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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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Phosgene'

Acute Exposure Guideline Levels

SUMMARY

Phosgeneisacolorless gas at ambient temperature and pressure. Itsodor
has been described as similar to new-mown hay. Phosgene is manufactured
from areaction of carbon monoxide and chlorine gasin the presence of acti-
vated charcoal. The production of dyestuffs, isocyanates, carbonic acid esters
(polycarbonates), acid chlorides, insecticides, and pharmaceutical chemicals
requires phosgene. Manufacture of phosgeneisapproxi mately 1 milliontons
per year (y) inthe United States, and more than 10,000 workers are involved
in its manufacture and use. Manufacture of phosgene in the United Statesis

Thisdocument was prepared by AEGL Develogme_nt Team member Cheryl Bast
of Oak Ridge National Laboratory and Bill Bress (Chemical Manager) of the National

Advisory Committee on A cute Exposure Guideline Levelsfor Hazardous Substances
(NAC). The NAC reviewed and revised the document, which was then reviewed by
the National Research Council (NRC) Subcommittee on Acute Exposure Guideline
Levels. The NRC subcommittee concludes that the AEGLs developed in this
document are scientifically valid conclusions based on data reviewed by the NRC and
are consistent with the NRC guidelines reports (NRC 1993; NRC 2001).

15
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almost entirely captive—it is used in the manufacture of other chemicals
within a plant boundary. Only onecompany sdls phosgene on the U.S. mer-
chant market.

Inhalationisthe most important route of exposure for phosgene. Because
of phosgene' smild upper respiratory, eye, and skinirritancy and mildly pleas-
ant odor, an exposed victim may not actively seek an avenue of escape before
lower respiratory damage has occurred (Currie et al. 1987a; Lipsett & al.
1994). Pulmonary edema isthe cause of death after aclinical latency period
of <24 hours (h) (Franch and Hatch 1986).

Appropriatedatawere not availablefor deriving AEGL -1 valuesfor phos-
gene. Odor cannot be used as a warning for potential exposure. The odor
threshold is reported to be between 0.5 and 1.5 parts per million (ppm), a
valueabove or approaching AEGL-2 and AEGL -3 val ues, and toleranceto the
pleasant odor of phosgene occursrapidly. Furthermore, following odor detec-
tion and minor irritation, serious effects may occur after a clinical latency
period of <24 h.

AEGL-2 values were based on chemical pneumoniain rats (exposure at
2 ppm for 90 min) (Gross et al. 1965). An uncertainty factor (UF) of 3 was
applied for interspecies extrapolation because little species variability is ob-
served for lethal and nonlethal end points after exposure to phosgene. A UF
of 3 was applied to account for sensitive human subpopulations due to the
steep concentration-response curve and because the mechanism of phosgene
toxicity (binding to macromol ecules and causingirritation) isnot expected to
vary greatly among individuals. Therefore, the total UF is 10. The 1.5-h
value was then scaled to the 30-min and 1-, 4-, and 8-h AEGL exposure peri-
odsusing C" x t =k, wheren= 1 (Haber’ slaw), because Haber’ slaw hasbeen
shown to bevalid for phosgene within certain limits. Haber’s law was origi-
nally derived from phosgene data (Haber 1924). The 30-min valueis also
adopted as the 10-min value, because extrapolation would yied a 10-min
AEGL-2 value approaching concentrations that produce alveolar edema in
rats; Diller et al. (1985) observed alveolar pulmonary edemain rats exposed
to phosgene at 5 ppm for 10 min. Applyingatotal UF of 10 to this data point
yields a supporting 10-min AEGL -2 value of 0.5 ppm.

The 30-min and 1-, 4-, and 8-h AEGL -3 values were based on the highest
concentration causing no mortality in therat after a30-min exposure (15 ppm)
(Zwart et a. 1990). A UF of 3 was gpplied for interspecies extrapolation
becauselittle speciesvariability isobservedfor lethal and nonlethal end points
after exposure to phosgene. A UF of 3 was applied to account for sensitive
human subpopulations due to the steep concentration-response curve and
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because the mechaniam of phosgene toxicity (binding to macromol eculesand
causingirritation) isnot expected to vary greatly between individuals. There-
fore, the total UF is 10. The value was then scaled to the 1-, 4-, and 8-h
AEGL periodsusing C" x t = k, wheren = 1 (Haber’s Law), because Haber’s
Law has been shown to be valid for phosgene within certain limits. Haber’'s
Law was originally derived from phosgene data (Haber 1924). The 10-min
AEGL-3 value was based on the highest concentration causing no mortality
in the rat or mouse (36 ppm) after a 10-min exposure (Zwart et al. 1990). A
UF of 3wasapplied for interspeciesextrapol ation because little species vari-
ability isobserved for lethal and nonlethal end points after exposure to phos-
gene. A UF of 3 was applied to account for sensitive human subpopulations
due to the steep concentration-response curve and because the mechanism of
phosgene toxicity (binding to macromolecules and causing irritation) is not
expected to vary greatly between individuals (total UF, 10).
The calculated values arelisted in Table 1-1.

1. INTRODUCTION

Phosgeneisacolorlessgasat ambient temperature and pressure. Itsodor
has been described as similar to new-mown hay (Leonardoset a. 1968). This
mild odor and theweak acuteirritant properties, however, providelittlewarn-
ing of its presence (Lipsett et al. 1994). The odor threshold has been estab-
lished between 0.5 and 1.5 ppm (2.06 and 6.18 mg/m®) (Lipsett et al. 1994).

Phosgeneis manufactured from areaction of carbon monoxide and chlor-
ine gas in the presence of activated charcoal. Manufacture of phosgene is
approximately 1 million tons per year (y) inthe United States, and more than
10,000 workers are involved in its manufacture and use (Currie et al. 1987a).
Manufactureof phosgeneinthe United Statesisalmost entirely captive (more
than 99% is used in the manufacture of other chemicals within a plant bound-
ary). Only one company sells phosgene on the U.S. merchant market. Over
80% of the phosgene used inthe United Statesisinvolved inthe manufacture
of polyisocyanatesinthe polyurethane industry. The polycarbonate industry
accountsfor approximately 10% of phosgeneused, and theremaining 10% is
used in the production of aliphatic diisocyanates, monoisocyanates,
chloroformates, agrochemicals, and intermediatesfor dyestuffs and pharma-
ceuticals. Phosgene can also be used in metd recovery operations (platinum,
uranium, plutonium, and niobium) and has been used for manufacturing alu-
minum chloride, beryllium chloride, and boron trichloride. It has been pat-
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TABLE 1-1 Summary of Proposed AEGL Values for Phosgene (ppm

[mg/m?])
10 30 End Point

Classification min min 1h 4 h 8h (Reference)

AEGL-1 NA NA NA NA NA NA

(Nondisabling)

AEGL-2 0.60 0.60 0.30 0.08 0.04 Chemical

(Disabling) (2.5) (2.5 (1.2) (0.33) (0.16) pneumoniarats
(Grosset a. 1965)

AEGL-3 3.6 1.5 0.75 0.20 0.09 Highest

(Lethal) (15) (6.2) (3.1) (0.82) (0.34) concentration
causing no

mortality in the rat
after a 30-min or
10-min exposure
(Zwart et al. 1990)

ented as a stabilizer for liquid SO,. In addition, many pesticides have been
produced by reaction of a thiol or dithiol with phosgene to produce thiol

chloroformates (Kirk-Othmer 1991).

Inhalationisthe most important route of exposurefor phosgene. Because
of phosgene’s mild upper respiratory, eye, and skin irritancy and mildly
pleasant odor, an exposed victim may not actively seek an avenue of escape
beforelower respiratory damage hasoccurred (Currie et al. 1987a; Lipsett et
a. 1994). Pulmonary edema is the cause of death after a clinical latency

period of <24 h (Franch and Hatch 1986).

The chemical structure is depicted below, and the physicochemical

properties of phosgene are presented in Table 1-2.
Oo=C-l
cl
2. HUMAN TOXICITY DATA

2.1. Acute Lethality

Diller and Zante (1982) performed an extensiveliteraturereview concern-
ing human phosgene exposure, and found that a great majority of data were
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TABLE 1-2 Physical and Chemical Daa
Parameter Data Reference
Synonyms Carbonyl chloride, carbon Lipsett et al. 1994; EPA

Chemical formula
Molecular weight
CAS registry no.
Physical state
Vapor pressure
Vapor density
Specific gravity
Melting/boiling/

oxychloride, carbonic
dichloride, chloroformyl
chloride

cocCL,

98.92

75-44-5

Gas

1215 mm Hg at 20°C
3.4 (air=1)

1.381 g/l at 20°C

-128°C/8.2°C/not applicable

1986

Lipsettet a. 1994
Lipsett et d. 1994
Lipsett et a. 1994
Lipsett et a. 1994
EPA 1986
Lipsett et a. 1994
ACGIH 2000

Lipsett et a. 1994;

flash point NIOSH 1994
Solubility Decomposes in water and al- EPA 1986

cohol; solublein organic sol-

vents
Conversion 1ppm=4.11 mg/m® Lipsett et a. 1994
factors in air 1 mg/m®= 0.24 ppm

Alkalis, ammonia, alcohols, NIOSH 1997

copper

Incompatibility

anecdotal or rough estimates and, thus, did not contain reliable expaosure
concentrationsand/or durations. Information synthesized fromthisreviewis
presented in Table 1-3. Based on abservationsduring World War |, the2min
LC,, value for humans was estimated to be 790 ppm (Chasis 1944).

Many case reports describe symptomol ogy and postmortem results from
human phosgene poisonings; however, exposure concentrations were not
reported. Six men were occupationally exposed to phosgene when a pipe
ruptured (Stavrakis1971). A 24-y-oldwho had received the heaviest exposure
arrived at the emergency room minutes after the accident. Upon admission,
the patient was symptom-freg; however, he was treated with methenamine
intravenously and admitted for a 24-h observation. During this time, he re-
mained symptom free and was discharged with no evidence of phosgene in-
jury. The other five patients arrived at the emergency room between 6 and
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TABLE 1-3 Effect of Phosgene Exposure in Healthy Humans

Effect® Cumul ative Phosgene Exposure
LCT, ~300 ppm-min

LCTs, ~500 ppm-min

LCT 00 ~1,300 ppm-min

¥_ethal concentration x time product.
Source: Diller and Zante 1982.

12 h after the accident, presenting with various degrees of phosgene intoxica-
tion. One 31-y-old who had been exposed “in amost the same degree as the
previous patient” rapidly developed pulmonary edema. He aso exhibited
extreme hemoconcentration and leukocytosis. He did not respond to
methenamine treatment and died 3.5 h after admission. The other four ex-
posed workers were hospitalized for various periods of time and recovered
satisfactorily.

A 23-y-old man (healthy nonsmoker) was exposed to phosgene a an
estimated concentration of at least 5-10 ppm for 5to 10 seconds (s) (Bradley
and Unger 1982). He began coughing upon expasureto phosgeneand experi-
enced dyspnea and chest tightness within 30 min. Four hours after exposure,
he was hospitalized with hypotension, tachycardia, tachypnea, cyanosis, and
pulmonary edema. The patient wasintubated and administered dopamineand
methylprednisolone. From the second to the sixth day of hospitalization, he
developed mediastinal and subcutaneous emphysema, bil ateral pneumohy-
drothoraces, elevated white blood cell counts, fever, and hemiparesis on the
right side. Death occurred after the patient deve oped ventricular fibrillation.

Misra et al. (1985) described another accidental occupationa phosgene
poisoningcase. A 30-y-old malewasexposed to phosgene at an undetermined
concentration and immediately began coughing and experienced a sense of
suffocation and burning eyes. After removal to fresh air and administration
of oxygen, he felt better. However, approximately 7.5 h after the exposure,
he was rushed to the emergency room with difficulty breathing. Despite oxy-
gen administrati on and antibiotic therapy, hiscondition deteriorated. Hedied
approximately 18 h after exposure. Anautopsy showed pulmonary edemaand
bronchiolar necros's, both of which were more severein thelower lobes of the
lungs than in the upper lobes.

