL reports for aniline, arsine,
monomethylhydrazine, and dimethylhydrazine were reviewed in the first
volume. AEGL documents for five chemicals—phosgene, propylene glycol
dinitrate, 1,1,1,2-tetrafluoroethane, 1,1-dichloro-1-fluoroethane, and hydrogen
cyanide—are published as an appendix to this report. The subcommittee
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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 Cyanide'

Acute Exposure Guideline Levels

SUMMARY

Hydrogen cyanide (HCN) isacolorless, rapidly acting, highly poisonous
gas or liquid that has an odor of bitter ailmonds. Most HCN is used as an
intermediate at the site of production. Mgjor uses include the manufacture of
nylons, plastics, and fumigants. Exposures to HCN may occur in industrial
situationsaswell asfrom cigarette smoke, combustion products, and naturally
occurring cyanide compoundsin foods. Sodium nitroprussi de (Na,[ Fe(CN),
NQJ-2H,0), which has been used as an antihypertensive in humans, breaks
down into nonionized HCN.

This document was prepared by the AEGL Development Team comprising
SylviaTalmage (Oak Ridge National Laboratory) and National Advisory Committee

(NAC) on Acute Exposure Guideine Levels for Hazardous Substances member
George Rodgers (Chemical Manager). The NAC reviewed and revised the
document and the AEGL values as 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
AEGLsdeveloped in thisdocument are scientifically valid conclusions based on the
data and are consistent with the NRC guidelines reports (NRC 1993; NRC 2001).

211
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HCN is a systemic poison; toxicity is due to inhibition of cytochrome
oxidase, which preventscellular utilization of oxygen. Inhibition of thetermi-
nal step of electron transport in cells of the brain resultsin loss of conscious-
ness, respiratory arrest, and ultimately, death. Stimulation of the chemore-
ceptorsof the carotid and aortic bodies producesabrief period of hyperpneg;
cardiac irregularities may also occur. The biochemical mechanisms of cya-
nide action are the same for all mammalian species. HCN is metabolized by
the enzyme rhodanese which catalyzes the transfer of sulfur from thiosulfate
to cyanide to yield the relatively nontoxic thiocyanate.

Human exposures with measured concentrationswere limited to occupa-
tional reports. Symptoms of exposed workers ranged from no adverse hedth
effectsto mild discomfort to frank central nervous system effects. Repeated
or chronic exposures have resulted in hypothyroidism. Inhalation studies
resulting in sublethal effects, such as incapacitation, and changesin respira-
tory and cardiac parameters were described for the monkey, dog, rat, and
mouse; lethality studies were available for the rat, mouse, and rabbit. Expo-
sure durations ranged from afew secondsto 24 hours (h). Regression analy-
ses of the exposure duration-concentration relationships for both incapacita-
tion and lethality for the monkey determined that the relationshipis C? x t =
k and that the relationship for lethality based on rat datais C*® x t = k.

The AEGL-1 is based on human monitoring studiesin which the prepon-
derance of data as a we ght-of-evidence consideration indicates that an 8-h
exposureto HCN at 1 parts per million (ppm) would bewithout adverse health
effectsfor the general population. Although the exposures were of chronic
duration (generally 8 h/day (d) for extended work periods) and the data are
lackingin various aspects of specific exposure concentrations and well-docu-
mented exposure-related symptoms it is human datawhich are most relevant
in determining the AEGL -1 threshold of notable discomfort.

Chronic exposures (5-15 years[y]) in three el ectroplating plantsto mean
concentrations of 6, 8, and 10 ppm produced exposure-related symptoms
including headache, weakness, and objectionable changes in taste and smell
(El Ghawabi et al. 1975), but the authors failed to relate symptoms to air
concentrations. Over half of the workers presented with enlarged thyroids
(characteristicdly observed in casesof chronic cyanide exposure), which may
have been responsi ble for certain symptoms. In evaluating the EI Ghawabi et
a. (1975) study, aNational Research Council (NRC) subcommittee concluded
that a 1-h exposure at 8 ppm would cause ho more than mild headache in
healthy adults(NRC 2000). Mild headache meetsthedefinition of the AEGL -
1. Chronic exposures of 63 healthy adult cyanide-production workers to
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geometric mean concentrations of <1 ppm of HCN (range, 0.01-3.3 ppm;
measured with personal samplers), with potential exposures at 6 ppm (as
measured with areasamples), for part of ayear resulted in noexposure-related
adverse health effects (Leeser et d. 1990). Findly, dthough health effects
were not specifically addressed, workers in five apricot kernel processing
plants were exposed to air concentrations of HCN at <1 to 17 ppm (Grabois
1954). The fact that engineering controls were recommended “where
required” at atime when the maximum allowable concentration was 10 ppm
suggeststhat no untoward effectswere occurring at the lower concentrations.
TheNationa Institutefor Occupational Safety and Health (NIOSH) concluded
from the Grabois (1954) data that 5 ppm was a no-effect concentration in an
occupational setting (NIOSH 1976). Additional monitoring studiesindicated
that workerswere routinely exposedto HCN at 4 to 6 ppm (Hardy et a. 1950;
Maehly and Swensson 1970). Humans may differ in their sensitivity to the
effectsof HCN, but no dataregarding specific differencesamong individuas
werelocated in the available literature (occupational monitoring studies and
the clinical use of nitroprusside solutionsto treat chronic hypertension). The
detoxifying enzyme rhodanese is present in large amountsin all individuals,
including newborns. Because no specific susceptible populations were de-
scribed following chronic exposures or during use of nitroprusside solutions
totreat chronic hypertension, the potential differencesin susceptibility among
humans are not expected to exceed 3-fold.

The 8-h AEGL-1 value was derived from a consideration of the dose-
response data obtained from all of the monitoring studies cited and subse-
guently time-scaled to the shorter AEGL exposure durations. Although the
exposures were of chronic duration in all studies, they represent the only
viable human data available. Furthermore, because symptoms observed or
reported at given concentrations for the multiple 8-h exposures of a typical
work schedul e should represent the greatest potential responses, the use of the
datarepresentsaconservative approach to AEGL derivation. All of the expo-
sure durations reported exceed the AEGL exposure durations, so the longest,
or 8-h, AEGL exposure durationwas selected asthe basisfor AEGL develop-
ment. Dividing the 8-h concentration of 5 ppm from the Grabois (1954),
Hardy et al. (1950), or Maehly and Swensson (1970) studiesby anintraspecies
uncertainty factor (UF) of 3 or dividing the 1-h concentration of 8 ppm from
the El Ghawabi et a. (1975) study by an intraspecies UF of 3 result in very
similar AEGL-1 values. Theresulting 8-h value of 1.7 ppmisalso similar to
the 8-h geometric mean value of 1 ppm in the Leeser et al. (1990) study that
was derived without application of a UF. A UF should not be applied to the
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Leeser et al. (1990) study, because it was the lowest no-observed-adverse-
effect level (NOAEL). Using the 8-h value of 1 ppm as the basis for time
scaling to shorter duraions, the conservative rdationship of C* x t = k was
chosen for the derivations. The10-minute (min) AEGL-1 was set equal to the
30-min value so asnot to exceed the highest personal exposure concentration
of 3.3 ppmin the well-conducted Leeser et al. (1990) study.

The AEGL-2 was based on an exposure of cynomolgus monkeys to a
concentration of HCN at 60 ppm for 30 min, which resulted in a slight in-
crease in the respiratory minute volume near the end of the exposure and a
slight depressive effect on the central nervous system asevidenced by changes
in electroencepha ograms, also near the end of the exposure; there was no
physiological response (Purser 1984). Themechanismof actionof HCN isthe
same for al mammalian species, but the rapidity and intensity of the toxic
effectisrelatedto relativerespiration ratesaswel | aspharmacokinetic consid-
erations. Based on relative respirati on rates, the uptake of HCN by the mon-
key is more rapid than that of humans. The monkey isan appropriate model
for extrapolation to humans because, compared with rodents, the respiratory
systems of monkeys and humans are more similar in gross anatomy, the
amount and distribution of types of respiratory epithelium, and airflow pat-
tern. Because the monkey is an appropriate model for humansbut is poten-
tially more susceptible to the action of cyanide based on relative respiration
rates, an interspecies UF of 2 was goplied. Humans may differ in their send-
tivity to HCN, but no dataregarding specific differences among humans were
located inthe availableliterature. The detoxifyingenzymerhodaneseis pres-
ent in al individuals, including newborns. Therefore, an intraspecies UF of
3 was applied. The 30-min concentration of 60 ppm from the Purser (1984)
study was divided by a combined interspecies and intraspecies UF of 6 and
scaled across time for the AEGL -specified exposure periods using the rela-
tionship C*> x t = k. The safety of the 30-min and 1-h values of 10 and 7.1
ppm, respectively, is supported by monitoring studiesin which chronic expo-
suresto average concentrations of 8 to 10 ppm may have produced primarily
reversble central nervous system effects such as headaches in someworkers
(El Ghawabi et al. 1975).

Therat providedthe only dataset for calculation of LC,, valuesfor differ-
ent time periods (E.I. du Pont de Nemours and Company 1981). The LC,,
valueswere considered the threshold for lethality and were used as the basis
for deriving AEGL-3 values. The mouse, rat, and rabbit were equally sensi-
tiveto thelethal effects of HCN, asdetermined by similar LC,, valuesfor the
sametimeperiods(for example, 30-minLC,, valuesof 166,177, and 189 ppm
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for themouse, rat, and rabbit, regpectively). Inan earlier study, timesto death
for several animal species showed that mice and rats may be slightly more
sensitive to HCN than monkeys (and presumably humans). The differences
in sensitivity were attributed, at least partially, to the more rapid respiratory
rate of the rodent compared to body weight. Because LC,, valuesfor several
species were within a factor of 1.5 of each other and the respiration rate of
rodentsis higher thanthat of humans, resulting in more rapid uptake of HCN,
an interspecies UF of 2 was applied. Humans may differ in their sengtivity
to HCN, but no data regarding specific differences among humans were lo-
catedintheavailableliterature. Thedetoxifyingenzymerhodaneseis present
inal individuals, including newborns. Therefore, anintraspeciesUF of 3was
applied to protect senditive individuals. The 15- and 30-min and 1-h LC,,
values (138, 127 and 88 ppm, respectively) were divided by atotal UF of 6.
The15-min LC,, value wastime scaled to 10 minto derivethe 10-min AEGL -
3; the 30-min LC,; was used for the 30-min AEGL-3 value; and the 60-min
LC,, wasusedto ca cul ate the 1-, 4-, and 8-h AEGL -3 concentrations. For the
AEGL-3 values, scaling across time utilized empirical data (i.e., the lethal
concentration-exposure duration relationship for therat in the key study, C>°
x t =K). The safety of the 4- and 8-h AEGL-3 values of 8.6 and 6.6 ppm is
supported by the lack of severe adverse effectsin healthy workers chronically
exposed to similar vaues during monitoring studies (Grabois 1954; El
Ghawabi et a. 1975). The values appear in Table 5-1.

I. INTRODUCTION

Hydrogen cyanide (HCN) is a colorless, highly poisonous gas or liquid
(below 26.7°C) having anodor of bitter almonds (Hartung 1994; Pesce 1994).
Itisaweak acid. Exposures may occur inindustrial situationsaswell asfrom
cigarette smoke and combustion products and from naturally occurring cya-
nide compoundsin foods. Thereisa potential for exposure when any acid is
mixed with acyanidesalt. Intravenously administered sodium nitroprusside
(Na,[Fe(CN) NQ]-2H,0) has been used clinically to lower blood pressure
(Schulzet al. 1982). Chemical and physical propertiesarelistedin Table 5-2.

HCN isproduced commercially by thereaction of ammonia, methane, and
air over a platinum catalyst or from the reaction of ammonia and methane.
HCN is also obtained as a by-product in the manufacture of acrylonitrile and
may be generated during many other manufacturing processes (Pesce 1994).
In 1999, there were 34 companies operating 47 HCN production fecilitiesin
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TABLE 5-1 Summary Table of AEGL Values for Hydrogen Cyanide
(ppm [mg/m?])

10 30
Classification min min 1h 4h 8h End Point (Reference)
AEGL-1* 25 25 2.0 13 1.0 No adverse health

(Nondisabling) (28) (28) (22) (14 (11) effects—humans
(Hardy et al. 1950;
Grabois 1954; Magehly
and Swensson 1970;
Leeser et al. 1990);
mild central nervous
system effects—
humans (El Ghawabi et

al. 1975)
AEGL-2 17 10 7.1 35 25 Slight central nervous
(Disabling) (219 (11 (78) (39 (28)  system depression—
monkey (Purser 1984)
AEGL-3 27 21 15 8.6 6.6 Lethality (LC,,)—rat
(Lethal) (30) (23) a7) 9.7 (7.3) (E.Il.duPontde
Nemours 1981)

®The bitter almond odor of HCN may be noticeable to some individuals a& the AEGL-1.
®Valuesfor different time pointswere based on separate experimental val uescl osest tothetime
point of interest.

the United States, Western Europe, and Japan (CEH 2000). The estimated
production capacity was 3.5 billion pounds. Thedemand for HCN isexpected
to increase by 2.8% per year through 2004.

Most HCN is used at the production site (CEH 2000). HCN is widely
used; according to Hartung (1994), the major uses are in the fumigation of
ships, buildings, orchards, and various foods; the production of variousresin
monomerssuch as acrylates, methacrylates, and hexamethyl enediamine; and
the production of nitriles. HCN may also be generated during the use of cya-
nide saltsin electroplating operationsand mining. Pesce (1994) estimated the
following usage percentages. adiponitrile for nylon, 41%; acetone
cyanohydrin for acrylic plastics, 28%; sodium cyanide for gold recovery,
13%; cyanuric chloride for pesticides and other agricultural products, 9%;
chelating agents such as EDTA, 4%; and methionine for animal feed, 2%.
CEH (2000) liststhefollowingthree dominant products: acetone cyanohydrin
(for methyl methacrylate), adiponitrile (for hexamethylenediamine), and so-
dium cyanide (used as a reagent).

TheU.S. Department of Transportation subjectsHCN to rigid packaging,
labeling, and shipping regulations. HCN can be purchased in cylindersrang-
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ing from 300 mL to 75 kg. Tank car sizes are 24 and 46 tons. Since 1950,
there have been no accidents during the bulk transportation of HCN (Pesce
1994). HCN isusually shipped as awater solution containing a stabilizer of
0.05% phosphoric acid (HSDB 2000).

2. HUMAN TOXICITY DATA

HCN isamong the most rapidly acting of all known poisons. Absorption
occurshby all routes; the mechanism of action isinhibition of cellular respira-
tion. The respiratory, central nervous, and cardiovascular systems are the
primary targets of an acute exposure. Information on human exposures was
limited to exposures to high concentrations for short time intervals, poorly
documented accidental exposures, and chronic occupational exposures.