Hegler (1928) reported the effects of a phosgene accident that occurredin
Hamburg, Germany, on May 20, 1928. Eleven metric tonsof “ pure phosgene”
werereleased from astorage tank on awarm, dry, slightly windy day. Within
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afew hours, peopleasfar as six milesfrom the rel ease site began reporting to
hospitals. Three hundred peoplereported to hospitalswithin afew daysof the
accident. Effects ranged from mild or moderate illness to death; ten people
werereported to havedied. In general, exposed persons exhibited symptoms
consistent with other reported phosgene poisonings (headache, dizziness,
nausea and vomiting, irritant cough, and sickening-sweet taste, followed by
a latency period and then pulmonary symptoms). Autopsies on six of the
fatalities showed pulmonary effects in all cases. Fatty degeneration of the
kidneys, liver, and heart were observed in afew cases and were thought to be
secondary to the pulmonary damage. In an atypical case, damage in the gray
matter of the brain and spinal cord, hyperemia, and signs of bleeding in the
white matter were observed at autopsy. That patient died 11.5 days (d)
postexposure from a blood clot lodged in the lung. It was uncertain if the
extrapulmonary effects were due to phosgene exposure.

2.2. Nonlethal Toxicity

NIOSH (1976) performed two studies to determine the odor threshold of
phosgene. In the first, 56 military personnel were exposed to phosgene at
increasing concentrations until al subjects could detect odor. The lowest
detectable concentration was 0.4 ppm. Thirty-nine percent of subjectscould
detect odor at 1.2 ppm, and 50% of subjects detected odor at 1.5 ppm. Inthe
other study, four subjects identified 1.0 ppm as the lowest concentration at
which the distinctive “ new-mown hay” odor of phosgene could be detected.

Intheir literaturereview, Diller and Zante (1982) al so identified nonlethal
effects from phosgene exposure (lethal effects are described in Section 2.1).
Nonlethal information synthesized fromthisreview ispresentedin Table1-4.
From the above data and from animal data for “initial lung damage,” Diller
and Zante (1982) synthesized information for nonlethal effects of phosgene
in humans (Table 1-5).

2.2.1. Case Reports
A 30-y-old male was occupationally exposed to phosgene at an unknown

concentration(Stavrakis1971). After ashort episode of coughing, hereturned
to work and completed the final 3 h of his shift. Approximately 4 h post-
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TABLE 1-4 Acute Irritative Effects of Phosgene Exposure in Humans

Effect Phosgene Concentration
Throat irritation 3.1 ppm
Ocular irritation 4.0 ppm
Cough 4.8 ppm
Severe eye and airway irritation 10 ppm

Source: Diller and Zante 1982

exposure, he presented at the emergency room with severe dyspnea, restless-
ness, chest pain, and persistent, productive cough. Chest x-rays confirmed
acute pulmonary edema. He was treated and discharged free of symptoms 5
d after the phosgene exposure.

An investigator was exposed to phosgene at an undetermined concentra-
tion during an experiment (Delephine 1922). He entered the phosgene cham-
ber “at frequentintervals” over aperiod of 45 minto takeinstrument readings.
At first, he experienced only laryngeal and conjunctival irritation, but as the
phosgene concentration increased, he was forced to hold his breath and not
stay in the room for more than 1 min. Toward the end of the experiment,
some phosgene escaped from the chamber. At thistime, the investigator and
acolleague experienced aviolent cough and began to run away. During their
escape, both men had to stop frequently due to the violent naure of their
coughs. After exiting the contaminated area, both individuals continued to
cough for approximately 20 min. They thenimproved for 3 or 4 h, after which
they experienced achoking sensation that |asted approximately 24 h. Marked
lassitude lasted for an additional few days, after which recovery appeared to
be complete.

Everett and Overholt (1968) discussed a 40-y-old male who received a
“massive’ phosgene exposure. Hisinitial symptoms included coughing and
burning of the eyes, which subsided within 5 min. He was asymptomatic for
the next 2 h, after which ahacking cough began. Three hours after exposure,
mild dyspnea was present, and 6 h postexposure, severe dyspnea and moist
rales were observed. He was admitted to an intensive care unit 8 h
postexposure and presented with anxiety, agitation, cyanosis, thirst, constant
cough, and severe pulmonary edema. By thefifth day in the hospital, hewas
asymptomatic, and by the seventh day, pulmonary function and chest x-ray
were normal. A 2-y follow-up was unremarkable.
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TABLE 1-5 Effect of Phosgene Exposure in Humans

Effect Phosgene Exposure
Odor perception >0.4 ppm

Odor recognition >1.5 ppm

Ocular, nasal, throat, and bronchiolar >3 ppm

irritation

Initial lung damage >30 ppm-min
Clinical pulmonary edema >150 ppm-min

Source: Diller and Zante 1982.

Regan (1985) described a phosgene release from a toluene diisocyanate
plant. Fifteen employees were exposed to phosgene at an undetermined con-
centration, resulting in the hospitalization of four workers. Two of the four
were released after an overnight observation. The other two were in more
seriouscondition. Oneof them, a31-y-old male, had pulmonary edema, rales
in both lungs, and left chest pain 8 h postexposure. He wastreated with oxy-
gen, bronchodilators, steroids, and antibiotics and returned to work 6 d after
the accident. Hisfollow-up was unremarkable. The second man, a47-y-old
smoker, presented with dyspnea, bilateral rales, and pulmonary edema 11 h
postexposure. He was also treated with oxygen, bronchodialators, steraids,
and antibiotics but continued to deteriorate. Heremained critical for 3 d with
low right-side heart pressure, low arterial pressure, hemoconcentration, and
leukocytosis. He was asymptomatic by 12 d postexposure. He had mild
pulmonary obstruction four weeks after the accident; however, it isunclear if
that was a result of phosgene exposure or of his smoking.

Longer-term effects from acute phosgene exposure have also been de-
scribed. Galdston et al. (1947a) described thelate effects of phosgene poison-
ing in six workers (two male, four female; ages 31-50). After an acute, acci-
dental, occupational exposure to phosgene all of these workers experienced
the typical effects of acute phosgene expaosure. Chronic clinical findings
present from 1 to 24 months (mo) postexposure included rapid, shallow
breathing and changesin pulmonary function. However, no correlation was
observed between the magnitude of phosgene exposure or the severity of acute
effectsand the severity of chronic symptoms. Galdston et al. (1947a) attrib-
uted the severity of chronic symptoms to the subjects psychological state.
Smoking habits were not reported, and long-term follow-up was not
performed.
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Galdston et al. (1947b) also examined five males (ages 24-50) who had
repeated occupational exposure to phosgene in “small amounts’ during the
courseof 1.5t0 3.5y. The subjectswere examined with regard to pulmonary
function and cardiac status. The subjects exhibited transitory effects such as
cough, shortness of breath on exertion, and pain or tightness of the chest.
These symptoms abated upon removal from phosgene exposure for several
weeks. Resultssuggested that although symptomsof chronic exposuretolow
concentrations of phosgene are generally not as disabling asthose from acute
exposure, emphysemamay develop after chronic exposure. Also, pulmonary
function effects are more severe after chronic low-level exposure than after
recovery from a serious acute exposure.

Diller et al. (1979) examined 12 originally healthy workers 3to 9y after
intoxicationwith phosgene(ten workers), nitric oxide (oneworker), or treflon
smoke (one worker). Six of the 12 individuals complained of pulmonary
symptoms for 3 y postexposure, and three of the 12 showed slight to severe
lung function effects. The severity of lung function decrement correlated
more closely with smoking habits than with the severity of chemical intoxica-
tion. Diller et al. (1979) concluded that origindly healthy survivors of phos-
geneintoxication recover fairly well over aperiod of years. However, individ-
ual swith preexisting chronic bronchitismay suffer sgnificant chronic deterio-
ration of lung function after acute phosgene intoxication, as an additional
observation over 25y showed. Theindividud, alight smoker who had mild
chronic bronchitis since childhood, was exposed to phosgene and smoke at
age 35. He developed severe pulmonary edema and was hospitalized for 7
weeks (wk) following the exposure. During the months following the expo-
sure, his general conditionworsened and the bronchitis became more severe.
After 2 y, pulmonary function (forced expiratory volume [FEV] and vital
capacity [V C]) was decreased to 70% of normal. Ten years postexposure, he
devel oped pulmonary emphysema, and VC and FEV were decreased to 50%
of normal.

Herzogand Pletscher (1955) observed squamous metaplasiaof theciliated
bronchial epitheliumin two patients exposed to undetermined concentrations
of phosgene. Themetaplasiawas observed 3 mo or 3y postexposure, respec-
tively.

Inaphosgene processi ng factory, phosgene concentrationsweremeasured
over an 8-mo period with adevice capable of detecting phosgene at 0-0.5ppm
(Henschler 1971). Positivevalues, of relatively short duration, wererecorded
on only 32 of 240 d: 22 d, 0.05 ppm; 6 d, between 0.06 and 0.1 ppm; 3 d,
between 0.1 and 0.5 ppm; 1 d, 0.5 ppm (of short duration). For longer time
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periods, el evated concentrationswere measured on three occasions: twice for
3 h, between 0.015 and 0.035 ppm, and once for 1.5 h, 0.35 ppm. The above
described conditions produced no intoxication or adverse effects on lung
function.

In another factory, use of aphosgeneindicator badge revealed an average
of 34 phosgene exposures per year during the period from 1978 to 1988
(Kaerkes 1992). The workforce contained approximately 200 individuals
ranging in age from <20to 60 y. Exposure concentrations ranged from <50
to 300 ppmmin. Below 50 ppmmin, no signs or symptoms of phosgene
toxicity were observed in 75 of 88 individuals; however, threecases of tempo-
rary pulmonary edemawere observed.

In another report, Sandall (1922) examined 83 British soldiers 3 y after
phosgene exposure. Shortness of breath upon exertion (70%), cough with
expectoration (54%), tight feelingin chest (25%), sporadic giddiness (14%),
and nausea (12%) were the most frequently reported complaints. No physical
lung abnormalities were noted in 53% of the men.

2.2.2. Epidemiologic Studies

Polednak (1980) studied auranium processing plant where phosgene was
produced as a by-product of a chemical processin which UO, was combined
with CCl, toproduce UCl,. Leaksand systemfailuresresulted in theacciden-
tal release of phosgeneinto work areas. Although extensive monitoring data
werenot available, it was determined that the average exposure was bel ow the
detection limit of monitoring instruments used at that time. However, there
were three to five episodes daily when concentrations exceeded the 1 ppm
exposure limit recognized as the occupational standard of the time.

Approximatdy 30y after exposure, there wereno significant increasesin
mortality from overall cancer or cancers at specific anatomical sites, indis-
eases of the respiratory system, or in overall mortality noted in this cohort.
However, the exposure period covered by the study was short, the exposed
groupsweresmall, and the exposurelevel swere not well documented. Conse-
guently, evidence presentedin thisstudy isinadequateto assessthecarcinoge-
nicity of phosgene.

Polednak and Hallis (1985) reported afollow-up of the study discussed
above. The study update reported the mortality experience of individuals
through the end of 1978 and included 694 routinely exposed white male
chemical workers, 97 acutely exposed chemical workers, and 9,280 controls.
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Vital status ascertainment for the routindy exposed group and the controls
wasapproximately 90% completeusing Social Security Administration (SSA)
records. For the acutely exposed group, SSA records as well as state death
indexes were used to ascertain vital status, which was approximately 92%
complete. Fiveindividualsin theroutinely exposed group, nineinthe acutely
exposed group, and 72 controls werelost to follow-up.

Approximately 35 y after expaosure to phosgene, no increase in overall
mortdity or mortality from cancer or respiratory disease was noted in this
cohort.