TABLE 5-2 Chemical and Physcal Data

Parameter Value Reference
Synonyms Formonitrile, ACGIH 1996

hydrocyanic acid,

prussic acid
Molecular formula HCN Budavari et a. 1996
Structure H-C=N ATSDR 1997
Molecular weight 27.03 Budavari et al. 1996
CAS registry number 74-90-8 ACGIH 1996
Physical state Gasor liquid Budavari et al. 1996
Color Colorless gas, Budavari et a. 1996

bluish-white liquid
Solubility in water Miscible Budavari et al. 1996
Vapor pressure 807 mm Hg at 27°C Hartung 1994
Vapor density (air = 1) 0.941 Budavari et al. 1996
Liquid density (water = 1)  0.687 Budavari et a. 1996
Melting point -13.4°C Budavari et al. 1996
Boiling point 25.6°C Budavari et a. 1996
Odor Bitter almond Ruth 1986
Conversion factors 1 ppm = 1.10 mg/m® ACGIH 1996

1 mg/m®=0.91 ppm
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Accordingto Hartung (1994), afew breathsat “ high concentrations’ may
be followed by rapid collapse and cessation of respiration. If the exposure
continues, unconsciousness is followed by death. At much lower concentra-
tions, the earliest symptoms may be numbness, weakness, vertigo, some nau-
sea, and rapid pulse. Therespiratory rateincreasesinitially and at later stages
becomes slow and gasping. Chronic exposures have been related to thyroid
enlargement. Cardiac effects include electrocardiogram changes (HSDB
2000). HCN is not considered a lacrimator (Weedon et d. 1940). Should
individuals survive the acute phase of HCN intoxication, recovery can be
uneventful and without permanent sequel ae.

In addition to occupational exposures, humans are exposed to cyanide in
their diets (from cyanide- and amygdalin-containing foods and fumigation
residues) and through cigarette smoke, automobile exhaust, andfires(NIOSH
1976; HSDB 2000). Exposure fromsmokingisnot trivial; each puff froman
unfiltered cigarette, which contains 35 g of HCN, momentarily exposes the
lung to a concentration of approximately 46 ppm (Carson et al. 1981).
Yamanaka et al. (1991) reported that mainstream cigarette smoke contains
HCN at 40-70 ppm, and side-stream smoke contains less than 5 ppm.

The odor of HCN has been described asthat of bitter almond. Theability
to detect the odor varieswidely and about 20% of the populationisgenetically
unable to discern this characteristic odor (Snodgrass 1996). A review of
literature on odor thresholds reveaed that the odor threshold for HCN can
range from 0.58 to 5 ppm (Amoore and Hautala 1983; Ruth 1986). Anirritat-
ing concentration was not reported.

2.1. Acute Lethality

Although agreat many deaths have occurred from accidental, intentiona,
or occupational exposuresto HCN, in only afew cases are specific exposure
concentrationsknown. Inareview of humanfatalities (ATSDR 1997), it was
stated that exposure to airborne concentrations of HCN at 180 to 270 ppm
were fatal, usually within several minutes, and a concentration of 135 ppm
was fatal after 30 min. The averagefatal concentration for humans was esti-
mated at 546 ppm for 10 min. The latter data point is based on the work of
McNamara(1976), who cons dered theresistance of manto HCN to besimilar
to that of the goat and monkey and four times that of the mouse. Fatal levels
of HCN cause abrief period of central nervous system stimulation followed
by depression, convulsions, coma with abolished deep reflexes and dilated
pupils, and death. Several review sources, such as Dudley et al. (1942),
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Hartung (1994), and ATSDR (1997), report human toxicity data that appear
to be based largely on pre-1920 animal data.

2.2. Nonlethal Toxicity

Several studies of occupational exposures and one study with a human
subject werelocated. 1nthe occupational exposures (summarizedin Table 5-
3), neurological symptoms consistent with cyanide intoxication were demon-
strated, but the likelihood of concomitant exposure to other chemicals could
not beruled out. For example, cleanersand cutting oils, aswell assodium and
copper cyanide, may be present in electroplating operations (ATSDR 1997).
The experimental human study involved the exposure of asingle subject and
adog to a high concentration for a short exposure period.

Adverse health consequences on systems other than the central nervous
and respiraory systems have been documented during occupational and/or
accidental exposures. Generally, these effects occurred following chronic
exposures, but the cardiovascular and dermal effects could occur following
acute exposures. For example, cardiovascular effects (palpitations,
hypotension, and chest pain) (El Ghawabi et a. 1975; Blanc et al. 1985; Peden
et al. 1986), hematological effects (increased or decreased hemoglobin) (El
Ghawabi et al. 1975; Kumar et al. 1992), hepatic effects (increased serum
akaline phosphatase activity but not serum bilirubin) (Kumar et al. 1992),
gastrointestinal effects (nauseaand vomiting) (El Ghawabi etal. 1975), endo-
crine effects (thyroid enlargement ) (Hardy et al. 1950; El Ghawabi et al.
1975; Blanc et al. 1985), and dermal effects (burns and rashes) (Blanc et al.
1985; Singh et al. 1989) have been observed. Authors of severa studies,
including Hardy et al . (1950), observed that some of the symptomsof chronic
cyanide exposure are aresult of thiocyanate-induced goiter. These authors
noted that goiter has also been reported following thiocyanate therapy for
hypertension.

El Ghawabi et al. (1975) compared the symptoms of 36 workers exposed
to HCN inthree dectroplating factories in Egypt with areferent group; em-
ployment ranged between 5 and 15y. None of the workers in either the ex-
posed or control groups were smokers. Cyanide exposure resulted from a
plating bath that contained copper cyanide, sodium cyanide, and sodium car-
bonate. Concentrationsof cyanidein thebreathingzoneof theworkersranged
from4.2to0 12.4 ppm (meansin thethreefactories: 6, 8, and 10 ppm). Fifteen-
minute air samples were collected in NaOH and analyzed colorimetrically.
Symptoms reported most frequently by exposed workers compared with the
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TABLE 5-3 Occupational Exposuresto Hydrogen Cyanide

Concentration (ppm) Effect Reference

Breathing zone: 0.7 Undefined symptoms of HCN poi- Chandraetal. 1980
Work area: 0.2 soning

Geometric mean No clear exposure related symp- Leeser et d. 1990
values of personal toms or adverse health effects;
samples: 0.03-0.96 employment for 1-40 y

(range: 0.01-3.3)
Area samples: up to 6

2-8 (averageb) Monitoring study; no symptoms Maehly and
reported Swensson 1970

4-6 Monitoring study; no symptoms Hardy et al. 1950
reported

5-13 Headache, fatigue, weakness, Radojocic 1973

tremor, pain, nausea; symptoms
increased with years of employ-
ment of 0-15y

<1-17 in different Health effects not reported,; Grabois 1954
work areas; NIOSH (1976) considered 5 ppm
<1-6.4, genera a no-effect concentration

workroom air

6, 8, 10 (mean Most frequent symptoms: head- El Ghawabi et al.
concentrations) ache, weakness, and changesin 1975
range, 4.2-12.4 taste and smell; employment 5-15

y
Unknown; NRC Headache, dizziness, nausea or Blanc et al. 1985
(2000) suggeststhese  vomiting, amond or bitter taste,
exposures were >15 eyeirritation, loss of appetite
25-75 for Numbness, weakness, vertigo, Parmenter 1926
approximately 1 h nausea, rapid pulse, and flushing

of the face

referent control group were, in descending order of frequency: headache,
weakness, and changesintasteand smell. Lachrimation, vomiting, abdominal
colic, precordia pain, salivation, and nervous instability were less common.
The authors made no attempt to correl ate the incidences of these symptoms
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with concentrations. Although therewere no clinical manifestations of hypo-
or hyperthyroidism, 20 of the workers had thyroid enlargement to a mild or
moderate degree; this conditions wasaccompanied by higher **'I uptake com-
pared with the referent controls. Exposed workers also had significantly
higher blood hemoglobin, lymphocyte cell counts, cyanmethemhemoglobin,
and urinary thiocyanate levelsthan controls. Urinary thiocyanate levelswere
correlated with cyanide concentration in workplace air. Two workersinthe
factory withameanexposure of 10 ppmsuffered psychotic episodes; recovery
occurred within 36 to 48 h. Although the sample size was small, the study
used well-matched controls and included abiological index of exposure (uri-
nary thiocyanate). The NRC Subcommittee on Spacecraft Maximum Allow-
able Concentrations, in evaluating the El Ghawabi et al. (1975) data, con-
cluded that “ 8 ppmwould likely produce no morethan mild CNSeffects (e.g.,
mild headache) which would be acceptable for 1-hour exposures’ of healthy
adults (NRC 2000). ATSDR (1997) noted that exposure to cleaners and cut-
ting oils may have contributed to the effects observed in this study.

Grabois(1954) surveyed HCN levelsinfive plants that processed apricot
kerndsin order to determine possible health hazards. The survey was per-
formed by the Division of Industrial Hygiene of the New Y ork State Depart-
ment of Labor. Work area concentrations in the plants ranged from<1to 17
ppm, and two areas in one of the plants had levels of 17.0 ppm (comminuting
area) and 13.9 ppm(cooking area). Thegeneral workroomatmosphereinthis
plant averaged a6.4 ppm concentration of HCN. Medical questionnaireswere
not given and the health status of the employees wasnot reported. However,
recommendations were made for controlling HCN exposures “where
required,” presumably where concentrations were above the then maximum
recommended concentration of 10 ppm. NIOSH (1976), in interpreting the
Grabois (1954) data, sated that 5 ppm was a no-effect level, and higher con-
centrations were only rarely present.

Chandra et al. (1980) studied the effects of HCN exposure on 23 male
workers engaged in el ectroplating and case hardening. The workers avoided
cyanogenic foods such as cabbage and ailmonds for 48 h prior to blood and
urine sampling. In spite of the low exposure levels—0.8 mg/m® (0.7 ppm) in
the breathing zone and 0.2 mg/m?® (0.2 ppm) in the general work area—the
workers complained of typical symptoms of HCN poisoning (symptoms not
stated); however, no objective measures of adverse health effects were re-
ported. Higher blood and urine cyanide and thiocyanate were measured in
exposed workers compared with a control group. Higher leves of blood and
urine cyanide and thiocyanate were present in snokers thanin nonsmokersin
both the exposed and control groups.
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Blanc et al. (1985) surveyed and examined 36 former employees of a
silver reclaiming fecility in order to determine acute and potential residual
adverse health effects resulting from occupational HCN exposure. The study
was prompted by aworker fatality from acute cyanide poisoning. The work-
ers had been exposed long-term to excessive concentrations of cyanide asthe
time-weighted average (TWA) taken 24 h after the plant had closed down was
15 ppm. The most frequently reported symptoms included headache, dizzi-
ness, nausea or vomiting, almond or bitter taste, eyeirritation, loss of appetite,
epistaxis, fatigue, and rash. The mog prevalent symptoms (headache, dizzi-
ness, nausea or vomiting, and a bitter or aimond taste) were consistent with
acute cyanide poisoning. A concentration-response rel ationship correspond-
ing to high- and low-exposure jobs was demonstrated, but exact breathing
Zone concentrations were unknown. Some symptoms exhibiting a dose-re-
sponsetrend occurring seven or more months after exposure had ceased. Mild
abnormalities of vitamin B,,, folate, and thyroid function were detected and
suggested long-term cyanide and thiocyanate involvement. TheNRC (2000),
in reviewing this study, pointed out that the 24-h TWA of 15 ppm was mea-
sured one day after the plant had closed down, suggesting that workers may
have been exposed to cyanide at more than 15 ppm.

Hardy et al. (1950) observed increased urinary excretion of thiocyanate
in a group of case-hardener workers (hot metas are dropped into baths of
cyanidesaltsin order to hardenthe material). Two workerswith unquantified
exposures suffered persistent headaches, sweating, ches pains, dizziness,
fatigue, weakness, mental confusion, disturbed motor function, nervousness,
coughing, sneezing, cramping inthelower abdomen, auricular fibrillation, and
thyroid enlargement. The authors indicated that <10 ppm should prevent
cyanidetoxicity in workers, and with adequate engineering controls, workers
wereroutinely exposed at 4-6 ppm. No symptomswere surveyed or discussed
for these routine exposures.

Radojicic(1973) reportedfatigue, headache, weakness, tremor in thearms
and legs, pain, and nauseain 28 el ectroplating workers and 15 foundry work-
ers chronically exposed to cyanide. Employment duration ranged from 0 to
15y. Areaatmospheric concentrations ranged from 6 to 13 ppmin the elec-
troplating facility (four measurements) and 5 to 8 ppm in the foundry (three
measurements). In the electroplating facility, higher concentrations were
measured over work vats, 10 to 13 ppm, than in the middle of theroomwhere
concentrationswere 6 to 8 ppm. In both fecilities, urinary thiocyanate levels
of workers were higher after work than prior to work, were higher in smokers
than in nonsmokers, and increased with the number of years of work. Urinary
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thiocyanate concentrati ons were higher in smokers prior to awork day than
in nonsmokersfollowing awork shift. Symptomswere more pronounced in
workers with the longer exposures.

Urinary and blood cyanide and thiocyanate were measured in a group of
140 workers consisting of exposed and nonexposed smokersand nonsmokers
(Maehly and Swensson 1970). The HCN-exposed group consisted of 39 non-
smokersand 55 smokers. Areameasurements, sampled with Draeger tubes at
each work station, ranged from 1 to 10 ppm (average, 5 ppm). Blood and
urinary cyanide and thiocyanate levels varied widely among the groups, and
therewas no clear relationship to occupational exposure at these concentra-
tions;, blood cyanide levels did not bear a relationship to exposure via
smoking, but free thiocyanatelevelsin the urine tended to be higher in smok-
ersthan in nonsmokers. No worker symptoms were reported in this study.

Leeser et al. (1990) reported a cross-sectional study of the health of
cyanide-salt production workers. Sixty-three cyanide production workers
employed for 1 to 40 y were compared with 100 referent workers from a
diphenyl oxide plant. Workerswereexamined before and after ablock of six
8-hshifts. All workershad full medical examinations, routineclinical chemis-
try tests, and blood samples taken for measurement of blood cyanide and
carboxyhemoglobin. Inaddition, circulatinglevelsof vitaminB,, and thyrox-
ine (T4) were measured. Atmospheric cyanide was monitored with static
monitors, Draeger pump tests, and personal monitoring. For the personal
monitoring, air was drawn through bubblerswhich contained sodium hydrox-
ide. Cyanide collectedin the sodium hydroxide sol ution was measured using
an anion-selective ion electrode. All results (a total of 34 samples) were
between 0.01 and 3.6 mg/m?® (0.01 and 3.3 ppm). Geometric mean values for
eight job categoriesranged between 0.03 and 1.05 mg/m? (0.03and 0.96 ppm).
Vauesfor only onejob category (eight personal sampl es) averaged 0.96 ppm.
Results of routine Draeger pump tests (area samples) were between 1 and 3
ppm (none were above 10 ppm). In addition, during the fall of the year, pro-
duction problems in part of the plant caused the HCN level to increase to 6
ppmfrom the usual 1-3 ppm (measurement method not stated). Thisincreased
exposure was reflected in an increase in mean blood cyanide level in the
workersfollowing ablock of six 8-h shifts, and there was an increase of 5.83
pmol during the 6 ppm exposure compared with a decrease of 0.46 umol
acrossthe shift block inthespring. Static monitorson all floors, setto trigger
alarms at 10 ppm, did not sound during the study. Blood cyanide levelsin
exposed workers, though low, were generally higher than in control workers,
and the highest levels were measured in cyanide-exposed nonsmokers com-
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pared with the nonsmoking control group (cyanide-exposed nonsmokers, 3.32
pmol; controls, 1.14 umol; p < 0.001). For ex-smokers, the difference was
smaller (cyanide exposed, 2.16 umol; contrals, 1.46 pmol), and for current
smokers, the blood cyanide level was actually higher in the control group
(2.94 pmoal for cyanide workers who smoked; 3.14 umol for controls who
smoked). The percentage of workers reporting symptoms such as shortness
of breath and lack of energy was higher in cyanideworkersthaninthe diphen-
yl oxide plant workers. These differences were partially explained by the
greater number of cyanide workers who were shift workers. Slightly higher
hemogl obin values and lymphocyte counts in the cyanide workers were not
dose-related. Results of clinical and physical examinations and eval uation of
medical histories failed to reveal any exposure-related health problems.