NIOSH (1976) compared the medical records of 326 workers exposed to
phosgene with those of 6,288 unexposed workers from the same plant. Per-
sonal air sample measurements at this plant (20-min samples) showed phos-
gene concentrations ranging from undetectable to 0.02 ppm, and therewas a
15 sample average of 0.003 ppm. Fixed-paosition air samples (20-min or 2-h
collection) ranged from undectable to 0.13 ppm in 51 of 56 samples, and
>0.14 ppmin 5 of 56 samples. There were no differencesin pulmonary func-
tion or deaths attributable to respiratory disease between the exposed and
control populations.

2.3. Developmental and Reproductive Toxicity

Developmental and reproductivestudiesregarding acute human exposure
to phosgene were not available.
2.4. Genotoxicity

Genotoxic studiesregarding acute human exposureto phosgenewere not
available.
2.5. Carcinogenicity

Polednak (1980) and Polednak and Hollis (1985) examined a cohort of
chemical workers exposed to phosgene at chronic low levelsaswell asdaily

exposures above 1 ppm. Approximately 35y after exposure to phosgene, no
increase in overall mortality or mortality from cancer or respiratory disease
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was noted. These studies are described in detail in Section 2.2.2 (Epide-
miologic Studies).

2.6. Summary

Although there is a paucity of acute human data containing known expo-
sure concentrationsand times, reports of human phosgene poi sonings present
arelatively condstent set of clinical effects and sequelae. After acute phos-
geneexposure, brief (<20 min) ocular and throat irritation, cough, nauseaand
vomiting, and dizziness are experienced, followed by a period (<24 h) of
apparent well-being. After thisclinical latency phase, cough accompanied by
expectoration, asensation of pain or tightness of the chest, shortness of breath,
and a choking sensation are experienced. Clinical findings may include
hemoconcentration, leukocytosis, rales, and pulmonary edema. After recov-
ery, rapid shallow breathing, shortness of breath on exertion, and a sense of
decreased physical fithess may persist for months. Pulmonary emphysema
may occur with repeated exposure to phosgene. Epidemiology studies have
shown no increasein cancer in workers exposed to phosgene compared with
controls. Noinformation concerning reproductiveand devel opmental toxicity
or genotoxicity was available.

3. ANIMAL TOXICITY DATA
3.1. Acute Lethality
3.1.1. Mouse

Zwart et al. (1990) exposed groups of five male and five femde Swiss
miceto phosgene at varying concentrationsfor 5, 10, 30, or 60 min. Thetest
atmosphere was monitored at both the inlet and outlet of the glass exposure
chambers by gas chromatography and infrared analysis. Ten-minute LC,,
valueswere 77 and 61 ppm for males and females, respectively. Thirty-min-
uteLC,, valueswere 18 and 11 ppmfor males and females, respectively, and
60-min LC,,valuesweredetermined to be 9 and 5 ppm for males and females,
respectively.

Cameronet al. (1942) exposed 20 miceto phosgeneat an average concen-
tration of 0.86 ppmfor 5 h. Twelve mice were dead the next morning. Sev-
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eral other acute lethality studies of phosgene in mice have been reported.
However, these studies do not contain experimental details such as strain or
gender of mouse, number of animals exposed, or analytical methodology.
These values, in addition to those of Zwart et al. (1990), are presented in
Table 1-6.

3.1.2. Rats

Zwart et al. (1990) exposed groups of five male and five femde Wistar
rats to phosgene at varying concentrations for 5, 10, 30, or 60 min. The test
atmosphere was monitored at both the inlet and outlet of the glass exposure
chambers by gas chromatography and infrared analysis. The 10-min LC,,
value was 80 ppm, and the 30- and 60-min LC,, values were 20 and 12 ppm,
respectively.

A total of 118 male Wistar rats were exposed to phosgene at 0.5 to 4.0
ppm for 5 min to 8 h (Rinehart 1962; Rinehart and Hatch 1964). The expo-
sureswerevaried togive CT products between 12 and 360 ppm-min andwere
carried out in 1,700-L wooden exposure chambers operating at a constant
ventilation rate of 1,000 L/min. The chamber surfaces were lacquered, and
thus, potential loss of phosgene by reaction with the wooden surface was
minimized. Thissystem provided for air “turnover” every 2 min and a 99%
equilibrium time of 8 min. Air samples were taken frequently during expo-
sures, and adjustments were made when necessary to maintain constant phos-
gene concentrations. An L(CT), of 180 ppmmin, a 75-min LC,, of 4 ppm,
and a125-min LC,, of 4 ppm were determined. The authors concluded that
different combinations of concentration andtime exposuregiving equal prod-
ucts of C x T constitute equally effective doses.

Several other acute lethality studies of phosgene in rats have been re-
ported. However, asis the case with the mice, these studies do not contain
experimental detailssuch asstrain or gender, number of animals expased, or
analytical methodology. These studies are summarized in Table 1-7.

Box and Cullumbine (1947b) invedtigated phosgene-induced lethality in
rats after the rats had experienced an exposure to phosgene at a nonlethal
concentration. Ratswere divided into two groups (12 per group). Half of each
group wasexposed to 19.2 ppm phosgene for 10 min and theother half served
as a control group. Five days later, the preexposed and control rats were
exposed to phosgene at 55.2 , 60, 75.6, and 105.6 ppm for 10 min. Therats
were then observed for the next 48 h for deaths. The pretreated rats had a
reduced percentage of mortality (33%) compared with the control animals
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TABLE 1-6 Acute Lethality of Phosgenein Mice

Time (min) LCx, (ppm) Reference
1 850 Chasis 1944
3,300 Moor and Gates 1946
5 33 Kawai 1973
10 77 (male); 61 (female) Zwart et a. 1990
15 15 Cameron and Foss 1941
30 18 (male); 11 (female) Zwart et al. 1990
30 5.1 Kawai 1973
60 9 (male); 5 (female) Zwart et a. 1990

(74%). Thus, partial protectionfrom phosgene-induced | ethality was obtained
by the phosgene pretreatment.

3.1.3. Guinea Pigs

The few acutelethality studies of phosgene in guinea pigs do not contain
experimental details such as strain or gender, number of animals exposed, or
analytical methodol ogy. These |less-than-adequate studiesare summarizedin
Table 1-8.

3.1.4. Rabbits

Aswasthe case with guinea pigs, the few acute lethality studies of phos-
genein rabbits do not contain experimental details such as strain or gender,
number of animals exposed, or analytical methodology. These less than ade-
guate studies are summarized in Table 1-9.

3.1.5. Cats
Wirth (1936) reported no deaths in cats exposed to phosgene at 1.8 ppm

for 470 min. A 1-min LC,, of 1,482 ppm was reported by Moor and Gates
(1946), and a 15-min LC,, of 80 ppm was reported by Underhill (1920). No
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TABLE 1-7 Acute Lethality of Phosgene in Rats

Number/  Exposure Concentration

Strain  Gender Time (min) (ppm) End Point  Reference

NR NR 10 35 LCy Shils 1943

NR NR 10 60 LCu Shils 1943

NR NR 1 1,625 LCs Chasis 1944

NR 44/NR 10 38-75 LCy Box and
Cullumbine
1947a

NR NR 12 30 LCq Chasis 1944

NR NR 15 35 LCs Cameron and
Foss 1941

NR NR 20 15 LCsg Kimmerle
and Diller
1977

Wistar 40/NR 30 10-15 LCs Henschler
and Laux
1960

NR NR 20 25 LCsg Rothlin 1941

NR NR 12 85 LCq Shils 1943

NR NR 10 40 LC, Kimmerle
and Diller
1977

NR 32/NR 10 39-103 LCs Box and
Cullumbine
1947a

Wistar 40/NR 20 25 LCsy Henschler
and Laux
1960

NR NR 3 220 LCipo Winternitz et
al. 1920

NR 12/NR 10 147 LCioo Box and
Cullumbine
1947a

NR 10/NR 13 73 LCi Schultz 1945

(Continued)
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TABLE 1-7 Continued

Number/  Exposure Concentration
Strain  Gender Time (min) (ppm) End Point  Reference
NR NR 20 37 LCip Rothlin 1941
NR NR 30 22 LCipo Winternitz et

al. 1920

NR, not reported.

details, such as number, gender, strain of cat, or methodol ogy, wereprovided
in any of these studies.

3.1.6. Dogs

Meek and Eyster (1920) exposed eight mongrel dogs (gender not speci-
fied) to phosgene at 80-100 ppm for 30 min. All eight died within 24 h
postexposure. Pulmonary edema with some evidence of cardiac effects was
observed at necropsy.

Additional dog lethality information is presented in Table 1-10.

3.1.7. Goats

Karel and Weston (1947) reported a10-min LC,, of 250 ppm for agroup
of 30 female and 1 male goat, and Underhill (1920) reported a15-min LC,, of
180 ppm for a group of 61 goats. All goats died when exposed to phosgene
at 8,750 ppmfor 1 min (Tobias 1945), 500 ppmfor 3 min, or 110 ppm for 30
min (Winternitz et al. 1920). No further experimental detailswere available.

3.1.8. Sheep

A 10-min LC,, value of 333 ppm was determined from exposing groups
of two Dorset crossbred wethers to phosgene at concentrations of 135, 240,
427, or 758 ppmfor 10 min, followed by a24-h observation period (Keeler et
al. 1990b). Animals that died displayed a mixture of stringy mucous and
frothy whitematerial from the proximal tracheato the smaller bronchiolesthat
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TABLE 1-8 Acute L ethality of Phosgene in Guinea Pigs

Exposure Time  Concentration

(min) (ppm) End Point Reference

1 672 LCqg Chasis, 1944

15 32 LCs Underhill, 1920

30 18 LCqg Chasis, 1944

30 141 LCs M oor and Gates,
1946

85 LCy Coman et al., 1947

3 220 LCi Winternitz et al.,
1920

30 20 LCi Winternitz et al.,
1920

20 77 LCi Ong, 1972

filled the alveoli, perivascular spaces, and interlobular septa. Sheep that
survived the 24-h postexposure period were noted to have airways with scant
amounts of mucus and frothy white material and mild to moderate alveolar
edema.

3.1.9. Nonhuman Primates

Chasis(1944) reported a1l-min LC,, of 240 ppm for agroup of monkeys.
The strain, gender, and number of animals werenot reported. A 1-min LC,,
of 500 ppm was reported for 19 male and 18 femal e Rhesus monkeys (Weston
and Karel 1947). Moor and Gates (1946) found that all monkeys died when
exposed to phosgene a a concentration of 1,087 ppm for 1 min. No other
experimental details were available for either study.

3.2. Nonlethal Toxicity

3.2.1. Mice

Hatch et al. (1986) exposed Swiss abino mice (eight per group) to
phosgene at 0, 0.1, 0.2, 0.5, or 1 ppm for 4 h in an 11.3 ft* Rochester-type
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TABLE 1-9 Acute Lethality of Phosgene in Rabbits

Exposure Time  Concentration

(min) (ppm) End Point Reference

30 17 LCy Frosolono 1977

1 3,200 LCs Moor and Gates 1946

15 187 LCy Underhill 1920

20 110 LCsy Cameron and Courtice
1946

20 20 LCs Laquer and Magnus 1921

30 100-135 LCy Halpern et a. 1950

30 93 LCy Frosolono 1976

30 82 LCq Shils 1943

35 151 LCqy Coman et al. 1947

15 220 LCio Winternitz et al. 1920

30 110 LCio Winternitz et al. 1920

chamber. The phosgenewas mixed with filteredroom air before the metering
orifice of the chamber and introduced into the chamber airstream. The cham-
ber airstream had aflow rate of 1 chamber vol ume per minute, and the cham-
ber air was sampled every 10 min. Phosgene concentrations werefirst deter-
mined by gas chromatography, and an infrared analyzer was used for asecond
check. Actual chamber concentrations were within 2% to 6% of target con-
centrations. Eighteen to 20 h postexposure, thelungs were lavaged and ana-
lyzed for bronchiolar aveolar lavage fluid protein (L FP), an indicator of pul-
monary edema. The LFPfindingswere292 + 18, 302 + 21, 941 + 105, 1,302
* 149, or 2,168 + 167 (units not provided) for 0, 0.1, 0.2, 0.5, or 1 ppm, re-
spectively. Thelowest exposure concentrati on producing astatistical ly signif-
icantly (p < 0.05) altered protein concentration was 0.2 ppm.