A 20-year-old man employed in aphotographi c darkroom suffered attacks
of numbness, weakness, vertigo, some nausea, rapidpulse, and flushing of the
face after 1 h of work (Parmenter 1926). Two other workerswere unaffected.
Followingimprovedventilation in the room, cyanidewas measured in several
areas of the workroom, including over asink into which ferrous sul phate and
potassium cyanidewereroutinely disposed. Concentrations of cyanide at that
time (with the improved ventilation) ranged from 25 to 75 ppm.

During inspection of a tank containing a thin layer of hydrazodi-
isobutyronitrile (HZDN), aworker collapsed after 3 min, was fitted with a
breathing apparatus after another 3 min, and removed from the tank after 13
min, resulting in a 6-min exposure (Bonsall 1984). At that time the worker
was unconscious with imperceptible breathing and dilated pupils. He was
covered with chemicd residue. The tank had previously been washed with
water; HZDN decomposeswithwater to give HCN and acetone. No HCN was
measured prior to entry into thetank, butimmediately after theincident, levels
of HCN of about 500 mg/m® (450 ppm) were measured. One hour after the
exposure, the comatose individual was administered sodium thiosulfate, and
following subsequent complications and treatment, he was discharged after 2
weeks (wk). No sequelae were apparent.

Barcroft (1931) described the controlled exposure of a45-year-old, 70-kg
man and a 12-kg dogto a concentration of HCN at 500-625 ppm inan airtight
chamber. The human volunteer attempted to maintainthe samelevel of activ-
ity asthedog. The dogbecame unsteady at 50 seconds (s), unconscious at 75
s, and convulsive at 90 s. One second later, the man walked out of the expo-
sure chamber with no apparent effect. At 5 min after initiation of exposure,
the man experienced a momentary feeling of nausea, and at 10 min from the
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start, his ahility to concentrate in “close conversation” was atered. The dog
at first appeared to be dead but recovered without adverse signs by the next
day. Barcroft (1931) cites two other studies in which fumigation workers
wereexposed to aconcentration of HCN at 250 ppm for 2 min or 350 ppm for
1.5 min without dizziness.

2.3. Developmental and Reproductive Effects

No data concerning developmental or reproductive effects of HCN in
humans wereidentified in the availableliterature.

2.4. Genotoxicity

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

2.5. Carcinogenicity

No dataconcerning thecarcinogenicity of HCN in humanswereidentified
in the available literature.

2.6. Summary

A great many human fatalities associated with acute HCN exposure have
occurred, but exposure concentrations are for the most part unknown. Acute
exposures that failed to result in mortality were either to high concentrations
for very short exposure durations (approximately 500 or 450 ppmfor approxi-
mately 1.5 min or 6 min, respectively [Barcroft 1931; Bonsall 1984]) or to
exposure concentrations and times that were estimated (>25 ppm for about 1
h[Parmenter 1926]). Monitoring studiesindicate that workerswereroutinely
exposed at <10 ppm (Hardy et al. 1950; Grabois 1954; Maehly and Swensson
1970). Occupational HCN exposuresat 1-10 ppm were acceptabl e at thetime
of these surveys as 10 ppm was the maximum acceptable concentration for
workers. More effective exhaust ventilation was implemented “where re-
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quired,” presumably where exposures were greater than 10 ppm, as in the
Grabois(1954) study. Thelow exposuresinthe Leeser et al. (1990) study did
not result in adverse health effects. Concentrationsgreater than 8-10 ppm may
cause discomfort, and with long-term exposures, more serious symptoms can
develop (El Ghawabi et a. 1975). The most common complantsin the moni-
toring study by El Ghawabi et al. (1975) were headache, weakness, and
changesin taste and smell. Specific exposure levels for specific symptoms
were hot provided nor were concurrent exposures to other chemicals noted.
Chronic exposure to low concentrations of HCN has been associated with
hypothyroidism (devel opment of goiter) (Hardy et al. 1950), and some symp-
toms associated with chronic exposures may be attributed to thyroid effects.
It should be noted that in the study of Radojicic (1973) symptomsin workers
increased with the number of yearsof work, and 20 of 36 workersin the study
of El Ghawabi et al. (1975) had thyroid enlargement. No information on
developmental and reproductive effects, genotoxicity, or carcinogenicity in
humans was | ocated.

3. ANIMAL TOXICITY DATA

NIOSH (1976) reviewed and summarized animal studies prior to 1976.
Many of those studies are deficient in descriptions of exposure and analytical
techniquesaswell as exposure concentrationsand durations. Considerations
of most of those pre-1976 studies are not reviewed here. Several of those
earlier studies describe brain lesions in exposed animals. Histopathol ogical
examinations were performed in only a few of the studies conducted after
1976.

3.1. Acute Lethality

Acuteinhalation lethality datafor the rat, mouse, and rabbit for expaosure
timesof 10 sto 12 hwerelocaed. A singleinhalation study withthe dogdid
not give an exposure duration. The data are summarized in Table5-4. Data
from studies with nonlethal concentrations are summarized in Table 5-5.
Barcroft (1931) reported LC,, values and times to death for eight species of
animals, the times to death at a constant concentration. Dueto experimental
design constraints, the L C,, values are not reported here, but relevant dataare
discussed in the section on relative species sensitivity (Section 4.4.1).
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3.1.1. Dogs

Dudley et a. (1942) cites a brief exposure to 115 ppm as fatal to dogs.
Ninety parts per million may be tolerated for “hours’ with death occurring
after exposure. Exposures at 30-65 ppm for an unspecified duration led to
vomiting, convulsions, and possibly death. No details on the source of the
data, exposure durations, or experimental protocols were provided.

3.1.2. Rats

Groups of ten Wistar rats (gender not stated) inhaled concentrations of
280, 357, 368, 497, 583, or 690 ppm for 5 min in a Rochester chamber (Hig-
ginset a. 1972). The animalswere observed for 7 days (d) following expo-
sure. A cage containing the animalswas rapidly lowered into achamber into
which HCN was continuously delivered; the cage wasrapidly removed after
5 min. HCN concentrations were continuously monitored using specificion
electrodes. All deaths occurred during the exposure period or within 20 min
after exposure. The 5-min LC,, was 503 ppm (95% confidence limit (CL),
403-626 ppm). Using the same protocol, the 5-min LC,, for five male
Sprague-Dawley rats was 484 ppm (95% CL, 442-535 ppm) (Vernot et al.
1977). Protocol detailsof the Vernot et al. (1977) study were not provided.

Groups of ten male Crl:CD rats were exposed to HCN in polymethy-
methacrylate exposure chambers under flow-through conditions(E.I. du Pont
de Nemours 1981). The chamber atmosphere was measured continuously by
infrared spectrophotometry; measurementswere validated by gaschromatog-
raphy. The experiment was performed in duplicate with one set of animals
exposed head-only to the test gas while the other set was allowed free move-
ment inside the exposure chamber. Free-moving ratsinhaled concentrations
of 273 to 508 ppmfor 5 min, 110 to 403 ppmfor 15 min, 128 to 306 ppm for
30 min, or 76 to 222 ppm for 60 min. The postexposure observation period
was 14 d, during which body weights were monitored.

For all exposure durations, deaths occurred during exposures or within 1
d postexposure. The LC,, values for the 5-, 15-, 30-, and 60-min exposure
periodsfor the unrestrained rats were 369 ppm (95% CL, 350-395 ppm), 196
ppm (95% CL, 181-209 ppm), 173 ppm (95% CL, 163-188 ppm), and 139
ppm (95% CL, 120-155 ppm), respectively. Usingprobitanalysis, theauthors
alsocalculated LC,, valuesfor the5-, 15-, 30-, and 60-min exposure durations
of 283, 138, 127, and 88 ppm, respectively. The LC,, values were lower
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TABLE 5-4 Summary of Acute Lethd Inhalation Datain Laboratory

Animals
Concentration Exposure
Species  (ppm) Time Effect® Reference
Dog 115 Not given  Fatal Dudley et a. 1942
Rat 3,438 10s LCs Ballantyne 1983
Rat 1,339 1 min LCsg Ballantyne 1983
Rat 1,000 1.4 min LTg Weedon et al. 1940
250 8.7 min LTs
63 40 min LTg
Rat 503 5min LCy Higginsetal. 1972;
484 5min LCy Vernot et al. 1977
Rat 449 5min LCy Ballantyne 1983
Rat 283 5 min LCy E.l. du Pont de
369 5min LCsy Nemours 1981
Rat 138 15 min LCy E.l. du Pont de
196 15 min LCsg Nemours 1981
Rat 200 30 min LCs Kimmerle 1974
Rat 127 30 min LCux E.I. du Pont de
173 30 min LCsy Nemours 1981
Rat 157 30 min LCsg Ballantyne 1983
Rat 110°¢ 30 min LCy Levin et al. 1987
Rat 144 1h LCy Ballantyne 1983
Rat 88 1h LCy E.l. du Pont de
139 1h LCy Nemours 1981
Rat 120 1h LCsy Kimmerle 1974
Rat 68 6 h Lethal to 3/10  Blank 1983
animals
Mouse 1,000 1.2 min LTs Weedon et al. 1940
250 5.1 min LTg
63 66 min LTs
Mouse 323 5 min LCy Higginsetal. 1972;
Vernotet a. 1977
Mouse 166 30 min LCs Matijak-Schaper

and Alarie 1982
(Continued)
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TABLE 5-4 Continued

Concentration Exposure
Species (ppm) Time Effect® Reference
Mouse 150 4 h 100% mortality Pryor et a. 1975
Mouse 100 4 h Lethal to 1/10 Pryor et a. 1975
animals
Mouse 100 12 h 100% mortality Pryor et a. 1975
Rabbit 2,213 45s LCsg Ballantyne 1983
Rabbit 372 5min LCy Ballantyne 1983
Rabbit 189 35 min LCs Ballantyne 1983

#Postexposure observation periods were as follows: 7 d, Higgins et al. (1972); 10 d,
Pryor et al. (1975); and 14 d, E.I. du Pont de Nemours (1981).

Time to 50% mortality.

‘Animals were restrained.

(higher toxicity) for restrained rats: 398, 163, 85, and 63 ppm for the respec-
tive exposure durations.

Ballantyne (1983) exposed groups of six to ten ratsto various concentra-
tionsof HCN for 10 sto 60 min. Lethal values arereported in Table 5-4; no
further detailsof the sudy werereported. Kimmerle (1974), in citing hisown
unpublished data, reports 30- and 60-min LC,, values for the rat of 200 and
120 ppm, respectively. No details of the exposureswere given.

Groups of six male Fischer 344 rats were exposed to various concentra-
tionsof HCN (not given) for 30 min (Levinet a. 1987). Theratswere placed
inrestrainersfor head-only exposures. Exposure chamber atmosphereswere
analyzed every 3 min with a gas chromatograph equipped with a thermionic
detector. Most deathsoccurred duringthe exposures. The30-min L C,,, calcu-
lated from deaths during the exposure period plus any deaths occurring up to
24 h postexposure, was 110 ppm with 95% CL of 97-127 ppm. It should be
noted that L C,, values are lower for restrained animals than for unrestrained
animds (E.l. du Pont de Nemours 1981).

Weedon et al. (1940) exposed groups of eight rats (strain not identified)
to HCN at 1,000, 250, 63, or 16 ppm; times to 50% mortality (LT,,) were
recorded. Times to 50% mortality at the respective concentrations were as
follows: 1.4, 8.7, 40, and >960 min.

Five male and five female Sprague-Dawley Crl:CD rats inhaled HCN at
68 ppm in astainless steel chamber for 6 h/d for 3 d (Blank 1983). HCN was
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generated by passing nitrogen over the liquid contained in a 500-mL flask.
Theconcentrationin the cagewas measuredwithaninfrared analyzer. During
the exposures, hypoactivity and ragpid, shallow breathing were observedinall
animals. During the first day, three males exhibited anoxia or hypoxia, fol-
lowed by convulsions in one male. One male died during the exposure, a
second mal edied duringthe postexposure observation period, and athird male
was found dead prior to the second day of exposure. Two additional males
and all five females exhibited breathing difficulties following thefirst expo-
sure. No additional mortality was observed following the second and third
days of exposure; body weights by the third day were below pre-exposure
weights. Necropsy examinations of the three dead mal esreveal ed cyanosis of
the extremities, moderate-to-severe hemorrhage of the lung, lung edema,
tracheal edema, blanched appearance of the liver, singular occurrences of
blood engorgement of the heart and surrounding vessels, chromorhinorrhea,
urine-filled bladder, and gaseous distension of the gastrointestinal tract. Sur-
vivors were sacrificed following the last exposure. Of the seven survivors,
three females exhibited dight-to-moderate hemorrhage of the lung.

3.1.3. Mice

Groupsof 15 ICR mice (gender not stated) inhal ed concentrations of 200,
283, 357, 368, 414, or 427 ppm for 5 min in a Rochester chamber (Higgins
etal. 1972). Theanimalswere observedfor 7 d following exposure. Expo-
sures were conducted in the same manner as for rats (Section 3.1.2). All
deaths occurred during the exposure period or within 20 min after exposure.
The5-min LC,, was 323 ppm (95% CL, 276-377 ppm). The same datawere
reported in summary form by Vernot et d. (1977).

Accordingto Matijak-Schaper and Alarie (1982),the 30-minLC,, of mde
Swiss-Webster mice inhaling HCN is 166 ppm. Mortality ratio for the mice
(four per exposure group) were 0/4, 2/4, 3/4 and 4/4for exposureto concentra:
tions of HCN at 100, 150, 220, and 330 ppm, respectively. The recovery
period was 10 min, during which the surviving mice appreciably recovered.
The LC,, was the same for cannulated mice. At exposure concentrations of
500 and 750 ppm, the mean times to death were 12 min and 2 min, respec-
tively.

Weedon et al. (1940) exposed groups of four mice (strain not identified)
to HCN at 1,000, 250, 63, or 16 ppm and times to 50% mortality were re-
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corded. Times to 50% mortality at the respective concentrationswere: 1.2,
5.1, 66, and >960 min.

Groupsof ten Swiss-Webster mice(both genders) inhaled HCN at concen-
trations of 30 ppmfor 24 h, 100 ppmfor 4 or 12 h, or 150 ppmfor 4 hin flow-
through chambers (Pryor et al. 1975). The temperature was 30°C and the
atmosphere contained 21% oxygen. HCN was detected and quantified with
detector tubes. All ten mice survived the 24 h exposure at 30 ppm,; the
postexposure period was 10 d. One mouse died during exposure at 100 ppm
for 4 h, and all mice died from exposure at 100 ppmfor 12 h and 150 ppm for
4 h. Although not specifically stated for HCN, it wasindicated that all mice
in the study, including those exposed to other gases, showed evidence of
congestion of thelungs and vascular system. The authors noted the difficulty
in attai ning targeted concentrations of HCN in the chambers dueto absorption
on chamber surfaces; that difficulty was overcome by removing individual
anima partitions from the exposure chamber.

3.1.4. Rabbits

Ballantyne (1983) exposed groups of six to ten rabbits to various concen-
trations of HCN for 45 sto 35 min. Values are reported in Table 5-4; no
further details of the study were reported.

3.2. Nonlethal Toxicity

Toxicity studiesresulting in nonlethd effects arereported in Table 5-5.
Acuteexposure datawere avail ablefor themonkey, rat, and mouse with expo-
suredurationsrangingfrom5 minto 24 h. Limiteddatawereavailablefor the
dog.

3.2.1. Nonhuman Primates

Four cynomol gus monkeys (gender not stated) wereindividually exposed
viaaface mask to a concentration at 60 ppm for 30 min (Purser 1984). Each
animal was exposed on three occasions. The same animals were used for
hypoxia and hypercapniatests. HCN, supplied from a standard gas mixture,
was diluted with air; the concentration was measured intermittently using



232 ACUTE EXPOSURE GUIDELINE LEVELS FOR SELECTED AIRBORNE CHEMICALS

colorimetric tubes. Air flow into and out of the lungs was measured with a
pneumotachograph connected to a differentia gas pressure transducer. Sev-
eral heart, blood, muscular, and centra nervous system parameterswere mea-
sured before, during, and after the exposures.

At 60 ppm, there was a dight depressive effect on the central nervous
system, asevidenced by changesin brainwave activity at the end of the expo-
sure periods (indicated in electroencephal ograms [EEGS]), and the auditory
cortical evoked potential (measured by electrodes on the surface of the audi-
tory cortex) was reduced in amplitude during the lateresponse. Therewasno
physiological response to the EEG changes. There was asmall increase in
respiratory minutevolume, but no adverseeffectswere observed oncardiovas-
cular parameters or on neuromuscular conduction. The authors stated that
concentrations of HCN below 60 ppm are unlikely to produce a significant
impairment of escape capability.

In a follow-up study, four cynomolgus monkeys were individually ex-
posed viaaface mask to concentrationsof HCN at 100to 156 ppm for 30 min
in order to measure timeto incapacitation (“ defined as a semiconscious state
withloss of muscletone™) (Purser et al. 1984). HCN was produced by intro-
ducingair, oxygen, and amixture of HCN in nitrogen directly into the mixing
chamber in proportions neededto producethe required amosphericconcentra-
tion; concentrations were estimated by silver nitrate titration from samples
takenin 0.1 M sodium hydroxide solution. Several physiological parameters
weremeasured before, during, and after the exposures. Resultsof earlier tests
(not described) had determined at what concentration early signs of a physio-
logical response occurred.

Timetoincapacitation for the 100, 102, 123, 147, and 156 ppm concentra-
tions were 19, 16, 15, 8, and 8 min, respectively; the relationship between
exposure and time to incapacitation was linear. During exposures, effects
consisted of hyperventilation (within 30 s), loss of consciousness, and
bradycardiawitharrhythmiasand T-wave abnormalities; recoverieswererapid
after exposure. The animal inhaling 147 ppm stopped breathing after 27 min
and required resuscitation. Two additional exposureswere terminated prior
to the end of the 30 min due to severe signs. Animals rapidly recovered and
were active during thefirst 10 min after exposure even though blood cyanide
remained at levels that initially caused incapacitation. Purser (1984) states
that the hyperventilatory response followed by incapacitation occurs at >80
ppm, but neither paper (Purser 1984; Purser et al. 1984) provides the experi-
mental data for the 80 ppm concentration. At 180 ppm, hyperventilation
occured almost immediately, and at 90 ppm the response was delayed for 20
min.



TABLE 5-5 Summary of Nonlethal Inhalation Datain Laboratory Animals

Concentration Exposure
Species (ppm) Time Effect® Reference
Monkey 125 12 min “Distinctly toxic” Dudley et a. 1942
Monkey 100 19 min Time to incapacitation; Purser et al. 1984
102 16 min Time to incapacitation;
123 15 min Time to incapacitation;
147 8 min Time to incapacitation;
156 8 min Time to incapacitation
Monkey 60 30 min Slight depressive effect—central ~ Purser 1984
nervous system
Rat 283 5min No toxic signs Higginsetal. 1972
Rat 273 5min No toxic signs E.l. du Pont de Nemours 1981
Rat 200 12.5 min Possible changes in blood O'Flaherty and Thomas 1982
enzymes attributed to cardiac
effects
Rat 110 15 min No toxic signs E.l. du Pont de Nemours 1981
Rat 149 30 min No toxic signs E.l. du Pont de Nemours 1981
Rat 55 30 min No toxic signs, changesin lung Bhattacharya et al. 1984
dynamics, lung phospholipids
Rat 76 60 min No toxic signs E.l. du Pont de Nemours 1981
Rat 16 16 h No deaths, no toxic signs Weedon et al. 1940
M ouse 200 5min No toxic signs Higginsetal. 1972

(Continued)
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TABLE 5-5 Continued

Concentration Exposure
Species (ppm) Time Effect® Reference
M ouse 63 30 min Respiratory depression of 50%; M atijak-Schaper and Alarie
100 30 min No toxic signs 1982
M ouse 16 16 h No toxic signs Weedon et al. 1940
M ouse 30 24 h Lung congestion Pryor et a. 1975
mouse 123.5 5min Incapacitation, rotating cage; Sakurai 1989
74.4 10 min I ncapacitation, rotating cage;
50.0 20 min Incapacitation, rotating cage;
41.7 30 min Incapacitation, rotating cage

#Animalsin the Higgins et al. (1972) and E.I. du Pont de Nemours (1981) studies were observed for 7 and 14 days
postexposure, respectively.

vee
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Although the primary mechanism of action of HCN is not respiratory
irritation, the RD,,—the concentration that produces a 50% decrease in respi-
ratory rate—was measured in rats (E.l. du Pont de Nemours 1981). Respira-
tory ratesweremeasured in restrained ratsduring all exposure durations (5-60
min). The RD,, was approximately 125 ppm. Although the RD., may be
consideredin setting standardsfor primary irritants(to protect agai nst sensory
irritation), itisof limited usein setting standardsfor highly toxic, systemically
acting chemicals. The highest concentrations that did not result in deaths of
rats (see section 3.1.2 for details) are also listed in Table 5-5.

Six maleWistar rasinhaled HCN at 55 ppm for 30 min (Bhattacharya et
al. 1984). HCN was generated by reaction of KCN with sulfuric acid and
circulated through the chamber at the rate of 1 L/min. The rats were fitted
with alung mechanics analyzer (Buxco Electronic Inc.), and changesin air
flow, transthoracic pressure, tidal volume, compliance, resistance, respiratory
rate, and minute volumewere determined every 10 min. Animalswere sacri-
ficed immediately following the exposure, and lungs were excised and ana-
lyzed for phospholipids (surfactant).

The authors stated that the exposure was “well tolerated” for the 30-min
duration (Bhattacharya et al. 1984). With the exception of airway resistance,
all lung dynamic parameters were significantly changed at 30 min, with in-
creasesin air flow, transthoracic pressure, and tida volume and decreasesin
compliance, respiratory rate (60-70% decrease), and minute volume. There
was asignificant decreasein phospholipidsin thelungs, but the toxicol ogical
relevance of that finding to AEGL derivation isnot clear.

Five repeated exposures of 200 ppm for 12.5 min every 4 d resulted in
increased cardiac-specific creatine phosphokinase activity in the blood
(pooled data measured at 2 h after the first, third, and fifth exposures) and
ectopic heart beats during the first 2 min after injection of norepinephrine
(after thefifth exposure) but failed to induce cardiac lesions (histopathol ogic
examinationsat 14 d postexposure) (O'Flaherty and Thomas 1982). Therats
were restrained and anesthetized.

Weedon et al. (1940) exposed groups of eight rats to a concentration of
HCN at 16 ppmfor 16 h. No deaths occurred, and rats appeared normal dur-
ing the exposure. At autopsy of two rats, the lungs of one rat showed
“pseudotuber-culosis.” All other organs in that rat and the other rat were
normd.
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3.2.4. Mice

M atijak-Schaper and Alarie(1982) measuredtheRD,, infour male Swiss-
Webster mice. They pointed out that HCN is not primarily anirritant, and its
mechanism of action is depression of the central respiratory center. The con-
centration that decreased the respiratory rate by 50% was 63 ppm (lower than
the LC;, by afactor of 2.6). The exposure wasfor 30 min. Unconsciousness
did not occur at this concentration (Alarie 1997). The RD,, for cannulated
mice was 34 ppm, indicating that at least part of the respiratory decrease in
noncannulated mice is due to sensory irritation. The breathing pattern of a
mouseinhaling 80 ppm for 30 min was characterized as having “intermittent
periods of sensory irritation ... between segments of normal but slower
breathing.” Time to asphyxia (as determined by respiratory pattern) at 150
ppmwas 11 min. Timesto asphyxiawere not givenfor lower concentrations;
however, “ below the RD, of 63 ppm, therewere occasional breathsthat were
characteristicof asphyxiation, but thiswasavery transient occurrence. Above
theRD.,, asphyxiationwasfirst seenintermittently between periods of normal
breathing, but was continuousat concentrations that approached lethal levels
(i.e., 100 ppm).” The highest concentration of HCN that did not result in
death during a 30-min exposure of these mice (100 ppm) was also added to
Table 5-5.

Weedon et a. (1940) exposed groups of four miceto HCN at 16 ppm for
16 h. No deaths occurred and mice appeared normal during the exposure.
One mouse was autopsied; the organs were described as normal. Mice sur-
vived a 24-h exposure to 30 ppm (Pryor et al. 1975).

Sakurai (1989) measured incapacitation times for groups of eight femde
Jcl ICR miceinhaling variousHCN concentrations. HCN wasintroducedinto
the exposure chamber from a pressurized tank; chamber concentrationswere
determined by a“gas detecting tube method.” Animals were placed in rotat-
ing cages during the exposures, and incapacitation time was recorded by an
electrical signal emitted from the rotating cage at every half rotation. Apnea
timeswere assessed by visual observation. Lack of movement for 5 min was
defined astheincapacitation time. The datawere graphed, and incapacitation
timesand concentrationsof 5min, 123.5ppm; 10 min, 74.4 ppm; 20 min, 50.0
ppm; and 30 min, 41.7 ppm were determined.

3.2.5. Rabbits

Exposure of 24 male Danish rabbits at 0.5 ppm HCN for 4 wk produced
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no microscopicaly detectable changes in the lung parenchyma, pulmonary
arteries, coronary arteries, or aorta(Hugod 1979).

3.3. Developmental and Reproductive Effects

Noinformation regarding devel opmental and reproductiveeffectsof HCN
in animalsviatheinhalation route was|ocated in the avail ableliterature. The
teratogenic potential of inorganic cyanide was studied by infusing sodium
cyanideto pregnant gol den hamstersbetween gestation days 6 and 9 (Doherty
et al. 1982). Anomalieswere induced only at tested doses of 0.126 to 0.1295
mmol/kg/h because preliminary tests had shown that a dose of 0.125
mmol/kg/h did not produce anomalies, and a dose of 0.133 mmol/kg/h pro-
duced 100% resorptions. Maternal signs of toxicity were observed after 36to
48 h, at which time the doses administered by infusionwere 30 to 40 timesthe
subcutaneousL D,,. Thisrange of doses produced high incidences of congeni-
tal malformations and resorptions. The most common anomalieswere neural
tube defects includi ng encephalocod e and exencephaly. Fetal crown-rump
length was significantly reduced in the offspring of treated dams. Maternal
toxicity did not correlate with the incidence of anomalies in the offspring.
Simultaneous subcutaneous infusion of thiosulfate protected against the
teratogenic effects of cyanide. Signs of cyanide poisoning appear if detoxifi-
cation occurs at aslower ratethan absorption (90% of an acute lethal dose of
cyanide can be detoxified in an hour when given to guinea pigs by slow infu-
sion). Because signs of maternal toxicity did not appear for 36 to 48 h, the
authors suggested that the rate at which sulfur in the form of thiosulfate,
cystine, or cysteine became avail able for cyanide detoxification wasthe criti-
cal step. In addition to sodium cyanide, aliphatic nitriles and cyanogenic
glycosideshavebeen demongrated tobeteratogenic to golden hamstersby the
oral and inhalation routes (Willhite 1981, 1982; Willhite and Smith 1981;
Willhiteet al. 1981; Frakes et al. 1985, 1986a,b). The teratogenic activities
were attributed to the cyanide released through metabolism of the parent
compounds; in each case, developmental toxicity was observed only at doses
aso inducing signs of maternal cyanide intoxication.

3.4. Genotoxicity

Noinformation regarding the genotoxicity of HCN in animalswaslocated
in the available literature. Studies that addressed genotoxicity from other
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forms of cyanide werereviewed in AT SDR (1997). Inthosestudies, cyanide
in the form of potassium cyanide tested negativein Salmonella typhimurium
strains TA1535, TA1537, TA1538, TA98, TA10, TA97, and TA102; one
study gave positiveresultswith strain TA100. Sodium cyanide gave negative
resultsin several strains of S. typhimurium. Potassium cyanide also tested
negativeinthe DNA repair test in Escherichia coli andin an in vivo testicular
DNA synthesisinhibition test with the mouse.

3.5. Chronic Toxicity and Carcinogenicity

No information regarding the carcinogenicity of HCN in animals viathe
inhalation routewas located intheavailableliterature. Ina2-y feeding study,
ten male and ten femal e rats were administered food fumigated with HCN at
each of two concentrations (Howard and Hanza 1955). The average daily
concentrationswere 73 and 183 mg CN/kg diet. Based onfood consumption,
body weight, and concentrations at the beginning and end of each feed prepa-
ration period, estimated doses were 4.3 and 10.8 mg CN/kg body weight per
day. Therewere no treatment-related effects on body weight and no clinical
signsor histopathologic lesions atributable to cyanide ingestion. Inareview
of feeding studies by the U.S. Environmental Protection Agency (EPA)
(1993), 10.8 mg/kg/d (11.2 mg/kg/d as HCN), in the study by Howard and
Hanzal (1955), was identified as the highest NOAEL.

3.6. Summary

Lethality data were available for the rat, mouse, and rabbit for exposure
periods of 10 s(rat) to 12 h (mouse). Five-minute LC,, values ranged from
323 ppm (mouse) to 503 ppm (rat). Thirty-minute LC,, values ranged from
166 ppm for themouseto an average of 177 ppm for therat. Theaverage 1-h
LC,, vauefor therat was 134 ppm. TheLC,, valuestend to besimilar for the
mouse and rat, and the mouse was slightly more sensitive in accordance with
its slightly smaller body size and higher relative respiratory rate. Sublethal
effects were characterized by incapacitation (or loss of consciousness) and
changesin respiratory or cardiac parameters. Exposures causing little to no
effect were: monkey, 60 ppm for 30 min—slight changes in EEGs; rat, 200
ppm for 12.5 min—changes in cardiac-rel eased blood enzymes; rat, 55 ppm
for 30 min—changes in pulmonary parameters; and mouse, 63 ppm for 30
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min—50% decreasein respiratory rate. Noinformeation on devel opmental and
reproducti ve effects, genotoxicity, or carcinogenicity by the inhal ation route
waslocatedintheavailableliterature. Genotoxicity studieswith cyanidesdts
were generally negative, and no cancerswere inducedin ratsin a2-y feeding
study with HCN.