Inanother study, llling et al. (1988) exposed groupsof 37-39female CD-1
miceto phosgeneat 0.1to 0.5ppmfor 4 h. Animalswereexposed in stainless
steel exposure chambers. Phosgene concentrationswere monitored primarily
by gas chromatography and double checked by infrared analysis. There was
asignificant (p < 0.05) increasein pentobarbital-induced sleepingtimeinmice
exposed at 0.15to 0.5 ppm compared with air controls. Nosignificant differ-
ences were observed in cytochrome P450 levels, body weights, or liver
weights between phosgene-exposed mice and air controls.
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TABLE 1-10 Acute Lethality of Phosgenein Dogs

Number/ Exposure Concentration End

Strain Gender Time (min)  (ppm) Point Reference

NR 12/NR 10 110 LC, Cameron and
Courtice
1946

NR NR 1 2,100 LCy Chasis 1944

NR NR 10 45 LCy Kimmerle
and Diller
1977

NR 24/NR 15 60-70 LCs,  Underhill
1920

NR NR 20 502 LCg, Chasis1944

NR 6/NR 30 100-175 LCy, Pattetal.
1946

NR NR 30 78 LCy  Postel and
Swift 1945

Mongrel 18/NR 3 745-880 LC,, Comanetal.
1947

NR 94/NR 20 135 LC,, Freeman et
al. 1945

NR 42/NR 30 98 LC,, Postel and
Swift 1945

Mongrel 15/M ,F 30 124 LCyq Schultz 1945

Mongrel 32/NR 10 39-103 LC, Boxand
Collumbine
1947

Mongrel NR 3 734 LCq Coman et al.
1947

Mongrel NR 30 90 LCq Coman et al.
1947

NR, not reported.

Box and Cullumbine (1947b) exposed agroup of 37 miceto phosgene at
144 ppm for an unspecified period of time. Subgroups of four or five of these
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mice were sacrificed on postexposure days 1, 2, 3, 4, 5, 7, 10, or 14. A
histopathol ogical examination was performed on the lungs of these animals.
Varying degrees of edema, patches of leucocytic infiltration, and bronchial
and bronchiolitic epithelia being lifted by edema were observed on
postexposureday 1. More severe edemaand collapsed lungswith leukocytic
infiltration were observed on postexposure days 2-5. Thelungsof theremain-
ing mice were essentially normal by postexposure days 10 through 14.

3.2.2. Rats

A total of 118 male Wistar rats were exposed to phosgene at 0.5 to 4.0
ppm for 5min to 8 h (Rinehart 1962; Rinehart and Hatch 1964). The expo-
sureswerevariedto give CT products between 12 and 360 ppm-min and were
carried out in 1,700-L wooden exposure chambers operating at a constant
ventilation rate of 1,000 L/min. The chamber surfaces were lacquered, and
thus, potential lossof phosgene by reaction with thewooden surfacewasmini-
mized. Thissystem provided for air “turnover” every 2 min and a 99% equi-
librium time of 8 min. Air sampleswere taken frequently during exposures,
and adjustments were made when necessary to maintain constant phosgene
concentrations. In addition to the lethality data presented in Section 3.1.2,
several conclusionswere aso drawn concerning nonletha end points. First,
the CT product appearsto be avalid way to express pulmonary irritation due
to phosgene exposure. Thisisbased onthefinding of equal degrees of respi-
ratory response, as measured by reductionin pulmonary gas exchange capac-
ity, from exposuresto various combinationsof Cand T that yield thesame CT
product. Second, there isno decrease in pulmonary performance from expo-
sureslessthan CT = 30 ppmmin, but above thislevd, gasexchange capacity
decreasesdirectly with alog increasein CT. Finally, for low level exposures
(below CT = 100), the major site of action is the respiratory bronchioles,
although above this level, the alveoli areinvolved.

In alater publication of theabove experiment (Grosset al. 1965), pulmo-
nary pathology from the phosgene-exposed rats was described. Exposureto
phosgeneat high concentrations (2 ppm for 90 min) produced chemical pneu-
monia, and exposureat lower concentrations produced “ chronic pneumonitis.”
The degree of pneumonitis produced by phosgene wasrated as slight, moder-
ate, or severe. Slight pneumonitiswas defined asmural thickening of respira-
tory bronchioleswith involvement of adjacent alveoli. M oderate pneumonitis
wasdefined asalveolar involvement inaperibronchiolar zonethat extends no
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morethan one-third of the distance to thenext bronchiole. Severe pneumoni-
tiswas defined as mural thickening of the respiratory bronchioles accompa-
nied by obliteration of adjoining alveoli and air spaces containing desqua-
mated alveolar cells. Thelowest 1-h phosgene concentration producing mod-
erate pneumonitiswas 0.8 ppm. The sameeffect occurred with 1-h exposures
to phosgene at 0.9, 2.5, or 3 ppm. Thisoccurred in two of threerats, the third
rat displaying slight pneumonitis.

Hatch et al. (1986) exposed Sprague-Dawley rats (eight per group) to
phosgene at 0, 0.1, 0.2, 0.5, or 1 ppm for 4 h. The exposure system and pa-
rameters were similar to those described in Section 3.2.1 (Hatch et a. 1986).
Actual chamber concentrations were within 2% to 6% of target concentra-
tions. Eighteento 20 h postexposure, thelungs werelavaged and analyzed for
bronchiolar aveolar lavage fluid protein (LFP). The LFP findingswere 340
+ 38,258 + 18, 506 + 54, 1,642 + 116, or 2,471 + 125 (units not provided) for
0, 0.1, 0.2, 0.5, or 1 ppm, respectively. The lowest exposure concentration
producing asignificantly (p < 0.05) increased protein concentration was 0.2
ppm.

Male Sprague-Dawley rats were exposed to phosgene at 0, 0.125, 0.25,
0.5, or 1 ppmfor 4 hand sacrificed on day 0, 1, 2, or 3 postexposure (Currie
et al. 19874). Animals were exposed in 0.32 n? Rochester-type inhalation
chambers. The air flow was 0.32 m*/min, and the gas mixture passed down-
wardthrough stai nlesssteel wire cages hol ding the animal sand wasexhausted
at the bottom through a water scrubber. Temperature in the chambers was
23.0 £ 3.4°C, and humidity was 60 + 10% during exposures. The chambers
were monitored by both infrared analys's and gas chromatography continu-
ously during exposure, and even phosgene distribution was assured by sam-
pling from various areas of the exposure chamber. Measured phosgene con-
centrationswere within 2% to 6% of target concentrations. Exposure-related
changes were observed in body weights, wet lung weights, LFP concentra-
tions, and total cell count and differential cell count in lavage fluid. Body
weightsweredecreased immedi ately after exposurethrough day 2 for the0.5-
and 1-ppmexposure groups. Wet lung weightswereincreasedinthe 0.5 ppm
exposure group on postexposure days 1, 2, and 3 and in the 1-ppm exposure
group immediately after exposure and on postexposuredays 1, 2, and 3. The
relative wet-lung-to-body-weight ratios were increased immediately after
exposure and on days 1, 2, and 3in the 0.5- and 1-ppmexposure groups. LFP
concentrations were increased in the 0.25-ppm exposure group on day 1 and
in the 0.5- and 1-ppm exposure groups immediately after exposure and on
days 1, 2,and 3. Total cdl countsin lavage fluid were elevated in the 1-ppm
exposuregroup ondays2 and 3. Percentage of polymorphonuclear |eukocytes
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wereincreased in the 0.25-ppm exposuregroup on days1 and 2 andinthe 0.5-
and 1-ppmexposure groupson days 1, 2, and 3. The LFP and cel lular param-
eters had their peak effect on day 1 postexposure and had begun areturn to
control values by day 3 postexposure, suggesting that the pulmonary damage
was reversible or rapidly repairable.

Inanother study, Currieet al. (1987b) exposed male Sprague-Dawley rats
to phosgene at 0, 0.05, 0.125, 0.25, 0.5, or 1 ppm for 4 h. The exposure sys-
tem and parameters were similar to those described in Currie et al. (19874).
Animals were sacrificed immediately after exposure and at days 1, 2, and 3
postexposure. The ATP concentrationsin lungs were significantly (» < 0.05)
decreased immediately after exposure at all exposure concentrations. The 1-
ppm exposure group also had decreased ATP concentrations on day 1 and
increased ATP concentrationsondays2and 3. All other exposuregroups had
ATPconcentrationssimilar to control valuesondays1,2, and 3. LFPconcen-
trations were only measured immediately after exposure and were linearly
increased at 0.25, 0.5, and 1 ppm.

Frosolono and Pawlowski (1977) exposed anesthetized male CFE
Carworth rats to phosgene at 0, 100, 200, or 430 ppm for approximately 10
min. Animalswere exposed in a364-L glassand stainless-steel chamber, and
phosgene concentrations were estimated with a phosgene detector tube. The
authors stated that “the analytical method for the determination of phosgene
concentrations is not highly precise ... and concentrations given should be
considered putativeor nominal.” Groupsof sixto eight ratsper concentration
were sacrificed 0, 30, 60, or 90 min after exposure. No percentage change of
lung water (used as a measure of pulmonary edema) was observed in rats
exposed to phosgene at 100 or 200 ppm and sacrificed 0 and 30 min after
exposure. However, 60 min postexposure, the 100-ppm exposure group had
a6.7% increase in lung water and the 200-ppm exposure group had an 8.7%
increase in lung water. Cytochrome C oxidase activities (specific and total)
from the lungs were decreased, ranging from 30.1% to 79.8% after rats were
exposed at 100 ppm and sacrificed 0, 30, and 60 min after exposure. After
exposure at 200 ppm, relative serum lactic dehydrogenase (LDH) activities
were increased from 1- to 3-fold over the postexposure time of 0to 90 min.
An exposure at 430 ppm resulted in decreased lung LDH activities (specific
andtotal) ranging from 3.3% to 70.8% in the organell e fractions (homogenate
and soluble). The authors suggested that the decreased LDH activities were
indicative of cellular damage resulting inincreased serum LDH activities.

Inadifferent report, Pawlowski and Frosol ono (1977) describe pulmonary
ultrastructural alterationsin male CFE Carworth rats exposed to phosgenein
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amanner essentially identical to that described in Frosolono and Pawlowski
(1977). Immediately after exposure, animals exposedto phosgeneat 100 ppm
exhibited vesiculation of ciliated and Clara cell cytoplasmin the bronchiolar
epithelium, and interstitial edema was observed 30 min postexposure. In
anima's exposed to phosgene at 200 ppm, interstitial edema was observed
immediately after exposure, andfocal Type cell discontinuities and intersti-
tial and intracel lular edema were present 30 min postexposure. At 48 min
postexposureto phosgene at 200 ppm, interstitial cellular edemawith general
septal thickening andinvolvement of Typell cellswasobserved. At430ppm,
cytoplasmic sequestration figures were observed in Type |1 cells 60 min
postexposure.

In another study, lavage protein concentrations and histopathological
assessments of the lungs were determined in male Wistar rats (10-15 per
group) exposed to phosgene at 0, 0.1, 0.15, 1, 2.5, or 5 ppm for 10, 20, 50, 60,
250, 330, or 500 min (Diller et al. 1985). The exposure concentrations and
durations were paired to provide different exposure scenarios corresponding
to <50 ppm-min. A special 7-L plexiglasschamber wasconstructedto achieve
reliable exposures at low concentrations of phosgene. Air exchange was 8-
fold per minute, and consistency of phosgene concentration throughout the
chamber was confirmed by a movable suction probe. Long-term mean phos-
gene concentrationswere measured by collection of the gas samplesin aglass
bubbler and subsequert titration. Consi stency throughout exposurewas deter-
mined by a galvanometric analyzer, and concentration was checked using
detector paper. Animalswere sacrificed either 24 or 48 h after the phosgene
exposure. A phosgene concentration at 50 ppmmin (5 ppm for 10 min) was
required to produce alveolar edema. A concentration of 50 ppm-minwasalso
requiredto produceanincreasein LFP, and widening of pulmonary interstices
was observed at 25 ppm-min. No phosgene threshold was observed for the
latter two parametersdown to 0.1 ppm, indicating that the CT =k re ationship
isvalidfor thesetwo parameters. However, under the conditions of this study,
Haber’s rule appears to be valid for pulmonary edema only downto 5 ppm.

Franch and Hatch (1986) exposed mal e Sprague-Dawley ratsto phosgene
at either 1 ppm for 4 h with the sacrifices occurring immediately after expo-
sureand on recovery period days 1, 2, 7, or 14 or 1 ppmfor 7 h with the sacri-
fices occurring hourly during the exposure period. The exposure system and
parameters were similar to those described in Section 3.2.1 (Hatch et al.
1986). Actual chamber concentrations were 0.98 + 0.03 ppm for the 4-h
exposure regimen and 1.03 + 0.02 ppm for the 7-h exposure regimen. Body
weights of rats exposed at 1 ppm for 4 h were significantly (» < 0.01)
decreased to 13% below controls on day 1 postexposure. Body weights in-
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creased toward control values, achieving 3% below controlsonday 14. Food
consumption was also decreased compared with controls but was less than
10% below norma by day 4. Lung weights of exposed animals were 60%
greater than controls immediately after exposure and remained elevated
through day 7 postexposure. Lungnonprotein sulfhydryl (NPSH) content was
similar in control and exposed rats on day 1, had increased to 80% above
controls on day 2, and decreased back to control levelsby day 7. Glucose-6-
phosphate dehydrogenase (G6PD) activity was increased 40% in exposed
anima scompared with controlsfromdays 1 through 14. Sequential examina
tion every hour during a 7-h exposure revealed lung weights increasing 4 h
into the exposure, reaching a maximum elevation of 60% above controls at 6
h. BoththeNPSH levelsand G6PD activitieswere decreased inthis exposure
regimen.

Frosolono and Currie (1985) investigated the effect of phosgene on the
pulmonary surfactant system (PSS) in groups of six tol4 ratsexposed to phos-
geneat 1 ppm for 4 h. The exposure system and parameters were similar to
those described in Section 3.2.1 (Hatch et al. 1986). The actual chamber
concentrationwas 1.0+ 0.06 ppm. Animalswere sacrificed immediately after
exposure, or on postexposure days 1, 2, or 3. Pulmonary edema was present
immediately after exposureand persisted through day 3. Phosphatidylinositol
level sweresi gnificantly (p < 0.05) decreased compared with control simmedi-
ately after exposure only. Phosphatidylserine and phosphatidylethanolamine
levelswere significantly increased compared with controls on days 1,2, and
3 postexposure. Phosphatidylcholine levelswere increased at all time points
compared with contrals.

Jaskot et al. (1989) exposed groups of male Sprague-Dawley rats (16 per
group) to phosgene at 0 or 0.5 ppmfor 4 h. The exposure systemand parame-
terswere similar to those described in Section 3.2.1 (Hatch et al. 1986). The
actual chamber concentration was 0.54 + 0.05 ppm. Therats were sacrificed
immediately or 24 h postexposure. Phosgene-exposed ratsshowed no changes
in angiotensin-converting enzyme (ACE) activity in lavage fluid or serum
comparedwith controls. Whole-lung A CE activity wassignificantly increased
immediately after exposure and 24 h postexposure, withincreases of 55% and
44% above contrals, respectively. Phosgene-exposed rats also had increased
ACE activity in lavage cell pellets, with increases of 50% and 54% above
controlsat 0 and 24 h, respectively.

Assessment of pulmonary immunocompetence was determined by expos-
ing mal e Fischer 344 ratsto phosgeneat 0.1, 0.5, or 1 ppm for 4 h and measur-
ing pulmonary natural killer cell activity on day 1, 2, 4, or 7 postexposure
(Burleson and Keyes 1989). The animalswereexposed in aRochester cham-
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ber; temperature and humidity weremaintained at 23.3+ 1.7°C and 60 £ 10%,
respectively. The chamber atmosphere was continuously monitored during
exposures by both gas chromatography and infrared analysis. The actual
chamber concentrationswere 0.97, 0.49, and 0.10 ppmfor the 1-,0.5-, or 0.1-
ppm groups, respectively. The pulmonary natural killer activitiesin the rats
exposed at 1 ppm were significantly (p < 0.05) decreased ondays 1, 2, and 4.
A decrease (p < 0.05) in natural killer cell activity was aso observed in the
0.5-ppm group. No effect was noted in the 0.1-ppm group.

Another immunological assessment, pulmonary cytotoxic T-lymphocyte
(CTL) activity, was examined in male Fischer 344 rats exposed to phosgene
at 0 or 1 ppm for 4 h. Animals were exposed in a Rochester exposure
chamber, and the exposure atmosphere was monitored by gaschromatography
andinfrared analysis. The actual exposure concentrationwas1.0£0.04 ppm.
Twenty-four hours after phosgene exposure, subsets of both the control and
phosgene-treated rats were infected with influenza virus. The remaining
control and phosgene-exposed rats were sham infected with uninfected lung
homogenate. Animals were sacrificed on day 2, 5, 7, 10, 15, or 20
postinfection (Ehrlich et al. 1989).

A significant suppression of CTL activity wasnotedin phosgene-exposed,
influenza-infected ratscomparedwithair-controls, air-infected, and phosgene-
treated sham-infected animals. This effect was observed only on day 10
postinfection; however, thisis atime when peak activity is normally detected
in control rats. Body weights were significantly decreased (p < 0.05) in
phosgene-exposed, infected and uninfected rats on day 2 postinfection andin
phosgene-exposed, infected animalsatday 5. Lungweightsweresignificantly
increased (p < 0.05) in phosgene-exposed, infected and uninfected rats on
days 2 and 5 postinfection compared with air-infected and air-uninfected
controls.

3.2.3. Guinea Pigs

Cameron et al. (1942) exposed ten guinea pigsto phosgene at an average
concentration of 0.86 ppmfor 5h. All survived anapparent 24-h postexposure
period.

Hatch et al. (1986) exposed Hartley gui neapigs (eight per group) to phos-
geneat 0,0.1,0.2, 0.5, or 1 ppmfor 4 h. Theexposure system and parameters
are similar to those described in Section 3.2.1 (Hatch et al. 1986). Actual
chamber concentrationswerewithin 2%to 6% of target concentrations. Eigh-
teen to 20 h postexposure, the lungs were lavaged and analyzed for bronchi-
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olar alveolar lavagefluid protein (LFP). TheLFPfindingswere 305+ 19, 228
+ 47,407 £ 75,524 £ 47, or 1,212 + 149 (units not provided) for 0, 0.1, 0.2,
0.5, or 1 ppm, respectively. The lowest exposure concentration producing a
significantly (p < 0.05) atered protein concentration was 0.5 ppm.

In another study, Hartley guinea pigs (five per group) were exposed to
phosgene at 0, 0.25, or 0.5 ppm for 4 h (Slade et al. 1989). The exposure
chamber and atmosphere generation and measurement systems were similar
to those used by Hatch et al. (1986). The LFP concentrations were measured
16to 18 h after exposure. These investigators found that the L FP concentra-
tions were elevated by 90% in animals exposed to phosgene at 0.25 ppm and
250% in animals exposed at 0.5 ppm, when compared with controls.

3.2.4. Hamsters

Hatch et al. (1986) exposed Syrian Golden hamsters (eight per group) to
phosgeneat 0, 0.1, 0.2, 0.5, or 1 ppm for 4 h. The exposure system and pa-
rameters were similar to those described in Section 3.2.1 (Hatch et al. 1986).
Actual chamber concentrations were within 2% to 6% of target concentra-
tions. Eighteento 20h postexposure, thelungswere lavaged and analyzed for
bronchiolar alveolar lavage fluid protein (LFP). The LFP findings were 319
6,347 £ 14,520 £ 63, 1,289 + 92, or 3,035 £ 111 (units not provided) for
0, 0.1, 0.2, 0.5, or 1 ppm, respectively. The lowest exposure concentration
producingasignificantly (p <0.05) altered protein concentrationwas0.2 ppm.

3.2.5. Rabbits

Cameron et al. (1942) exposed ten rabbits to phosgene at an average con-
centration of 0.86 ppm for 5 h. All survived an apparent 24-h postexposure
period.

Hatch et al. (1986) exposed New Zealand white rabbits (eight per group)
to phosgene at 0, 0.1, 0.2, 0.5, or 1 ppm for 4 h. The exposure system and
parameters were similar to those described in Section 3.2.1 (Hatch et al.
1986). Actua chamber concentrations were within 2% to 6% of target con-
centrations. Eighteen to 20 h postexposure, the lungs were lavaged and ana-
lyzed for bronchiolar alveolar lavagefluid protein (LFP). The LFP findings
were 292 + 11, 309 + 20, 346 + 26, 517 + 68, and 855 + 71 (units not pro-
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vided) for 0, 0.1, 0.2, 0.5, or 1 ppm, respectively. The lowest exposure con-
centration producing a significantly (p < 0.05) altered protein concentration
was 0.5 ppm.

3.2.6. Dogs

Coman et al. (1947) exposed adult mongrel dogsto phosgene at 108-197
ppm for 30 min and sacrificed the animals 0.63 to 8.58 h after exposure or
exposed the dogs to phosgene at 71-80 ppm for 3 min and sacrificed the
animas 0.13 to 5.32 h after exposure. Mild to severe emphysema was ob-
servedinall dogs, severity generally correl ating to exposure concentrationand
time. Swelling and sloughing of the bronchiolar mucosa were then observed
and were usually confined to bronchioles proximal to the respiratory bronchi-
oles. Transient bronchiolar constriction, followed by dil atation of thebronchi-
oles, was also observed. Congestion of the lung and alveolar edema usually
followed in the lower exposure concentrations at the 30-min exposure time
with the lung congestion preceding alveolar edema in the higher exposure
concentrations at the 3-min exposure time. Lung—to—-body weight ratios in-
creased as both exposure concentration and/or sacrifice time after exposure
increased.

Inanother study, adult mongrel dogswere exposed to phosgenefor 30min
at concentrations that fluctuated between 24 and 40 ppm (Clay and Rossing
1964). The experimental design was asfollows: (1) two dogs served as con-
trols, (2) seven dogs were exposed one or two times and sacrificed 1 or 2 d
after the last exposure, (3) seven dogs were exposed four to 10 times and
sacrificed from 1 to 7 d after the last exposure, (4) fivedogs were exposed 15
to 25 times and sacrificed immediately or from 1 to 14 d after the last expo-
sure, and (5) four dogs were exposed 30 to 40 times and sacrificed immedi-
ately or from 1 to 12 wk after the last exposure. For all animalsexposed one
or two times, acute bronchialitis or peribronchiolitis developed. Pulmonary
emphysema was produced in dogs receiving more than two exposures.

3.2.7. Sheep

Groupsof ten unanesthetized, adult sheep were exposed to phosgene at 0
or 767 ppm for 10 min (Assaad et al. 1990). Blood sampleswere collected
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immediately beforethe exposureand 15, 30, 60, 120, 180, or 240 min after the
exposure; also, plasma progacyclin and thromboxane metabolites (6-keto-
PGFI, and TXB,) concentrations were measured. Levelsof both metabolites
weresignificantly (p < 0.05) increased in the exposed animals compared with
pre-exposure baseline values and air-control values. The 6-keto-PGFI, re-
turned to control valuesby 180 min, whereas the TXB, did not. The authors
concludedthat (1) acutelunginjury occurred immediately following exposure
even though pulmonary edemaand symptoms of pulmonary toxicity devel op-
ed 4 to 8 h after exposure, (2) phosgene may induce pulmonary edema by
injuring cell membranes, and (3) arachidonic acid metabolites may be useful
as early, nonspecific markers for phosgene-induced lung injury.