4. SPECIAL CONSIDERATIONS
4.1. Metabolism and Disposition

HCN is miscible with water and is taken up by the moist respiratory pas-
sages. Retention levels of HCN in the nose and lung of human subjectswere
measured by Landahl and Herrmann (1950) while the subjectsinhaled 0.5 to
20 ppm. HCN was delivered to the nose via a mask; the sample was drawn
through the nose and out of the mouth whilethe subject held hisbreath. Using
thisprocedure, the percentage retained inthe nasal passagesranged from 13%
t023%. The percentageretained by the lung when inhaling throughthe mouth
(no mask) ranged from 39% to 77%. The average exposure time was1 min.

HCN in the blood is almost completely contained in the red blood cells
whereit is bound to methemoglobin. Immediately after infusion of sodium
nitroprusside into patients, 98.4% of the blood cyanide was found in the red
blood cells (Vesey et al. 1976). At normal physiological levels of body
methemoglobin (0.25% to 1% of the hemoglobin), a human adult can bind
about 10 mg of HCN (Schulz 1984).

HCN is detoxified to thiocyanate (SCN-) by the mitochondria enzyme
rhodanese; rhodanese catal yzes the transfer of sulfur from thiosulfateto cya-
nideto yield thiocyanate, whichisrelatively nontoxic (Smith 1996). Therate
of detoxificationof HCNinhumansisabout 1 pg/kg/min (Schulz1984) or 4.2
mg/h, which, the author gates, is considerably slower than in small rodents.
This information resulted from reports of the therapeutic use of sodium
nitroprusside to control hypertension. Rhodanese is present in the liver and
skeletal muscle of mammalian speciesaswell asin thenasal epithelium. The
mitochondriaof the nasal and olfactory mucosaof therat contain nearly seven
times as much rhodanese asthe liver (Dahl 1989). The enzymerhodaneseis
present to alarge excess in the human body relative to its substrates (Schulz
1984). Thisenzyme demonstrates zero-order kinetics, and thelimiting factor
in the detoxification of HCN isthiosulphate. However, other sulfur-contain-
ing substrates, such as cystine and cysteine, can also serve as sulfur donors.
Other enzymes, such as 3-mercapto-pyruvate sulfur transferase, can convert
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cyanidetothiocyanate (ATSDR 1997; NRC 2000). Thiocyanateisdiminated
in the urine.

Venous blood levels of cyanide reached a steady state (mean value, 200
Mg/100 mL) within 10 min of exposure of cynomol gus monkeys at 100-156
ppm (Purser et al. 1984). The blood level stayed constant during the remain-
der of the 30-minexposure, during which timetheanimal slost consciousness;
the blood level remained the same for 1 h after exposure, even though the
monkeys recovered consciousness within 10 min. The mean concentration of
whole blood cyanide in rabbits that died following inhalation exposure was
170 pg/100 mL; the mean plasma concentration was 48 pg/100 mL
(Ballantyne 1983).

Plasma levels of cyanide in unexposed, healthy adults average 0 to 10.7
g/100 mL (mean, 4.8 ug/100 mL) (Feldstein and Klendshoj 1954). Follow-
ing mild exposures to cyanide, plasma levels return to this normal range
within 4 to 8 h after cessation of exposure; the half-life for the conversion of
cyanideto thiocyanate from a nonlethal dose in humans was between 20 min
and1h.

Although Feldstein and Klendshoj (1954) reported plasmaleves of cya-
nide, most data available are for whole blood. Average whole blood values
for cyanide are asfollows: nhonsmokers, 1.6 ug/100 mL; smokers, 4.1 ug/100
mL; and nitroprusside therapy, 5to 50 ug/100 mL (Tietz 1986). These data
can be compared with the whole blood values measured in severa studies,
including the study of Aitken et a. (1977) in which patientswereinfused with
nitroprusside sol utionsto induce hypotension during intracranial surgery (see
Box 1-1). Inthe Chandraet al. (1980) sudy, blood cyanide levels of up to
220 pg/100 mL appear excessively high in light of the low measured expo-
sures. Snodgrass (1996) states that blood cyanide greater than 20 ug/100 mL
may be associated with acute signs of cyanide poisoning, and deaths occur
after blood cyanide reaches 100 pg/100 mL. As noted by Aitken (1977),
metabolic acidosis occurred in patients at blood cyanide level s of >90 ug/100
mL.

It should be noted that HCN can be absorbed through the skin. For this
reason, ACGIH (1996) and NIOSH (1997) guidelines carry a skin notation.
Drinker (1931) cites the case of three men protected with gas masks in an
atmosphere of 2% (20,000 ppm) HCN. After 8 or 10 min the men felt symp-
toms of marked dizziness, weakness, and throbbing pulse. They left thecham-
ber just before collapse. For several hoursafter theexposurethey experienced
weakness, high pulserate, and headache. They wereincapacitated for several
days, followed by complete recovery. Based on exposureto several cyanide
salts, the dermal LD,, in rabbits was calculated to be 6.7 mg CN-/kg
(Ballantyne 1983).
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4.2. Mechanism of Toxicity

HCN isa systemic poison that acts on the central nervous system. HCN
interrupts cellular respiration by blocking electron transfer from cytochrome
oxidase to oxygen. Tissue oxygen levelsrise, resulting in increased tissue
oxygen tension and decreased unloading for oxyhemoglobin. As a conse-
guence, oxidative metabolism may slow to apoint whereit cannot meet meta-
bolicdemands. Thisisparticularly critical inthe brainstem nuclei wherelack
of an energy source results in central respiratory arrest and death. Cyanide
caninhibit many other enzymes, particul arly thosethat containiron or copper,
but cytochrome oxidase appears to be the most sensitive enzyme. Cyanide
al so stimulatesthe chemoreceptors of the carotid and aortic bodiesto produce
abrief period of hyperpnea. Cardiacirregularitiesmay occur, but deathisdue
to respiratory arrest (Hartung 1994; Smith 1996). Brain lesions have been
associated with exposure of animalsto high concentrations of HCN (ATSDR
1997).

Wexler et al. (1947) studied the effect of intravenously administered
sodium cyanide on theel ectrocardiogram of 16 soldiers. A doseof 0.15t00.2
mg/kg (HCN at 0.06-0.11 mg/kg) was chosen based on the known inability of
0.11 mg/kg to stimulate respiration during medica tests (adose of 0.11 mg of
sodium cyanide per kilogram of body weight is used to determine arm-to-
carotid blood circulation time). The electrocardiograms of 15 of the 16 men
revealed a sinus pause (without auricular activity), which persisted for 0.88
to 4.2 s. The sinus pause immediately preceded or accompanied respiratory
stimulation. The pause wasfollowed by marked sinusirregularity, aslowing
of the heart ratefor afew secondsto 2 min, followed by agradual acceleration
to rates above the baselinelevel. Baseline heart rate and rhythm were gener-
ally restored within 3 min. There was alesser effect on the sixteenth subject.
According to AIHA (2000), this dose is equivalent to inhaling 10 ppm for 1
h.

4.3. Structure-Activity Relationships

No structure-activity relationships were applicable for establishing
AEGLsfor HCN. It has been observed that the signs of intoxication associ-
ated with excessive exposure to HCN and with certain aliphatic nitriles are
similar. While the toxic concentrations of acrylonitrile are similar to HCN
when compared onthe basis of cyanide content (Dudley et a. 1942), thetime
course of aliphatic nitrileintoxicationisdifferent. The authorsalso observed
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BOX 1-1 Whole Blood Levels of Cyanide in Monitoring and
Nitroprusside Therapy Studies

Leeser et al. (1990)

Control Workers Cyanide Workers
Nonsmoker 2.9 ng/100mL 8.6 ng/100mL
Ex-smoker 3.8 ng/100mL 5.6 pg/100mL
Current smoker 8.2 pg/100mL 7.6 pg/100mL
Chandra et al. (1980)

Control Workers Cyanide Workers
Nonsmoker 0.0-8.6 ng/100mL 2.0-36 ng/100mL

(mean, 3.2) (mean, 18.3)
Smoker 0.0-9.4 pg/100mL 10.0-220 pug/100mL

(mean, 4.8) (mean, 56)

Thiocyanatein blood 40 pg/100mL in control nonsmokers
100 ug/200mL in control smokers
420 pg/100mL in cyanide-exposed nonsmokers
480 pg/100mL in cyanide-exposed smokers

Maehly and Swensson (1970)
Found no relationship between exposure and blood cyanide levels

Blood CN- of control nonsmokers ranged from 3.5-10.1 ug/100mL

Blood CN- of control smokers ranged from 2.0-13.0 ng/100mL

Blood CN- of control and cyanide-exposed workers combined
ranged from 2.0-15 pg/200mL

(Separate data were not provided for cyanide workers)

Aitken et al. (1977)

Male and femal e patients, ages 13-66, presurgery mean: 2.7 p.g/100mL
Following infusion of sodium nitroprusside: 13-205 pug/100mL

Metabolic acidosis at >90 pg/100mL
Nitroprusside doses: 12-783 p.g/kg (0.8-9.8 ug/kg/min over durations of
15 to 86 min)
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that dogs are more susceptible to acrylonitrile than monkeys, but repeated
exposures to acrylonitrile were more toxic to monkeys than to rats, guinea
pigs, or rabbits.

4.4. Other Relevant Information
4.4.1. Species Differences

L ethal concentrationsarerelatively similar for variousanimal speciesand
humans (Hartung 1994), with the monkey and goat being the least sensitive,
accordingtoBarcroft (1931). Barcroft (1931) reportsrelative speciessensitiv-
ity as determined by time to death (in minutes) at a concentration of 1,000
mg/L (910 ppm): dog, 0.8; mouse, cat, and rabbit, 1.0; rat and guineapig, 2.0;
goat, 3.0; and monkey, 3.5. He reported that monkeys (two monkeys per
exposure) were only beginning to show signs of unsteadiness when the dogs
(two dogs per exposure) died. Also, Barcroft’ sstudy (1931) with one human
subject and one dog tendsto indi cate that dogsare much more sensitive to the
effects of HCN than humans. Barcroft notes that body size and respiration
rateinfluencetherapidity of effect, small, rapidly respiring animal s succumb-
ingfirst, but he also notesthat there are exceptionstothe body sizeeffect (i.e.,
the goat was much |ess sensitive than the dog). Barcroft’s pre-1970 animal
studies were not cited in Section 3.1 because time to death is not useful in
determining exposure concentration-duration relationships but is useful for
determining relative species sensitivity.

Relative to body weight, humans have a much lower respiratory rate and
cardiac output than rodents. These are the two primary determinants of sys-
temic uptake of volatile chemicals. Therefore, at similar nominal concentra-
tions, rodents absorb substantially more cyanide than primates. From a
pharmacokinetic view, lower hepatic rhodanese level sin primates will not be
significant at high, acute HCN exposures. It should be noted that Barcroft's
subject withstood a1 min and 31 sexposure at approximately 500 to 625 ppm
without immediate effects (Barcroft 1931), whereas mice suffer asphyxia
during a 2 min exposure at 500 ppm (Matijak-Schaper and Alarie 1982).
Compared with rodents, the respiratory tracts of humans and monkeys are
moresimilar ingrossanatomy, the amount and distribution of typesof respira-
tory epithelium, and airflow patterns (Barrow 1986; Joneset al. 1996).

Intherat and mouse studiesby Higginset d. (1972) and therat and rabbit
studiesby Ballantyne (1983), L C,, valuesdiffered by lessthan afactor of two
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(1.5). All of the 30-min L C,, values summarized in Table5-4 range from 157
to 200 ppm (rat, mouse, and rabbit and excluding the restrained rats in the
study by Levinetal.[1987]). The 1-h LC,, valuesrange from 120 ppm to 144
ppm (datafor rat only). TheLC,, for therat at 6 h was 68 ppm. TheLC,, and
LC,, values are presented graphically in Figure 5-1. The concentrations for
the rat are meansfor the respective time intervals. Ascan be seenin Figure
5-1, the concentration-time curve is steep, particularly at the shorter time
intervals.

Species differences are recognized in the activity of rhodanese; sheep
have relatively high levels of activity and dogs have relatively low levels
(Aminlari and Gilanpour 1991). Himwich and Saunders (1948) assayed tis-
suesfrom several animal speciesfor their ability to producethiocyanate from
cyanide. Activity was generally highest in liver tissue. Rats had the highest
levels, dogs had thelowest levels, and rhesus monkeys and rabbits had inter-
mediate levels. Liver and kidney rhodanese activity was two to three times
higher in rats and hamsters than in rabbits and female beagles (Drawbaugh
and Marrs 1987). The authors point out that in acute exposuresat high con-
centrations, the normal low levels of rhodanese present in tissues would not
allow timefor substantial detoxification, and other pharmacokinetic consider-
ations may be important in the outcome of acute poisonings.

4.4.2. Susceptible Populations

Accordingto ATSDR (1997), reasons that popul ations may be more sus-
ceptibleto the effects of HCN include genetic makeup, age, health and nutri-
tional status, and exposureto other substances. A number of dietary deficien-
cies, suchasvitaminB,, deficiency, may predisposeindividualsto higher risk
for cyanide-associated neuropathies. For example, in tropical areas where
cassavaistheprimary dietary staple, women and children appeared to be more
susceptiblethan adult malesto the neurol ogical effects of metabolically liber-
ated cyanide (generated by gut flora from cyanogenic glycosides). These
differential responses are observed after repeated ingestion of cyanogenic
glycoside-containingfoods (e.g., cassava), usually dueto the shortage of other
dietary staples, particularly thosehighinprotein. No specificinformationwas
located on differencesin toxicity, metabolism, and/or detoxification between
adults and children or between healthy and nutritionally deficient humans
following inhalation of HCN.

As noted in Section 4.4.1, the enzyme rhodanese is present to a large
excess in the human body relative to its substrates, thus demonstrating zero-
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FIGURE 5-1 Lethality values for three species of animals. All valuesare L Cg,values
except the data point for the rat at 360 min, whichisan LCy,.

order kinetics (Schulz 1984). This enzyme is functional in newborns,
although, in newborns, thiosul phatemay bealimiting factor in cyanidedetox-
ification (Schulz and Roth 1982).

Fitzgerald (1954) injected newborn mice (less than 12 h old) and adult
mice subcutaneously with sodium cyanide (NaCN). The threshold for
lethality was the same in newborn and adult male and female male mice,
NaCN at 2 mg/kg. The dose-response curve for neonatal mice was much
steeper than for adult mice, which resulted in alower LC,, value. The LC,,
for adult male mice was approximately 5 mg/kg; for female miceit was3.5to
3.7 mg/kg; and for neonatal mice it was between 2.0 and 2.5 mg/kg. On the
basis of the threshold for lethality, newborn and adult mice were equally
sensitiveto HCN, but on the basis of L C, val ues, newborn mice were approx-
imately two to three times more sensitive than adult male mice.

Individuas with high blood pressure might be considered a susceptible
population. Schulz et a. (1982) reported on theinfusion of 70 patients, ages
17to 78, with nitroprusside solutionstolower blood pressure. Administration
of nitroprusside with or without thiosulfate continued for several hours to
several days, apparently without adverse symptoms. Schulz (1984) statesthat
at 150 to 250 umol/L of “erythrocyte concentrate” headaches, palpitations,
and hyperventilation occur. Unfortunately, blood cyanide levels were ex-
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pressed in terms of erythrocyte concentrate and could not be compared di-
rectly with the datain Section 4.1.