Inasubsequent study (Assaad et al. 1991), ten unanestheti zed, adult sheep
were exposed to phosgene at 0 or 767 ppm for 10 min and were sacrificed 4
h after exposure. Gross examination of the lungs revealed congestion and
edema, and the light microscopic eval uation demonstrated alveolar and inter-
stitial edema, fibrin and neutrophil exudation in the air spaces, and increased
alveolar macrophages. The electron microscopic examination revealed that
Type | pneumocytes had intracellular swelling, necrosis, and denuding of
basement membrane with the preservation of the tight junctions. Type Il
pneumocytes showed loss of lamellar bodies, cytoplasmic swelling, and dam-
ageto theendoplasmicreticulum. Endothelial cellsshowedincreased density
andvesicular activity, cytoplasmic swelling, and displacement of the basement
membrane.

Five Dorset-crossbred wether sheep underwent surgery in order to provide
simultaneous information concerning phosgene exposure and pulmonary
vascular and interstitial fluid dynamics (Keeler et a. 1990a). The efferent
duct of the caudal mediastinal lymph node was cannulated to monitor pulmo-
nary lymph flow. Additionally, a carotid atrial catheter, a pulmonary artery
catheter, and a left atrid catheter were implanted to monitor systemic and
pulmonary hemodynamics. After a5- to 7-d recovery period, the sheep were
exposed to phosgene at 480-600 ppm for 10 min. The control pulmonary
lymph flow rate was 10.3 + 2.2 g/h, and the exposed sheep values were 19.5
+6.0,21.5+6.0,225+6.0,24.0+5.9,26.5+5.3,26.9+ 6.0, or 27.3+ 5.8
g/hfor 1, 1.5, 2, 2.5, 3, 3.5, or 4 h postexposure, respectively. Therewas a
small increasein mean pulmonary microvascular pressure but no changeinthe
ratio of lymph-to-plasma protein concentration. Sheep were sacrificed 4 h
after exposure. Histopathological evaluations of the lungs revealed diffuse,
moderate alveolar and interlobular edema.
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3.2.8. Goats

Cameronet al. (1942) exposed two goats to an average phosgene concen-
tration of 0.86 ppm for 5 h. Both survived an apparent 24-h postexposure
period.

3.2.9. Cats

Cameronet al. (1942) exposedtwo catsto an average phosgene concentra-
tion of 0.86 ppmfor 5h. One cat became “very ill” with considerablelabored
breathing, but both survived an apparent 24-h postexposure period.

3.2.10. Monkeys

Cameron et al. (1942) exposed two monkeys to an average phosgene
concentration of 0.86 ppmfor 5h. Oneof the monkeysbecame*“very ill” with
considerable labored breathing, but both survived an apparent 24-h
postexposure period.

3.3. Developmental and Reproductive Toxicity

Developmental and reproductive toxicity studies regarding animal expo-
sure to phosgene were not available.

3.4. Genotoxicity

Genotoxic studiesregarding animal exposure to phosgene werenot avail-
able. However, thetwo highly reactive chlorines of phosgene suggest that it
couldact on DNA inasimilar manner tothat of bifunctional alkylating agents
(Shah et a. 1979).

3.5. Carcinogenicity

A study by Sdgrade et al. (1989) showed that exposure to phosgene at
very low levels enhances the susceptibility of mice to lung tumor formation.
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Femae C57BL/6 mice were exposed for 4 h to phosgene at 0.01 (N = 13),
0.025 (N = 28), or 0.05 ppm (N = 35) and injected intravenously with
syngeneic B16 melanoma cells on the following day. Controlswere injected
with tumor cdls and exposed to air. The lungs were removed 2-3 wk after
tumor cell injection and the tumors were counted. Compared with controls,
there was a statistically significant (» < 0.05) increase in the number of B16
melanomatumorsin thelungs of micetreated with phosgene at 0.025 or 0.05
ppm. The number of tumors per lung were 105, 110, or 185 in micetreated
with 0.01, 0.025, or 0.05 ppm, respectively, compared with 90, 75, or 100in
the respective control groups. Exposure to 0.025 ppm was considered the
lowest-observed-effect level. Extending the exposure time from4 to 8 hdid
not alter the susceptibility to B16 tumorsat 0.01 ppm.

In other experimentsusing a higher concentration, mice were exposed by
inhalation to phosgene at 0.5 ppm for 4 h and injected intravenously with
melanomatumor cells onthe following day or injected with tumors and then
exposed at 0.5 ppm for 4 h/d for 4 consecutive days. There was asignificant
increase (p < 0.05) in the number of lung tumors in the group exposed to
phosgene prior to inoculation (96 tumors per lung compared with 38 tumors
per lung for controls). Although the number of tumorsin mice exposed to
phasgene on 4 consecutive days beginning immediately after tumor injection
was higher than in contral s (65 tumors per lung compared with 48 tumors per
lung for controls), the difference was not statistically significant. These ex-
periments showed that exposurefollowing tumor injection had little effect on
tumor susceptibility compared with phosgene exposure prior to tumor injec-
tion.

3.6. Summary

Animal lethality studiesare abundant; however, the studiesare of varying
quality and many are incompletely reported. Thus, the utility of the lethality
studies must be considered on a case by case basis. Even though there are
limitati ons concerning these studies, there appearstobelittle speciesvariabil -
ity between rats, mice, and guinea pigs, and the CT = k rdationship appears
to be generally valid. (Although at very high or very low concentrations or at
exposure times so short that the animal can hold its breath, the CT =k rela-
tionship may not hold.)

Many nonlethal acute inhalation studies exist and are of generally good
quality. These studies also suggest that there are few differences between
species after acute exposure to phosgene and that the type and sequence of
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effects are similar in humans and experimental animals. Many of the
nonlethal toxicity studies describe biochemical changesin lung fluid, whose
pathogenesisislikely dueto acylation (see Section4.2). Selected biochemical
and other nonlethal effects are summarized in Table 1-11.

4. SPECIAL CONSIDERATIONS
4.1. Metabolism and Disposition

Followinginhalation exposure, asmall portion of phosgenehydrolyzesto
hydrochloric acid (HCI) and carbon dioxide (CO,) in the mucous coating of
the upper respiratory tract (Diller 1985), but in the moist atmosphere of the
terminal spaces of the lungs, more extensive hydrolyss is thought to occur
(Beard 1982). Although phosgene is only slightly soluble in water, once in
solution it rapidly hydrolyzes to HCI and CO,. However, phosgene reacts
even faster with other functional groups, such as amino, hydrazino, and
sulfhydryl groups (Jaskot et al. 1991; Diller 1985).

4.2. Mechanism of Toxicity

The toxicity of phosgene is due to both acylation and hydrolysis. The
acylation is most important and results from the reaction of phosgene with
nucleophiles such as amino, hydroxyl, and sulfhydryl groups of macromole-
cules. The acylation causeslipid and protein denaturation, irreversible mem-
brane changes, and disruption of enzymatic function. Phosgene depletesiung
glutathione, and glutathione reductase and superoxide dismutase increase as
aresult of the lung’ sresponse to injury. Cellular glycolysis and oxygen up-
take are decreased following exposure to phosgene, and there is a decrease of
intracellular ATP and cyclic AMP associated with increased permeability of
pulmonary vessels and pulmonary edema. Phosgene exposure also causes
increased li pid peroxidation and increased |eukotriene synthesisbut no change
in cydooxygenase metabolism (TEMIS 1997).

The hydrogen chloride formed by the hydrolysis of phosgene causes
initial irritation to the eyes, nasopharynx, and respiratory tract. However,
because of phosgene’ s poor water solubility, a minimal amount of hydrogen
chlorideisformed (TEMIS 1997).



TABLE 1-11 Summary of Selected Nonlethal Effects of Phosgene

Phosgene Exposure
Concentration (ppm) Time (h) Species Effect Reference
0.05 4 Rat Decreased ATP Currieetal. 1987b
0.1 1 Rat No edema; no histopathol ogy Diller et al. 1985
0.1 4 Rat Lung histopathology Diller et al. 1985
0.1 4 Rat No decreasein PNKC activity Burleson and Keyes 1989
0.1 4 Rat No increasein LFP levels Hatch et al. 1986
0.1 4 Rat Decreased ATP; no changesin LFP  Currie et al. 1987b
level
0.1 4 M ouse No changesin LFP levels Hatch et al. 1986
0.1 4 Hamster No changesin LFP levels Hatch et al. 1986
0.125 4 Rat No changesin LFP levels; no lung Currie et al. 1987a
weight change
0.2 4 Rat Increased levels of LFP Currieetal. 1987b
0.2 4 M ouse Increased levels of LFP Hatch et al. 1986
0.2 4 Guinea Pig No changesin LFP levels Hatch et al. 1986
0.2 4 Rabbit No changesin LFP levels Hatch et al. 1986
0.2 4 Hamster Increased levels of LFP Hatch et al. 1986
0.25 4 Rat Increased levels of LFP and PMN; Currieetal. 1987a

Ly



FIGURE 1-11 Continued

Phosgene Exposure
Concentration (ppm) Time (h) Species Effect Reference
0.25 4 Guinea Pig Increased levels of LFP Sladeet al., 1989
0.5 4 Rat Decreased body weight; increased Currie et al. 1987a
lung weight; increased levels of LFP
0.5 4 Guinea Pig Increased levels of LFP Hatch et al. 1986
0.5 4 Rabbit Increased levels of LFP Hatch et al. 1986
0.5 4 Rat Decreased PNK C activity Burleson and Keyes 1989
0.5 4 Rat Increased ACE activity Jaskot et a., 1989
1 4 Rat Increased lung weight (14 d); Franch and Hatch 1986
decreased body weight; increased
G6PD activity and NPSH content
1 4 Rat Decreased PNK C activity Burleson and Keyes 1989
1 4 Rat Increased lung weight; decreased Ehrlich et al. 1989

body weight; suppressed cytotoxic T-
lymphocytes

8y
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4.3. Structure-Activity Relationships

Phosgeneis areactive intermediate of both chloroformand carbon tetra-
chloride metabolism. Chloroformismetabolized by oxidative dehydrochlori-
nation of itscarbon-hydrogen bond toform thehighly unstabl etrichl oro-meth-
anol (CI,COH), which is then spontaneously converted to phosgene. This
reaction is catalyzed by cytochrome P-450 and occurs in both the liver and
kidneys. The evidence for phosgene formation from chloroform was the
i solation of 2-oxothicazolidine-4-carboxylicacidfromthemicrosomal incuba-
tion of chloroforminthe presence of cysteine. Thiscompoundisthe expected
product of the reaction of phosgene with cysteine (Pohl et al. 1977; Mansuy
etal. 1977). Theelectrophilic phosgenefurther reactswith water toyield CO,
and CI" (magjor end products of chloroform metabolism), but significant
amounts of phosgene bind covalently with proteins and lipids or conjugate
with cysteine or glutathione (GSH) (EPA 1985).

Covalent binding of phosgene with cellular macromolecules has been
proposed as a mechanism of chloroform-induced hepatic and renal toxicity
(Pohl et al. 1980a,b), and it isgenerally accepted that the carcinogeni c activity
of chloroformresidesin its highly reactive intermediate metabolites such as
phosgene. Irreversible binding of reactive chloroform metabolitesto cellular
macromolecules support several theoretical concepts as a mechanism for its
carcinogenicity (EPA 1985).