4.4.3. Concentration-Exposure Duration Relationship

When dataarel acking for desi red exposuretimes, scaling acrosstime may
be based on the rel ati onshi p between concentration and exposure duration (C"
x t = k) when a common end point is used (ten Berge et al. 1986). The end
pointsfor HCN are incapacitation and lethality. Regression analysis of the
data of Sakurai (1989), using incapacitation concentrations for mice for the
exposure durations of 5, 10, 20, and 30 min, results in a value for n of 1.6.
Regression analysis of the incgpacitation data of Purser etal. (1984) for mon-
keysfor thetime period of 8 to 19 min resultsin avalue for nof 2.1 (Appen-
dix A, Figure A-1). These studies were of relatively short duration.

Several lethality studies conducted over various exposuredurationswere
available for calculation of concentration-exposure duration relationships.
Using the animal lethality data of Barcroft (1931), ten Berge et al. (1986)
calculated a mean vaue of 2.7 for nfor six species of animals (range, 1.6 to
4.3). The value for the monkey was 1.9 and the value for the rat was 1.6.
Using rat and mouseL C,, data sets and exposure times of 5 to 60 min, Hilado
and Cumming (1978) calculaed an nvalueof 2. These data indicate a mean
nvalueof 2. Additional data sets were availablefor the calculation of nval-
ues in the present document. Regression andysis of the rat |ethality data by
E.I. du Pont de Nemours (1981) for exposure durations of 5, 15, 30, and 60
min results in an n value of 2.6 (Appendix A, Figure A-2), and regression
analysis of therat lethaity data of Ballantyne (1983), for the exposure dura-
tions of 5, 30, and 60 min, resultsin an n value of 2.1 (data not grgphed).

It should be noted that extrapol ation of therat 1-h LC,, value of 139 ppm
of E.I. du Pont de Nemours (1981) to 6 h (using C*° x t =Kk) resultsinavalue
of 70 ppm, which is similar to the rat LC,, vaue of Blank (1983), 68 ppm,
illustratedin Figure5-1. Similar resultsfromtwo different studiessupport the
n value of 2.6 for extrapolation across time in lethality sudieswith therat.

4.4.4. Concurrent Exposure Issues
Because many materialsrelease HCN when burned, the combined toxicity

of HCN and smoke components—carbon monoxide, carbon dioxide, nitrogen
dioxide—have been studi ed. Combi nation experimentswith firegasesshowed
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that the effects of carbon monoxide and HCN are additive, and acombination
of 5% carbon dioxide in HCN decreased the LC,, of HCN for rats (Levin et
a. 1987). In 5-min exposureswith ratsand mice, Higginset al. (1972) found
no measurabl einteraction between carbon monoxideand HCN. Thesestudies
suggest a range of effects, incdluding additive effects, for combinations of
gases that may be formed during combustion.

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

The odor threshold, 0.58 ppm to 5.0 ppm (Amoore and Hautala 1983;
Ruth 1986) is low compared with irritant or toxic concentrations. No acute
exposureswere located resultingin mild effectsin humans. Three monitoring
studies, involvingno symptomsto mild symptoms during chroni c occupational
exposuresof adult males, arerel evant to development of AEGL-1 values. The
symptoms and blood concentrations of cyanide in the monitoring study of
Chandra et al. (1980) indicate that the workers may have been exposed at
higher atmospheric concentrations than those reported.

Mean concentrations of cyanide in the breathing zone of workers (al
nonsmokers) in an e ectroplating area of threefactorieswere6, 8, and 10 ppm
(range, 4.2-12.4 ppm) (EI Ghawabi et al. 1975). Employment ranged from 5
to 15y. Complaints of headache, weakness, and changes in taste and smell
were reported by gpproximately 80% of the workers; incidences were much
higher than in amatched control group. Irritation of the throat, vomiting, and
effort dyspneawerecommonly reported, andlachrimationand precordial pain
werereported relatively less frequently. Two workersin the factory with the
highest exposures suffered from psychotic episodes during the survey.
Twenty of the 36 workers had thyroid enlargement to a mild or moderate
degree. Air cyanide concentrations and exposure durations were not linked
to specific symptoms. Meanlevel sof thiocyanatesintheurinecorrelatedwith
air concentrations of cyanide. Although the sampl e size was small, 36 work-
ers, the study used 20 well-matched controls and a biological index of expo-
sure (urinary thiocyanate). An NRC subcommittee concluded fromthisstudy
that 1-h exposures at 8 ppm might produce mild headache in healthy adults
(NRC 2000).

The Leeser et al. (1990) study wasacontrolled study with comprehensive
medical examinations. In this study, presumably healthy workers were ex-
posed to geometric mean HCN concentrations up to 1 ppm (range, 0.01-3.3
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ppm) determined by personal monitoring in the work areas. Concentrations
in the atmosphere of the plant ranged up to 6 ppm during the fall of theyear,
asindicated by Draeger pump tests or static monitors. It isnot clear that the
geometric mean concentrations include the later, higher vaues, as ranges
during the spring were reported to be up to only 3.3 ppm. Higher blood cya-
nide levels were correlated with the higher exposure levelsin the fall of the
year. The results of clinical histories and medical examinations showed no
differencesto only minor differencesfor avariety of parameters between the
HCN workers and a matched control group.

Medical questionnaireswere not giveninthe Grabois(1954) study. How-
ever, both NIOSH (1976) and ACGIH (1996) reviewed the study. NIOSH
(1976) identified 5 ppm asano-eff ect concentration using the datafor thefive
plants presented by Grabois (1954). Similar exposures were reported in the
studies of Hardy et al. (1950) and Maehly and Swensson (1970).

5.2. Animal Data Relevant to AEGL-1

Animal studies that addressed sensory irritation or mild effects were not
clearly distinguishable from those that addressed more severe effects.

5.3. Derivation of AEGL-1

The AEGL-1 is based on monitoring studiesin which the preponderance
of data as aweight-of-evidence consideration indicates that an 8-h exposure
to 1 ppm would be without adverse effects for the general population. El
Ghawabi et al. (1975) reported symptoms such as headache, weakness,
changes in taste and smell, irritation of the throat, vomiting, and effort
dyspneain three electroplating plants in which mean concentrations of HCN
were6, 8, and 10 ppm, but theauthorsfailed to relate symptomsto air concen-
trations. It should be noted that 20 of the 36 workersin the El Ghawabi et al.
(1975) study had thyroid enlargement, whichis characteristically observedin
cases of chronic cyanide exposure and may have been respons ble for some
of the symptoms. AnNRC subcommittee, in evaluating the El Ghawabi et al.
(1975) data, concluded that the average concentration of 8 ppm in the three
plants would likely produce no more than mild headache, which would be
acceptable for a 1-h exposure of healthy adults. In the monitoring study of
Leeser et al. (1990), chronicexposure of 63 workersin acyanidesalt produc-
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tion plant to geometric mean concentrations up to approximately 1 ppm and
possible excursons up to 6 ppm during part of the year produced no clear
exposure-related symptoms. Accordingto NIOSH (1976), chronic exposure
of workersto 5 ppm while processing apricot kernelsin the monitoring study
of Grabois (1954) was without effect. Additiond monitoring studies with
mean exposuresto 5 ppm failed to report adverse health effects (Hardy et al.
1950; Maehly and Swensson 1970). Itisunlikely that the population of work-
ersinthese and additional monitoring sudiesrepresent only healthy individu-
als.

The AEGL -1 wasderived from aconsideration of the dose-response data,
whichwere obtained fromall of the monitoring studiesand subsequently time
scaled to the shorter exposure durations. Although the exposures were of
chronic duration in the monitoring studies, they represent the best available
human data. Symptoms observed during chronic exposures should represent
the greatest potential response. An 8-h exposure duration was selected as the
basis for AEGL development.

Mild headache is a symptom of exposure that meets the definition of an
AEGL-1. Dividing the 8-h concentration of 5 ppm of the Grabois (1954),
Hardy et a. (1950), or Maehly and Swensson (1970) study by an intraspecies
uncertainty factor (UF) of 3 or dividingthe 1-h concentration of 8 ppm of the
El Ghawabi et al. (1975) study by an intraspecies UF of 3 results in very
similar AEGL-1 values. Theresulting8-hvalue of 1.7 ppmisdso similar to
the 8-h no-effect concentration of 1 ppm in the Leeser et a. (1990) study,
whereno UF wasapplied. UFsaregenerally appliedto the highest NOAEL s
or lowest LOAELs. A UF was not applied to the Leeser et al. (1990) study
becauseit wasthelowest NOAEL. No specific susceptible popul aions were
identified during numerous occupational monitoring studies or during the
clinical useof nitroprusside solutionsto control hypertension. Thus, potential
differencesin susceptibility among humans are not expectedto exceed 3-fold.
Allindividuals,including infants, possess large amounts of thecyani de detox-
ifying enzyme rhodanese (aswell asother detoxifying enzymes) and normally
have adequate amounts of sulfur-containing compounds.

The 8-h no-effect mean geometric concentration of 1 ppm (with excur-
sions up to 6 ppm) from the Leeser et al. (1990) study was used as the basis
for time scaling the AEGL-1 values. This study was chosen because it was
well conducted: all workershad full medical examinations and routine blood
tests, including measurements of blood cyanide and carboxyhemoglobin.
Atmospheric HCN concentrations were monitored in the plant several times
during the year. Because of the extrapolation from along-term exposure, the



250 ACUTE EXPOSURE GUIDELINE LEVELS FOR SELECTED AIRBORNE CHEMICALS

8-h value of 1 ppmwas time scaled to the other exposure durations using the
relationship C* x t = k where k = 480 ppm®min. In order to stay below the
highest measured concentration from personal samplers, at 3.3 ppm in the
Leeser et a. (1990) study, the 10-min value was set equal to the 30-minvalue.
Calculations are in Appendix B, and values appear in Table 5-6 below.

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

As noted above for the AEGL-1, chronic occupational exposure of adult
males to >10 ppm produced symptoms of headache, weakness, changes in
taste and smell, irritation of the throat, vomiting, and effort dyspnea (El
Ghawabi et al. 1975; NIOSH 1976; Blanc et al. 1985). For afew individuals,
chronic exposures occasionally produced more serious adverse effects, such
as fainting and psychotic episodes. There was no evidence that these symp-
toms occurred after one exposure. A concentration of >25 ppm for 1 h re-
sulted in numbness, weakness, vertigo, nausea, rapid pul se, andflushing of the
face (Parmenter 1926). Only one individual was involved, and neither the
exposure duration nor the concentration were measured.

6.2. Animal Data Relevant to AEGL-2

Several animal studies listed in Table 5-5 describe effects at concentra-
tions below those causing incapacitation or unconsciousness. These 30-min
studies are as follows. monkey, 60 ppm (slight CNS effects) (Purser 1984);
rat, 55 ppm (changes in lung dynamics and phospholipids) (Bhattacharya et
al. 1984); and mouse, 63 ppm (respiratory depression of 50%) (Matijak-
Schaper and Alarie 1982). From the description given by Matijak-Schaper
and Alarie (1982), the concentration of 63 ppm for 30 min gopears to be the

TABLE 5-6 AEGL-1 Valuesfor Hydrogen Cyanide
10 min 30 min 1lh 4 h 8 h

2.5 ppm 2.5 ppm 2.0 ppm 1.3 ppm 1.0 ppm
(2.8 mg/m3) (2.8 mg/m®) (2.2 mg/m?) (L4 mg/m3 (1.1 mg/m?)
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threshold for a breathing pattern characteristic of asphyxiation. The effects
inthesethree studiesarereversible and do not impair theability to escape, but
they can be considered close to thethreshold for such effects. Incapacitation
in monkeysoccursat higher concentrations (80-150 ppm) (Purser etal. 1984).
The 24-h exposure of mice at 30 ppm (Pryor et al. 1975), resulting in lung
congestion, isalso relevant to the definition of AEGL-2. The data of Sakurai
(1989), incapacitationin miceinhaling 41.7 ppmin rotating cagesfor 30 min,
appear low compared with the other studies and were not considered.

6.3. Derivation of AEGL-2

Because the human exposure concentrations are less reliable than the
experimental animal data, the animal data were used in the derivation of the
AEGL-2 values. The study chosen for the AEGL -2 derivation wasthe study
by Purser (1984) with themonkey, becauseit waswell conducted and used an
appropriate species (compared with the rodent, the respiratory tracts of hu-
mans and monkey are more similar in anatomy, the amount and distribution
of typesof respiratory epithelia, and airflow pattern). Thisconcentration was
60 ppm for 30 min. Although this end point (aslight depressive effect on the
central nervous system as evidenced by a change in brain-wave activity near
the end of the exposure) was a NOAEL for the definition of an AEGL-2, it
was chosen because the next higher experimental concentration resulted in
severeadverse effectsof incgpacitation, unconsciousness, and possibly death.
The Barcroft (1931) lethality and incapacitation study has shown that the
monkey islesssensitive to the respiratory and central nervous system effects
of HCN than the rat and mouse (by factors of 1.75 and 3, respectively), and
the adult human is less sensitive than the dog. The differences in sensitivity
were based, at least partially, on the more rapid respiratory rates and greater
cyanide uptake of rodents and the dog compared with humans and the mon-
key.

Because the respiratory tracts of humans and monkeys are more similar
than those of humansand rodents, because uptake ismorerapid inthe monkey
than in humans, and because both species have been shown to be relatively
insensitive to the incapacitative and lethal effects of HCN (but a the same
time, species susceptibilities to lethal effects do not differ by more than a
factor of 1.5), aninterspecies UF of 2 was applied. Human (adult) accidental
and occupational exposures (El Ghawabi et al. 1975) indicate that there are
individual differencesin sensitivity to HCN, as evidenced by symptoms fol-
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lowing chronic exposures, but the magnitude of these differences does not
appear to be great. These studies and the clinical use of nitroprusside solu-
tions to control hypertension do not demonstrate a susceptible population.
The detoxifying enzyme rhodaneseis functional in dl individuals, including
newborns. Therefore, a UF of 3 was gpplied to account for potential differ-
encesin human susceptibility. For the concentration-exposureduration rela-
tionship, the mean vdue for n of 2.0 for the monkey was calculated from two
datasetsinvolvingincapacitation (2.1) andlethality (1.9) (Section4.4.3). The
30-min exposure value of 60 ppm was divided by atotal UF of 6 and scaled
acrosstime using the C" x t = k, wheren = 2 and k = 3,000 ppm?-min. Values
appear in Table 5-7 below, and calculations are in Appendix B.

The safety of the values is supported by the data of Grabois (1954), in
which occupational exposuresranged up to 17 ppm, and two additional animal
studies. The 30-min exposure of rats at 55 ppm (Bhattacharya et al. 1984),
when divided by atotal UF of 6 (2 for interspecies and 3 for intraspecies),
resultsin a30-min AEGL-2 of 9.2 ppm. The described effects of changesin
lung dynamics and lung phospholipids are not irreversible or long-lasting.
Mice experienced adecreaseof 50% in respiratory rate wheninhaling 63 ppm
for 30 min but did not lose consciousness (Matijak-Schaper and Alarie 1982;
Alarie 1997). Dividing by atotal UF of 6 resultsin a 30-min AEGL-2 value
of 11 ppm.

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

No human studiesof sufficient exposure duration with measured concen-
trations producing irreversible or life-threatening effects were located in the
availableliterature. However, thedataof Barcroft (1931), al.5-min exposure
at 500-625 ppm, and Bonsall (1984), a 6-min exposure at approximately 450
ppm, with recovery from symptoms and effects, can be considered short-term
upper limits for hedthy adults.