Covalent macromolecular binding of phosgene may be prevented to some
extent by endogenous GSH (Sipes et al. 1977). Phosgene reacts with two
moleculesof GSH to formdiglutathionyl dithiocarbonate (GSCOSG), acom-
pound identified as a metabalite of chloroform in rat liver microsomes and
mousekidney homogenatesincubated with chloroformin the presence of GSH
(Pohl et a. 1981; Branchflower et d. 1984). In mouse kidney homogenates,
GSCOSG was shown to be further metabolized by kidney «-glutamyl
transpeptidase to N-(2-oxothiazolidine-4-carbonyl)-glycine, whichin turnis
hydrolyzed, possibly in the presence of cysteinyl glycinase, to 2-
oxothiazolidine-4-carboxylic acid (Branchflower et al. 1984).

The metabolism of carbon tetrachloride proceeds via cytochrome P-450-
dependent dehal ogenation (Sipeset al. 1977). Thefirststepinvolvescleavage
of one carbon-chlorine bond to yield Cl- and a trichloromethyl free radical,
which is then oxidized to the unstable intermediate trichloromethanol, the
precursor of phosgene. Hydrolytic dechlorination of phosgeneyieldsCO, and
HCI (Shah et a. 1979). Although there are similarities in the metabolism of
chloroform and carbon tetrachloride, metabolic activation of chloroform
produces primarily phosgene, whereasthe level of phosgene production from
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carbon tetrachloride appears to be small. Pohl et al. (1981) compared the
amount of phosgene (as diglutathionyl dithiocarbamate) produced by the
aerobic metabolism of carbon tetrachloride and the amount produced from
chloroform by liver microsomes from phenobarbital-treated rats. Theresults
indicatethat phosgene productionfrom carbontetrachl orideisonly 4% of that
produced from chloroform. The reactive metabolites of both chloroformand
carbon tetrachl oride covalently bind to proteins and i pids but bind only mini-
mally to DNA and nucleic acids. The failure of the reactive species (e.g.
phosgene, trichloromethyl freeradical, and other metabolites) to significantly
bind to DNA has been ascribed to their short half-lives and to their lack of
nuclear penetration (EPA 1985).

Givento intact rats, **C-phosgene labeled liver proteins and to a smaller
extent lipids (Reynolds 1967). The pattern of labeling was different from that
of *C-carbon tetrachloride and was similar to that of **C-chloroform. It was
also shownthat **Cl-carbon tetrachl orideradioactivity wasstably incorporated
intoliver lipid and protein, pointing to the trichloromethyl radical rather than
phosgene as the reactive form of carbon tetrachloride. Cessi et al. (1966)
reported that phosgene labeled the termina amino groups of polypeptidesin
amanner similar to invivo protein labeling produced by carbon tetrachloride.
However, after inhalation, phosgene reacts completely with lavage fluid, lung
tissue, and lung capillary blood so that it is unlikely that phosgene will reach
tissue beyond the lung (Diller 1974).

4.4. Other Relevant Information
4.4.1. Haber’s Law and Time Scaling

The concept of a“death product” was introduced by Haber to explain the
relationship between the extent of exposure to phosgene and death (Haber
1924). According to“Haber's law,” the biological effect of phosgeneis di-
rectly proportional to the exposure, expressed as the product of the atmo-
spheric concentration (C) and the time of exposure (T), or CT = k, where k
can be death, pulmonary edema, or other biological effects of phosgene expo-
sure (EPA 1986). Haber’ slaw has subsequently been shown by other investi-
gators to be valid for both nonlethal and lethal effects within certain limits.

For example, Rinehart (1962) and Rinehart and Hatch (1964) showed that
the CT product appears to beavalid way to express pulmonary irritation due
to phosgeneexposureinrats. Thisisbased on the finding of equal degreesof
respiratory response, as measured by reduction in pulmonary gas exchange
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capacity, from exposures to various combinations of C and T that yield the
same CT product.

Rat and mouse lethality data from the well-conducted study of Zwart et
al. (1990) also suggest that Haber’s law is valid for phosgene. The study by
ten Berge et al. (1986) has shown that the concentration—exposure-time rela
tionship for many irritant and systemically acting vapors and gasses can be
described by therelationship C" x t = k. Whenthe 10- to60-minrat LC,, data
are utilized in alinear regression analysis a val ue of the exponent, n, of 0.93
isobtained. Themouse 10-to 60-min lethality datayield avalue of 1.3 for n.

Thus, the fact that these empirically derived values for the exponent n
approximate 1 isfurther support that Haber’ slaw is valid for phosgene.

5. RATIONALE AND PROPOSED AEGL-1

5.1. Human Data Relevant to AEGL-1

No human data were relevant for establishing AEGL-1 values.

5.2. Animal Data Relevant to AEGL-1

No animal datawere relevant for establishing AEGL -1 values.

5.3. Derivation of AEGL-1

Appropriate data were not available for derivation of AEGL-1vauesfor
phosgene. Odor cannot be used asawarning for potential exposure. The odor
threshold is reported to be between 0.5 and 1.5 ppm, a value above or
approaching AEGL-2 and AEGL -3 values, and tol erance to the pleasant odor
of phosgeneoccursrapidly. Furthermore, following odor detection and minor
irritation, serious effects may occur after aclinica latency period of <24 h.

6. RATIONALE AND PROPOSED AEGL-2
6.1. Human Data Relevant to AEGL-2

No human data were relevant to establishing the AEGL -2 values.
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6.2. Animal Data Relevant to AEGL-2

Chemical pneumoniawasobserved inratsexposed to phosgeneat 2.0 ppm
for 90 min (Gross et al. 1965). Biochemical markers of phosgene exposure,
suchasincreased L FP, were observedinmice, rats, guineapigs hamsters, and
rabbitsexposed at up to 1 ppm for 4 h (Hatch et al. 1986; Diller et d. 1985).
Other effects defined by AEGL-2 included “very ill” monkeys with labored
breathing (Cameron et d. 1942) and acute bronchiolitis or peribronchialitis
in dogs (Clay and Rossing 1964). However, alack of experimental detailsin
the monkey and dog studiesrendersthem inappropriate for AEGL derivation.

6.3. Derivation of AEGL-2

The chemical pneumonia observed in rats exposed to phosgene at 2 ppm
for 90 min (Gross et al. 1965) will be used as the basis for deriving AEGL-2
values. Thisend point waschosen because at aC x t product of 180 ppm-min,
approximately 60% of rats exhibited chemical pneumonia. Whereas, & C x
t products <180 ppm-min, only 15% of exposed rats showed pneumonia or
chemical pneumonitis. An uncertainty factor (UF) of 3 will be applied for
interspecies extrapolation because little species variability is observed in
lethal and nonlethal end points after exposure to phosgene. A UF of 3 will
also be applied to account for sensitive human subpopulations duetothe steep
concentrati on-response curve and becausethe mechani sm of phosgenetoxicity
(binding to macromolecules and irritation) is not expected to vary greatly
between individuals. Thus, the total UF is10. The concentration-time rela-
tionship for many irritant and systemicdly acting vapors and gases may be
described by C" x t = k, where the n ranges from 0.8 to 3.5 (ten Berge et al.
1986). Haber'slaw (C x t = k; n= 1) hasbeen shown to be valid for phosgene
within certain limits and will be used for scaling of the AEGL values for
phosgenefor the 30-min and 1-, 4-, and 8-htime points. The 30-minvalueis
also adopted asthe 10-minval ue, because extrapol ationwouldyielda10-min
AEGL-2 value close to concentrations producing alveolar edemain rats. The
AEGL-2 valuesfor phosgene are presented in Table 1-12, and the cal cul ations
for these AEGL-2 values are presented in Appendix A.

These AEGL -2 values are supported by the nonlethal toxicity studies of
Franch and Hatch (1986) and Ehrlich et al. (1989). In both of these studies,
rats exposed to phosgeneat 1 ppm for 4 h devel oped severe pul monary edema
and body-weight loss. If this exposure regimen and atotal UF of 10 are uti-
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TABLE 1-12 Proposed AEGL-2 Values for Phosgene (ppm [mg/m?])

Classification 10 min 30 min 1h 4 h 8h
AEGL-2 0.60 0.60 0.30 0.08 0.04
(2.5) (2.5) (1.2) (0.33) (0.16)

lized to calculate AEGL-2 values, similar supporting values of 0.8, 0.4, 0.1,
and 0.05 ppm are obtained for the 30-min and 1-, 4-, and 8-h time points,
respectively. The 10-min value is supported by the fact that Diller et a.
(1985) observed alveolar pulmonary edemain rats exposed at 5 ppm for 10
min. Applyingatotal UF of 10 to thisdata point yields a supporting 10-min
value of 0.5 ppm.

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

No human data were relevant to establishing the AEGL -3 values.

7.2. Animal Data Relevant to AEGL-3

Many lethality data exist for avariety of species(mouse, rat, guinea pig,
rabbit, cat, dog, goat, sheep, and monkeys). However, in mos cases, experi-
mental parameters are poorly described, and the quality of the data is ques-
tionablefor AEGL derivation. The mouse andrat LC,, studiesof Zwart et al.
(1990) are the exception and are appropriate for AEGL -3 derivation.

7.3. Derivation of AEGL-3

The highest concentration causing no mortality in therat after a 30-min
exposure is 15 ppm (Zwart et al. 1990). Thisvalue will be used as the basis
for deriving 30-minand 1-, 4-, and 8-h AEGL-3 values. The highest concen-
tration causing no mortality in the rat and mouse after a 10-min exposure is
36 ppm (Zwart et al. 1990); thisvaluewill be used asthe bassfor the 10-min
AEGL-3 value. A UF of 3 will be applied for interspecies extrapolation
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TABLE 1-13 Proposed AEGL-3 Values for Phosgene (ppm [mg/m?])

Classification 10 min 30 min 1h 4 h 8h
AEGL-3 3.6 1.5 0.75 0.20 0.09
(15) (6.2) (3.1) (0.82) (0.34)

because little species variability isobserved bothin lethal and nonlethal end
points after exposure to phosgene. A UF of 3 will also be applied to account
for sensitive human subpopulations due to the steep concentration-response
curve and because the mechanian of phosgene toxicity (binding to
macromolecules and irritation) is not expected to vary greatly between indi-
viduals. Thus, the total UF is 10. The concentration-time relationship for
many irritant and systemically acting vapors and gases may be described by
C"xt=k, where nrangesfrom 0.8t03.5 (ten Bergeet al. 1986). Haber'slaw
(C x t =k; n=1) has been shown to be valid for phosgene within certain
limits and will be used for scaling of the AEGL values for phosgene across
time for the 1-, 4-, and 8-h vdues. The AEGL-3 values for phosgene are
presentedin Table 1-13(above), and thecal culationsfor these AEGL -3 values
are presented in Appendix A.

8. SUMMARY OF PROPOSED AEGLS
8.1. AEGL Values and Toxicity End Points
The derived AEGL values for various levels of effects and durations of

exposure are summarized in Table 1-14. Datawere insufficient for deriving

TABLE 1-14 Summary of Proposed AEGL Values for Phosgene (ppm
[mg/m7T)

Classification 10 min 30 min 1h 4 h 8h
AEGL-1 NA NA NA NA NA
(Nondisabling)

AEGL-2 0.60 0.60 0.30 0.08 0.04
(Disabling) (2.5) (2.5) (1.2) (0.33) (0.16)
AEGL-3 3.6 1.5 0.75 0.20 0.09

(Lethal) (15) (6.2) (3.1) (0.82) (0.34)
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AEGL-1 values. Chemica pneumonia in rats was used as the basis for
AEGL-2, and the highest concentration causing no mortality in the rat after a
10- or 30-min exposure (and mice, 10-min value only) was used for AEGL-3.

8.2. Comparison with Other Standards and Guidelines

Table 1-15 provides existing standards and guidelines for phosgene.