TABLE 5-7 AEGL-2 Valuesfor Hydrogen Cyanide
10 min 30 min 1h 4h 8h

17 ppm 10 ppm 7.1 ppm 3.5 ppm 2.5 ppm
(19 mg/m3) (11 mg/m3) (7.8 mg/m®) (3.9 mg/im® (2.8 mg/m?)
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7.2. Animal Data Relevant to AEGL-3

LC,, vaues for four time periods were provided by E.I. du Pont de
Nemours(1981) for therat. They areasfollows: 5min, 283 ppm; 15min, 138
ppm; 30 min, 127 ppm; and 60 min, 88 ppm. Ballantyne (1983) used severa
concentrations and exposure durations but did not provide the actual concen-
trations; therefore, an LC,, could not be calculated. Matijak-Schaper and
Alarie (1982) reported no desaths in mice inhaling HCN at 100 ppm for 30
min. Miceinhaling HCN at 30 ppm for 24 h showed signs of lung congestion
(Pryor et al. 1975).

7.3. Derivation of AEGL-3

The 15- and 30-minand 1-hLC,; valuesof 138, 127, and 88 ppm, respec-
tively, provided by E.I. du Pont de Nemours (1981) for the rat were used to
derivethe AEGL-3values. Lethal concentrations are very similar for various
animal species (Table 5-4), and Barcroft (1931) has shown that man and the
monkey are less sensitive to the effects of HCN than are the rat and dog, a
conclusion based at least partially on relative respiratory rates. Relative to
body weight, humans have a much lower respiratory rate and cardiac output
thanrodents. Theseare the primary determinants of systemic uptake of vola-
tilechemicals. Thus, at similar exposure concentrations, rodentswill absorb
substantially more cyanide than primates. Lower rhodaneseactivity levelsin
primates will not be significant at high, acute HCN exposure levels. These
factors might argue for use of an interspecies UF of 1. However, an
inter speci es UF was applied because of the high acute toxicity and rapid ac-
tion of HCN. Because L C,, valuesamonganimal speciesdifferedby lessthan
afactor of 2, an interspecies UF of 2 was applied. Human accidental and
occupational exposuresindicatethat there areindividual differencesin send-
tivity to HCN, but the magnitude of these differences does not appear to be
great. No specific dataon susceptible popul aions were located in numerous
published monitoring studies or during the clinical use of nitroprusside solu-
tionsto control hypertension. The detoxifying enzyme rhodanese, aswell as
other enzymes, is functional in all individuals, including newborns. There-
fore, a UF of 3 was applied to protect susceptible individuals. The
concentration-exposure duration relationship for this data set is C*® x t = k
(Section 4.4.3); therefore, thevalue of 2.6 for nwasapplied. The 15- and 30-
min and 1-h values were divided by a total UF of 6 and the 15-min and 1-h
values were scaled across time using the C*°® x t = k relationship (the 15-min
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TABLE 5-8 AEGL-3Valuesfor Hydrogen Cyanide

10 min 30 min 1lh 4h 8h
27 ppm 21 ppm 15 ppm 8.6 ppm 6.6 ppm
(30 mg/m3) (23 mg/m3) (17 mg/m3) (9.7 mg/im® (7.3 mg/m?)

valuefor the 10-min AEGL-3 and the 1-h for the 4- and 8-h AEGL-3 values).
Values appear in Table 5-8 and calculations are in Appendix B.

The AEGL values are supported by the study of Pryor et al. (1975) with
themousein which a24-h exposure at 30 ppminduced pulmonary congestion
but was not lethal. The 30 ppm concentration divided by atotal UF of 6 and
scaled across time from 24 h to 30 min using C*° x t = k resultsin a 30-min
AEGL-2 of 22 ppm. The AEGL values are aso supported by the study of
Parmenter (1926) in which anindividual potentially exposed at 25-75 ppm for
part of a day had severe symptoms but recovered fully. Furthermore,
Barcroft’s subject withstood a 1.5-min exposure at 500-625 ppm (Barcroft
1931). Timescalingthe AEGL-3 valuesto 1.5 minresultsin aconcentration
at 60 ppm, which islessthan the actual exposure by afactor of approximately
10.

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

The AEGL values and toxicity end points are summarized in Table 5-9.

8.2. Comparisons with Other Standards and Guidelines

Standards and guidance levels for workplace and community exposures
arelisted in Table 5-10. The Leeser et a. (1990) study was not available at
the timemany of these standards and guiddineswere developed. The Ameri-
can Industrial Hygiene Association (AIHA 2000) did not derive an ERPG-1
value. The1-h AEGL-2 and AEGL -3valuesaresdlightly lower than the corre-
sponding 1-h ERPG values. The ERPG-2 value was based on the Wexler et
al. (1947) study inwhich sodiumcyanidegivenintravenously to human volun-
teersat 0.11 mg/kg caused no deaths or seriousinjuries. The AIHA suggested
that the intravenous dose approximates a1-h exposure at 10 ppm. Because a
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TABLE 5-9 Summary of AEGL Values (ppm [mg/m?])

Exposure Duration

Classification 10 min 30 min 1h 4 h 8h
AEGL-1 25 25 2.0 1.3 1.0
(Nondisabling)  (2.8) (2.8) (2.2) (1.4) (1.1)
AEGL-2 17 10 7.1 3.5 25
(Disabling) (19) (12) (7.8) (3.9) (2.8)
AEGL-3 27 21 15 8.6 6.6
(Lethal) (30) (23) (17) (9.7) (7.3)

bolus dose of cyanide does not take into account metabolism over the 1-h
exposure duration, awell-conducted animal study was chosen with an appro-
priate species, but inter- and intraspecies UFswereapplied. The ERPG-3was
based on several animal studies, including Purser (1984), in which concentra-
tions of 45 to 60 ppm resulted in only reversible effects. These studies, and
severa additional lethality studies, were also reviewed for the AEGL-3.

The 1-h AEGL-2 (7.1 ppm) is close to the 1-h Spacecraft Maximum Al-
lowable Concentration (SMAC) of 8 ppm (NRC 2000), and both groups con-
sidered avail ablemonitoring studiesintheir derivations. AlthoughtheSMAC
definition is similar to the AEGL -1definition, the SMAC applies to healthy
adults, whereas the AEGL -2 applies to the general population; therefore, the
AEGL-2 valueis conservative in comparison with the SMAC. The NRC
subcommittee on SMACs used the monitoring data of El Ghawabi et al.
(1975) to develop the values. The subcommittee suggested that the average
concentration of “8.0 ppmin the three plants would likely produce no more
than mild CNS effects (e.g., mild headache), which would be acceptable for
1-hour exposures in a spacecraft.” The subcommittee concluded that it was
“likely that the more serious symptoms, such as vomiting, were the result of
brief exposuresto high HCN concentrations” Therefore, 8 ppm was identi-
fied as the 1-h allowable concentration of HCN. The 24-h SMAC is 4 ppm
and the 7-d SMAC is 1 ppm.

The NIOSH immediately dangerous to life and health (IDLH) value
(NIOSH 1994) is greater than the 30-min AEGL-3. NIOSH based their
recommended exposure limit (REL) on the statement by Flury and Zernik
(1931) that 45-54 ppm could betolerated by man for 0.5to 1 h without imme-
diate or late effects. Although the Flury and Zernik (1931) data are based on
animal studies, NIOSH did not apply a UF.
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TABLE 5-10 Extant Standards and Guidelines for Hydrogen Cyanide
Exposure Duration
Guideline 10 min 30 min 1h 4h 8h
AEGL-1 2.5 ppm 2.5 ppm 2.0 ppm 1.3 ppm 1.0 ppm

AEGL-2 17 ppm 10 ppm 7.1 ppm 3.5ppm 2.5 ppm
AEGL-3 27 ppm 21 ppm 15 ppm 8.6 ppm 6.6 ppm

ERPG-1 Not
(AIHA)? Applicable

ERPG-2 10 ppm

ERPG-3 25 ppm

SMAC (NRC)? 8 ppm

PEL-TWA

(OSHA)® 10 ppm'
REL-STEL

(NIOSH)® 4.7 ppm’
IDLH

(NIOSH)® 50 ppm

TLV-Ceiling

(ACGIH) 4.7 ppm™*

MAK
(Germany)? 4.7 ppm'

MAC
(The
Netherlands)" 10 ppm’

Skin notation.

*Measured as CN.

*ERPG (emergency response planning guidelines) (AIHA 2000): 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 devel opingirreversible or other
serious health effects or symptoms that could impair an individual’s ability to take
protection action. The ERPG-2 for HCN is based on the Wexler et al. (1947) study.
It is believed that the intravenous dose that caused no deaths or serious injuries is
approximately equal to one that would be associated with 10 ppm for 1 h. The ERPG-
3isthemaximum airborne concentration below whichitisbelieved nearly all individu-
als could be exposed for up to 1-h without experiencing or devel oping life-threatening
health effects. The ERPG-3 for HCN is based on several animal studies, including
Purser (1984), in which exposures up to 60 ppm caused only reversible effects.
PSMACs (spacecraft maximum allowable concentrations) (NRC 2000) are intended
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to provide guidance on chemical exposures during normal operations of spacecraft as
well asemergency situations. The 1-h SMAC isaconcentration of airborne substance
that will not compromise the performance of specific tasks by astronauts during emer-
gency conditions or cause serious or permanent toxic effects. Such exposures may
cause reversible effects such as skin or eye irritation, but they are not expected to
impair judgment or interfere with proper responses to emergencies.

‘OSHA PEL-TWA (permissible exposure limits—time-weighted average) (NIOSH
1997) isanalogousto the ACGIH-TLV-TWA but isfor exposures of no more than 10
h/d, 40 h/wk. OSHA established a PEL of 4.7 ppm in 1989, but the U.S. Court of
Appeals for the Eleventh Circuit vacated the PELs promulgated under the 1989
rulemaking. Therefore, the current OSHA PEL is 10 ppm (Federal Register 58
(124):35345, W ednesday, June 30, 1993).

INIOSH REL-STEL (recommended exposure limit—short-term exposure limit)
(NIOSH 2001) is analogousto the ACGIH TLV-TWA.

°IDLH (immediately dangerousto life and health) (NIOSH 2001) represents the maxi-
mum concentration from which one could escape within 30 min without any escape-
impairing symptoms or any irreversible health effects. The IDLH for HCN is based
on a statement by Flury and Zernik (1931).

'ACGIH Ceiling (American Conference of Governmental Industrial Hygienists,
Threshold Limit Value—ceiling) (ACGIH 1996; 2001) is the concentration that should
not be exceeded during any part of the working exposure. Only a ceiling value has
been established for HCN and cyanide salts. 1n 1993, the ceiling wasreduced from 10
ppm to 4.7 ppm in order to protect against the irritation, headaches, and thyroid en-
largement observed at 10 ppm in the El Ghawabi et al. (1975) study.

IMAK (maximale argeitsplatzkonzentration [maximum workplace concentration])
(Deutsche Forschungsgemei nschaft [ German Research Association] 2000) isanalogous
to the ACGIH-TLV-TWA.

"MAC (maximaal aanvaaarde concentratie [maximal accepted concentration])(SDU
Uitgevers[under the auspicesof the Ministry of Social Affairsand Employment], The
Hague, The Netherlands 2000) is analogous to the ACGIH-TLV-TWA.
Abbreviations: ACGIH, American Conference of Governmental Industrial Hygienists;
AIHA, AmericanIndustrial Hygiene Association; NIOSH, N ational I nstitute for Occu-
pational Safety and Health; OSHA, Occupational Health and Safety Administration.

Both ACGIH (1996) and NIOSH (1999) based their ceilingand short-term
exposure limits, respectivey, on one of the studies used for development of
the AEGL-1. Thevaluefor both agency limitsof 4.7 ppmwas based on symp-
toms described during chronic exposures of workers in several studies and
specifically on El Ghawabi et al. (1975). In 1993, the ACGIH value was
reduced from 10 ppmto minimizethe potential for irritation totherespiratory
tract as well as potential acute and chronic effects of cyanide. The German
and Dutch occupational exposure concentrations, ana ogoustothe8-hACGIH
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time-weighted average(TWA), are4.7 and 10 ppm, respectively. The German
maximumworkplace concentration (MAK) peak category or ceiling valueis
two timesthe MAK; this concentration is of a 5-min maximum duration and
must not be exceeded at any time during the work shift.

8.3. Data Adequacy and Research Needs

The data base from animal studiesisrobust, but thereare little definitive
data on human exposure concentrations for short exposure durations and no
definitive data on differences in susceptibilities among adults or between
adults, infants, and children, other than well-understood ventilatory differ-
ences in the latter case. Gender and age-related differences in response to
chronic cyanogenic glycoside consumption are difficult to interpret due to
confounding, marked protein deficiencies in those populations that consume
cassava as a major dietary staple (see Section 4.4.2). However, monitoring
studies of presumably healthy adults that established no effect and/or minor
discomfort concentrations to inhaled cyanide were available to set projected
safe levels for the entire population by applying appropriate uncertainty fac-
tors (UFs). The metabolism and mechanism of action of cyanide are well
understood and identical in all mammalian species. Data were available on
concentrationsinvolvinglethal and sublethal effectsfor the monkey, dog, rat,
mouse, and rabbit. Exposure durations included those ranging from a few
secondsto 24 h. Where different mammalian speciesweretested in the same
study, theresultsindicated that sensitivity to cyanidetoxicity issimilar among
species, but slight differences may be related to body size, whichin turnis
related to respiration rate. Thus, establishing safelevelsfor humans based on
small mammalian species adds confidence to the AEGL derivation. Animal
studies with different toxicologic end points were available to establish
concentration-exposure duration rel ationships. The extremetoxicity of HCN
precludes certain types of tests, including long-terminhalation studies; there-
fore, genotoxicity, carcinogenicity and developmental and reproductivestud-
ies were performed with cyanide salts.

Several studies provided data on blood and urine concentrations of cya-
nide and thiocyanate following occupational exposuresat |ow concentrations.
These values are generally similar to those of smokers who have not been
occupationally exposedto HCN. Whol e-blood cyanide concentrationsduring
nitroprusside infusion also have been measured and related to symptoms.
There are also data on nonlethal oral doses and metabolism rates in humans.
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Taken together, the data indicate that the HCN AEGL values may be conser-
vative. However, data on infants, children, and the el derly, populations that
may be more susceptible to HCN toxicity than healthy adults based on higher
respiration rates and slower metabolism, among other factors, are lacking.
Furthermore, occupati onal monitoringdatawere collected under normal work-
ing conditions; stress or physical exertion may be greater under emergency
conditions. Because HCN isextremely toxic and the range of human suscepti-
bility is not definitively known, the AEGL derivations make use of appropri-
ate UFs.
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APPENDIX A

TIME-SCALING CALCULATIONS FOR HYDROGEN CYANIDE
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FIGURE A-1 Regression line for incapacitation in monkeys (data of Purser et al.
[1984])

Data:
Concentration Log

Time (min) (ppm) Log time concentration
19 100 1.2788 2.0000
16 102 1.2041 2.0086
15 123 1.1761 2.0899
8 147 0.9031 2.1673
8 156 0.9031 2.1931

Regression Output:

I ntercept 2.6131

Slope -0.4769

R Squared 0.9142

Correlation -0.9561

Degrees of Freedom 3

Observations 5

n=21

k = 301326
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FIGURE A-2 RegressionLinefor LCg,valuesin rats(dtaof E.I. du Pont de Nemours
[1981])

Data:
Concentration Log

Time (min) (ppm) Log time concentration
5 369 0.6990 2.5670
15 196 1.1761 2.2923
30 173 1.4771 2.2380
60 139 1.7782 2.1430

Regression Output:

I ntercept 2.8044

Slope -0.3854

R Squared 0.9490

Correlation -0.9742

Degrees of Freedom 2

Observations 4

n=259

k = 1.9E+07
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APPENDIX B
DERIVATION OF AEGL VALUES
Derivation of AEGL-1
Key study: Leeser et al. 1990

Supporting
studies: El Ghawabi et al. 1975; Hardy et al. 1950; Grabois1954;
Maehlyand Swensson 1970;

Toxicity

end point: No adverseeffect inhealthy adult humans occupationally
exposed at geometric mean concentration of <1 (range
0.01-3.3 ppm, personal samplers[up to 6 ppm, areasam-
ples]) or 5 ppm; mild headache in adult humans occupa-
tionally exposed at 8 ppm. The exposure duration was
considered to be 8 h.

Uncertainty

factor: An uncertainty factor was not appliedto the Leeser et al.
(1990) 1-ppm concentration because it is the lowest
NOAEL. A factor of 3 for intraspecies differences was
applied to the supporting studies because no susceptible
populationswereidentified. The uncertainty factor was
applied to the 8-h 5 ppm and 8 ppm concentrations,
which resulted in concentrations closeto the 8-h 1-ppm
concentration in the Leeser et a. (1990) study.

Scaling: C® x t = k (conservative time-scaling relationship, be-
cause the relationship between concentration and expo-
sureduration for the headache effect isunknown). An 8-
h 1 ppm concentration was used as the starting point for
time scaling.

Calculations: (Cluncertainty factors) x t =k
(1 ppm)? x 480 min = 480 ppm*min



10-min AEGL-1:

30-min AEGL-1:

1-h AEGL-1:

4-hour AEGL-1:

8-hour AEGL-1:
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(480 ppm*min/10 min)*® = 3.6 ppm
Because 3.6 ppm is above the highest exposure concen-
tration in the Leeser et al. (1990) study, as measured by

persona monitors, the 10-min value was set equal to the
30-minvalue.

(480 ppm*min/30 min)*® = 2.5 ppm
(480 ppm?-min/60 min)** = 2.0 ppm
(480 ppm?*min/240 min)*® = 1.3 ppm

1.0 ppm

Derivation of AEGL-2

Key study:
Toxicity
end point:

Scaling:

Uncertainty
factors:

Calculations:

10-min AEGL-2:

30-min AEGL-2:

1-hour AEGL-2:

Purser 1984

Slight central nervous system depression in monkeys
inhaling 60 ppmfor 30 min.

C? x t =k (thisdocument; based on regression analysis of

incapacitation and lethality data for the monkey)

2 for interspecies

3 for intraspecies

combined uncertainty factor of 6
(C*uncertainty factors) x t =k

(60 ppm/6)* x 30 min = 3,000 ppm?-min
(3,000 ppn?-min/10 min)* = 17 ppm

60 ppm/6 = 10 ppm

(3,000 ppn?-min/60 min)* = 7.1 ppm
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4-hour AEGL-2:

8-hour AEGL-2:

(3,000 ppn?-min/240 min)”* = 3.5 ppm

(3,000 ppn?-min/480 min)”* = 2.5 ppm

Derivation of AEGL-3

Key study:

Toxicity
end point:

Scaling:

Uncertainty
factors:

Calculations:

10-min AEGL-3:

30-min AEGL-1:

1-h AEGL-1:

4-h AEGL-1:

8-h AEGL-1:

E.l. du Pont de Nemours 1981

15-min LC,, of 138 ppmin the rat
30-minLC,, of 127 ppmin therat
1-h LC,, of 88 ppmin the rat
LC,, derived by probit analysis

C?® x t = k (this document; based on the E.I. du Pont de
Nemours [1981] rat data set)

2 for interspecies

3 for intraspecies

combined uncertainty factor of 6
(C*%/uncertainty factors) x t =k

(138 ppm/6)*°® x 15 min = 52,069.5 ppnm?®-min
(127 ppm/6)>°® x 30 min = 83,911 ppn¥*min
(88 ppm/6)*¢ x 60 min = 64,656.6 ppm?°-min
(52,069.5 ppn?¢-min/10 min)*?¢ = 27 ppm
127 ppm/6 = 21 ppm

88 ppm/6 = 15 ppm

(64,656.6 ppn®-min/240 min)*>° = 8.6 ppm

(64,656.6 ppn®-min/480 min)“*® = 6.6 ppm
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APPENDIX C

DERIVATION SUMMARY FOR

ACUTE EXPOSURE GUIDELINE LEVELS
FOR HYDROGEN CYANIDE (CAS No. 74-90-8)

AEGL-1
10 min 30 min 1h 4h 8h
2.5 ppm 2.5 ppm 2.0 ppm 1.3 ppm 1.0 ppm

Key reference:

Supporting
references:

Leeser, J.E., JA. Tomenson, and D.D. Bryson. 1990. A cross-
sectional study of the health of cyanide salt production workers.
Report No. OHS/R/2,1CI Central Toxicology Laboratory, Alder-
ley Park, Maccles field, Cheshire, U.K.

(1) El Ghawabi, SH., M.A.Gaafar, A.A. El-Saharti, S.H. Ahmed,
K.K.Malash and R. Fares. 1975. Chronic cyanide exposure: A
clinical, radioisotope, and laboratory study. Brit. J. Ind. Med.
32:215-219.

(2) Grabois, B. 1954. Monthly Review 33:33; Publication of the
Division of Industrial Hygiene, New Y ork Department of Labor,
September 1954.

(3) Maehly, A.C. and A. Swensson. 1970. Cyanide and
thiocyanate levelsin blood and urine of workers with low-grade
exposure to cyanide. Int. Arch. Arbeitsmed. 27:195-209.

(4) Hardy, H.L., W.M. Jeffries, M.M. Wasserman, and W.R.
Waddell. 1950. Thiocyanate effect following industrial cyanide
exposure - report of two cases. New Engl. J. Med. 242:968-972.

Test Species/Strain/Number:
Occupational exposures/63 employees, mean age 44.7 (Leeser et al. 1990)
Occupational exposures/36 workers (El Ghawabi et a. 1975)
Occupational exposures/five factories (Grabois 1954)
Occupational exposures/94 workers (Maehly and Swensson 1970)
Occupational exposures/factories (Hardy et al. 1950)

Exposure Route/Concentrations/Durations: | nhalation/geometric mean exposure
of <1 ppm (range, 0.01-3.3 ppm; personal samplers), up to 6 ppm (area
samples)/mean service years, 16.5 (Leeser et al. 1990); Inhalation/average expo-
sure 8 ppm/5-15 y (El Ghawabi et al. 1975); Inhalation/5 ppm/unknown/(Grabois
1954; M aehly and Swensson 1970; Hardy et al. 1950).

(Continued)

AEGL-1 Continued
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Effects: No exposure related adverse symptoms or health effects (surveys and
medical examinations taken in spring and fall of year) (L eeser et al. 1990); mild
headache, other symptoms (El Ghawabi et al. 1975); no effects reported (Grabois
1954; M aehly and Swensson 1970; Hardy et al. 1950).

End point/Concentration/Rationale: 1 ppm from the L eeser (1990) study; 8 ppm
from the El Ghawabi et al. (1975) study; or 5 ppm from the Hardy et al. (1950),
Grabois (1954), and Maehly and Swensson (1970) studieswere considered no-
adverse-effect to mild effect concentrations for an 8-h work day. The NRC ad-
justed the chronic 8 ppm value of El Ghawabi et a. (1975) to a 1-h exposure for
healthy adults.

Uncertainty factors/Rationale:
Total uncertainty factor: 3
Interspecies: Not applicable
Intraspecies: An uncertainty factor was not applied to the Leeser et al.
(1990) 1 ppm concentration, asit is the lowest NOAEL. A fac-
tor of 3 was applied to the supporting studies as no specific
susceptible populationswere identified in monitoring studies or
during the clinical use of nitroprusside solutions to control hy-
pertension. T he detoxifying enzyme rhodanese is present in all
individuals including newborns. Application of the uncertainty
factor to the El Ghawabi et al. (1975; as adjusted by the NRC)
and Grabois (1954) data resultsin a value close to the 8-h 1
ppm concentration in the L eeser et al. (1990) study.

Modifying factor: Not applicable

Animal to human dosimetric adjustment: Not applicable

Time scaling: Because of the long-term exposure duration of the key studies, the
conservative time-scaling value of n = 3 (k = 480 ppm®*min) was applied when
scaling to shorter exposure durations. The starting point for time scaling was an
8-h concentration at 1 ppm.

Data adequacy: The preponderance of data from the key studies support an 8-h
no-effect concentration of 1 ppm. The Leeser et al. (1990) study encompassed
subjective symptoms as well as extensive medical examinations. The occupa-
tional monitoring study of El Ghawabi et al. (1975), in whichit is believed that
workers inhaling a mean concentration of 8 ppm may suffer mild headaches,
supports the safety of the derived values. The values are also supported by a
NIOSH (1976) report in which 5 ppm wasidentified as a no-effect concentration
in the Grabois et al. (1954) occupational study. Additional monitoring studies
support the values.
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AEGL-2
10 min 30 min 1h 4h 8h
17 ppm 10 ppm 7.1 ppm 3.5 ppm 2.5 ppm
Key references: (1) Purser, D.A. 1984. A bioassay model for testing the

incapacitating effects of exposure to combustion product

atmospheres using cynomolgus monkeys. J. Fire Sciences
2:20-36.

(2) Purser, D.A ., P. Grimshaw and K.R. Berrill. 1984. Intox-

ication by cyanide in fires: A study in monkeys using

polyacrylonitrile. Arch. Environ. Health 39:393-400.

Test species/Strain/Sex/Number: Cynomolgus monkeys, 4 per exposure group
(gender not stated)

Exposure route/Concentrations/Durations. Inhalation, 60, 100, 102, 123, 147, or
156 ppm for 30 min

Effects: (30-min exposures)

60 ppm increased respiratory minute volume and slight changes in EEGs
near end of exposure

100 ppm incapacitation (semi-conscious state) in 19 min

102 ppm incapacitation in 16 min

123 ppm incapacitation in 15 min

147 ppm incapacitation in 8 min

156 ppm incapacitation in 8 min

End point/Concentration/Rationale: The 30-min exposure to 60 ppm, a NOAEL,
was chosen because the next higher tested concentration, 100 ppm, resulted in
incapacitation within the 30-min exposure period.

Uncertainty factors/Rationale:
Total uncertainty factor: 6

Interspecies: 2 - The monkey is an appropriate model for humans, the
small size and higher respiratory rate of the monkey may
result in more rapid uptake and greater sensitivity than in
humans.

Intraspecies: 3 - No specific susceptible populations were identified dur-
ing monitoring studies or during the clinical use of
nitroprusside solutions to control hypertension. The detoxi-
fying enzyme rhodaneseis present in al individuals, includ-
ing newborns.

M odifying factor: Not applicable

Animal to human dosimetric adjustment: Insufficient data.

(Continued)
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AEGL-2 Continued
Timescaling: C"xt =k, wheren =2 and k = 3,000 ppm?min on the basis of
regression analysis of time-concentration relationships for both
incapacitation times of 8 to 19 min and lethality data (3-60 min)
for the monkey.

Data Adequacy: Although human data are limited to primarily occupational
monitoring studies, the data base on animal studies is good. The test atmosphere
in the key study was supplied via a face mask to the restrained test subjects; re-
strained animals have been shown to be more sensitive than unrestrained animals
to inhaled toxicants. Relative species sensitivity to inhaled HCN may be related
to breathing rate. Compared to rodents, the slower breathing rate of humans and
monkeys may make them less sensitive to the effects of HCN.

The following two supporting studieswere located:

1. A 30-min exposure of rats at 55 ppm resulted in changes in lung
phospholipids and lung dynamics. Use of an uncertainty factor of 6 results
in a30-min AEGL-2 of 9.2 ppm, which is similar to the AEGL value.

2. Humans inhaling mean concentrations at 10 or 15 ppm in electroplating or
silver-reclaiming factories for up to 15 y reported symptoms including
headache, fatigue, effort dyspnea, and syncopes. There was no evidence
that these symptoms occurred on the first day of employment.
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AEGL-3
10 min 30 min 1h 4 h 8h
27 ppm 21 ppm 15 ppm 8.6 ppm 6.6 ppm

Key reference: E.I. du Pont de Nemours and Company 1981. Inhalation toxic-
ity of common combustion gases. Haskell Laboratory Report
No. 238-81. Haskell Laboratory, Newark, DE

Test species/Strain/Sex/Number: Crl:CD male rats, 10/exposure group

Exposure route/Concentrations/Durations:
Inhalation
273, 328, 340, 353, 441, 493, or 508 ppm for 5 min
110, 175, 188, 204, 230, 251, 283, or 403 ppm for 15 min
128, 149, 160, 183, 222, or 306 ppm for 30 min
76, 107, 154, 183, or 222 ppm for 60 min

Effects (LC,, values were calculated by Haskell L aboratory using probit analy-
Sis):

5-min LCy,: 283 ppm
15-min LCy;: 138 ppm
30-min LCy,: 127 ppm
60-min LCy,: 88 ppm

End point/Concentration/Rational e;

The LC,, the threshold for lethality, was used as the basis for the derivation of
the AEGL-3.

The 15-min LCy, was used to calculate the 10-min value; the 30-min LCy, was
used for the 30-min value; and the 60-min L C,, was used to derive the 1-, 4-, and
8-h AEGL-3 values.

Uncertainty factors/Rationale:

Total uncertainty factor: 6

Interspecies: 2 - LCg, valuesfor the same exposure durations for several spe-
cies (rat, mouse, and rabbit) were within a factor of
approximately 1.5 of each other. Based on relative respiration
rates, humans are expected to be less sensitive than rodents.
The mechanism is the same for all species.

Intraspecies: 3 - No specific susceptible populations were identified during
monitoring studies or during the clinical use of nitroprusside
solutions to control hypertension. The detoxifying enzyme
rhodanese is present in all individuals, including newborns.

Modifying factor: Not applicable

Animal to human dosimetric adjustment: Insufficient data.

(Continued)
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AEGL-3 Continued

Timescaling: C"xt =k where n = 2.6 was derived from empirical data and
used in a regression analysis of time-concentration rel ationships
for rat L Cg, values conducted at time periods of 5, 15, 30, and
60 min in the key study. However, the 15-, 30-, and 60-min val-
ues were calculated directly from the empirical (LC,,) data. The
k value of 52,069.5 ppm?®min, based on the 15-min LCy,;, was
used for the 10-min value and the k value of 64,656.6
ppm?®min, based on the 1-h LC,, was used for the 4- and 8-h
AEGL-3 values.

Data adequacy: The study was well conducted. The HCN concentrations were
continuously monitored using infrared spectrophotometry and validated by gas
chromatography.

One supporting study was located: exposure of rats to 30 ppm for 24 hours re-
sulted in lung congestion but no deaths. Use of atotal uncertainty factor of 6 and
extrapolation acrosstime to 30 minutes resultsin a 30-minute AEGL -3 of 22
ppm which issimilar to the derived vaue of 21 ppm.