TABLE 1-15 Extant Standards and Guidelines for Phosgene

Exposure Duration

Guideline 10 min 30 min 1lh 4h 8h

AEGL-1 NA NA NA NA NA

AEGL-2 0.60 ppm 0.60 ppm  0.30 ppm  0.08 ppm  0.04 ppm

AEGL-3 3.6 ppm 1.5 ppm 0.75ppm  0.20 ppm  0.09 ppm

ERPG-1?% NA

ERPG-2?2 0.2 ppm

ERPG-3* 1 ppm

EEGL (NRC)? 0.2 ppm 0.02 ppm
(24-h)

NIOSH IDLH® 2 ppm

NIOSH STELY 0.2 ppm

(15-min ceiling)

NIOSH REL® 0.1 ppm
(10-h)

OSHA PEL- 0.1 ppm

TWAS

ACGIH TLVf 0.1 ppm

MAK 0.02 ppm

(Germany)?

MAC 0.02 ppm

(Netherlands)"

®ERPG (emergency response planning guidelines) (AIHA 2000) The ERPG-1 is the
maximum airborne concentration below which it is believed nearly all individuals
could be exposed for up to one hour without experiencing other than mild, transient
adverse health effects or without perceiving a clearly defined objectionable odor. The



56 ACUTE EXPOSURE GUIDELINE LEVELS FOR SELECTED AIRBORNE CHEMICALS

ERPG-1 for phosgene is not derived. The ERPG-2 is the maximum airborne concen-
tration below which it isbelieved nearly all individuals could be exposed for up to one
hour without experiencing or developing irreversible or other serious health effects or
symptoms that could impair an individual’s ability to take protection action. The
ERPG-2 for phosgene is based on pulmonary pathology and function studies sugges-
tion that concentrationsexceeding 0.2 ppm may produce serious pulmonary effectsin
someindividuals. The ERPG-3 isthe maximum airborne concentration below which
itisbelieved nearly all individuals could be exposed for up to one hour without experi-
encing or developing life-threatening health effects. The ERPG-3 for phosgene is
based on acute animal inhalation dataindicating that concentrations exceeding 1 ppm
for 1 h may by expected to produce pulmonary edema and possible mortality in a
heterogeneous human population. As of 2000, the ERPG values for phosgene are
under ballot consideration and review.

PEEGL (emergency exposure guidance levels) (NRC 1985) The EEGL is the concen-
tration of contaminants that can cause discomfort or other evidence of irritation or
intoxication in or around the workplace, but avoids death, other severe acute effects
and long-term or chronic injury. The EEGL for phosgene is based on the “most rele-
vant animal exposure studies (Grosset al. 1965; Rinehart and Hatch 1964)” and studies
suggesting that animals do not tolerate phosgene at 0.2 ppm administered 5 h/d for 5
d (Cameron and Foss 1941; Cameron et al. 1942).

‘IDLH (immediately dangerousto life and health) (NIOSH 1997) 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 phosgene is
based on acute inhalation toxicity datain humans (Diller 1978).

IN1OSH REL-STEL (recommended exposure limit-short-term exposurelimit) (NIOSH
1997) isanalogousto the ACGIH TLV-TWA.

*OSHA PEL-TWA (permissible exposure limit—time-weighted average) (OSHA 1994)
is defined analogous to the ACGIH-TLV-TWA, but isfor exposures of no more than
10 h/d, 40 h/w.

'ACGIH TLV-TWA (T hreshold Limit V alue—time-wei ghted average) (ACGIH 2000)
isthetime-weighted average concentrationfor anormal 8-h workday and a40-h work-
week, to which nearly all workers may be repeatedly exposed, day after day, without
adverse effect.

IMAK (Maximale Argeitsplatzkonzentration [maximum workplace concentration])
(Deutsche Forschungsgemei nschaft [ German Research A ssociation] 2000) isanalogous
to the ACGIH-TLV-TWA.

"M A C (maximaal aanvaaarde concentratie [maximal accepted concentration]) (SDU
Uitgevers [under the auspices of the Ministry of Social Affairsand Employment], The
Hague, The Netherlands 2000) is analogousto the ACGIH TLV-TWA.
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8.3. Data Adequacy and Research Needs

No reliable, quantitative human data exist. Human data are limited to
descriptive effects from accidental exposure and are thus inappropriate for
derivation of AEGL values. Thereis, however, aplethoraof acuteinhdation
datain many experimental species. The database is sufficient to have good
confidence in AEGL-2 and AEGL -3 values.
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APPENDIX A

DERIVATION OF AEGL VALUES

Derivation of AEGL-1

Data were insufficient for derivation of AEGL-1 values for phosgene.

Derivation of AEGL-2

Key study:
Toxicity end point:

Scaling:

Uncertainty factors:

10-min AEGL-2:

30-min AEGL-2:

1-h AEGL-2:

4-h AEGL-2:

8-h AEGL-2:

Gross et al. (1965)
Chemical pneumoniain rats

Cxt=k
(2ppm) x 1.5 h =3 ppmh

3 for interspecies variability
3 for intraspecies variability

0.6 ppm (30-min value adopted asthe 10-min value)

Cx0.5hr=3ppmh
C=6ppm
30-min AEGL-2 = 6 ppm/10 = 0.6 ppm

Cx1h=3ppmh
C=3ppm
1-h AEGL-2 = 3 ppm/10 = 0.3 ppm

Cx4h=3ppmh
C=0.75ppm
4-h AEGL-2 = 0.75 ppm/10 = 0.075 ppm

Cx8h=3ppmh
C=0.375 ppm
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8-h AEGL-2 = 0.375 ppm/10 = 0.038 ppm

Derivation of AEGL-3
Key study: Zwart et al. (1990)

Toxicity end point: The highest concentration causing no mortality in
therat or mouse after a10-min exposure (10-min).
The highest concentration causing no mortality in
therat after a 30-min exposure (30-min, 1-, 4-, and

8-h).
Scaling (30-min,
1-,4-,and 8-h) : Cxt =k

(15 ppm) x 0.5 h = 7.5 ppnth
Uncertainty factors: 3 for interspecies variability

3 for intraspecies variability
10-min AEGL-3: 10-min AEGL-3 = 36 ppn/10 = 3.6 ppm
30-min AEGL-3: Cx05h=75ppmh

C =15ppm

30-min AEGL-3 = 15 ppmV/10 = 1.5 ppm
1-h AEGL-3: Cx1h=75ppmh

C=75ppm

1-h AEGL-3 = 7.5ppm/10 = 0.75 ppm
4-hr AEGL-3: Cx4h=75ppmh

C=1875ppm

4-h AEGL-3 = 1.875 ppm/10 = 0.19 ppm
8-h AEGL-3: Cx8h=75ppmh

C=0.94ppm
8-h AEGL-3 = 0.94 ppm/10 = 0.094 ppm
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APPENDIX B

DERIVATION SUMMARY FOR
ACUTE EXPOSURE GUIDELINE LEVELS
FOR PHOSGENE (CAS No. 75-44-5)

AEGL-1
10 min 30 min 1h 4h 8h
NA NA NA NA NA

Key reference: NA

Test gpecies/Strain/Number: NA

Exposure route/Concentrationsg/Durations: NA

Effects: NA

End point/Concentration/Rationale: NA

Uncertainty factors/Rationale: NA

Modifying factor: NA

Animal to human dosimetric adjustment: NA

Time scaling: NA

Confidence and Support for AEGL values: Data were insufficient for derivation
of AEGL-1 valuesfor phosgene. Odor cannot be used as awarning for potential
exposure. The odor threshold isreported to be between 0.5 and 1.5 ppm, avalue
above or approaching AEGL-2 and AEGL-3 values, and tolerance to the pleas-
ant odor of phosgene occurs rapidly. Furthermore, following odor detection and
minor irritation, serious effects may occur after a clinical latency period of <24
h.
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AEGL-2
10 min 30 min 1h 4 h 8h
0.60 ppm 0.60 ppm 0.30 ppm 0.08 ppm 0.04 ppm

Key reference: Gross, P., Rinehart, W. E., and Hatch, T. 1965. Chronic
pneumonitis caused by phosgene. Arch. Environ. Health. 10:
768-775.

Test species/Strain/Number: Wistar rats/ 118 males

Exposure route/Concentrations/Durations: Rats/Inhalation: 0.5 to 4.0 ppm for 5
min to 8 htogive C x T products between 12 and 360 ppm-min (2 ppm for 1.5 h
was determinant for AEGL-2)

Effects: 2 ppm for 1.5 h: chemical pneumonia; 0.9 ppm for 1 h: “chronic
pneumonitis”

End point/Concentration/Rationale: Rats/2 ppm for 1.5 h/chemical pneumonia

Uncertainty factors/Rationale:
Total uncertainty factor: 10
Interspecies: 3 - little species variability is observed with both lethal and
nonlethal end points in many studies after exposure to phosgene
Intraspecies: 3 - due to the steep concentration-response curve and effects
appear to be due to irritation and binding to macromolecules are not
expected to differ greatly among individuals.

M odifying factor: Not applicable

Animal to human dosimetric adjustment: Insufficient data

Time scaling: C" x t = k wheren = 1. Haber'sLaw (C x t = k) has been shown
to be valid for phosgene within certain limits (EPA 1986). Haber’s Law was
originally derived from phosgene data (Haber 1924). Reported 1.5 h data
point used for AEGL -2 derivation. AEGL values for the 30-min and 1-, 4-,
and 8-h exposure periods were based on extrapolation from the 1.5 h value.
The 30-min value is also adopted as the 10-min value because Diller et al.
(1985) observed alveolar pulmonary edema in rats exposed to 5 ppm
phosgene for 10 min. Applying atotal UF of 10 to this data point yields a
supporting 10-min value of 0.5 ppm.

Data adequacy: The databaseisrich. The calculated AEGL-2 values are sup-
ported by rat studies where exposure of rats to 1 ppm phosgene for 4 h re-
sulted in severe pulmonary edema and body weight loss. (Franch and Hatch
1986; Erlich et al. 1989). Use of these data (and application of atotal UF of
10) results in supporting AEGL-2 valuesof 0.8, 0.4, 0.1, and 0.05 ppm for
the 30 min, 1 h, 4 h, and 8 h time points, respectively. The 10-min valueis
supported by Diller et al. (1985) as described above in the time scaling sec-
tion.
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AEGL-3
10 min 30 min 1h 4 h 8h
3.6 ppm 1.5 ppm 0.75 ppm 0.20 ppm 0.09 ppm

Reference: Zwart, A. et al. 1990. Determination of concentration-time-mor-
tality relationshipsto replace LC50 values. Inhalation Toxicol. 2:
105-117.

Test species/Strain/Sex/Number: Wistar rats/ 5 males and 5 females

Exposure route/Concentrations/Durations: Rats/Inhalation: 12, 15, 16, 17, or 24
ppm for 30 min (the highest concentration causing no mortality in the rat after a
30-min exposure of 15 ppm was determinant for AEGL-3)

Effects: Concentration  Mortality

12 ppm 0/10
15 ppm 0/10
16 ppm 1/10
17 ppm 5/10
24 ppm 9/10

End point/Concentration/Rationale: The highest concentration causing no mor-
tality in the rat after a 30-min exposure 30-min experimental no-effect-level for
death (15 ppm) was used as a threshold for death in rats for the 30-min, 1-, 4-,
and 8-h values. The highest concentration causing no mortality inthe rat after a
10-min exposure (36 ppm) was utilized for the 10-min value.

Uncertainty Factors/Rationale:
Total uncertainty factor: 10
Interspecies: 3 - little species variability isobserved with both lethal and
nonlethal end points in many studies after exposure to phosgene
Intraspecies: 3 - due to the steep concentration-response curve and effects
appear to be due to irritation and binding to macromolecules are not ex-
pected to differ greatly among individuals .

M odifying factor: Not applicable

Animal to human dosimetric adjustment: Insufficient data

Timescaling: C" x t = k wheren = 1. Haber’sLaw (C x t = k) has been shown
to be valid for phosgene within certain limits (EPA 1986). Haber's Law was
originally derived from phosgene data (Haber 1924). Reported 30-min data
point used to determine the 30-min AEGL value. AEGL -3 valuesfor 1-, 4-,
and 8-h were based on extrapolation from the 30 min value. The 10-min
value was based on areported 10-min data point.

Data adequacy: The AEGL-3 values are based on awell-conducted study in rats
and the database is rich.




