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2. HEALTH EFFECTS

2.1 1 NTRODUCTI ON

Thi s chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
ethyl ene oxide. Its purpose is to present levels of significant

exposure for ethyl ene oxi de based on toxicol ogi cal studies,

epi dem ol ogi cal investigations and environnmental exposure data. This
information is presented to provide public health officials, physicians,
t oxi col ogi sts and other interested individuals and groups with (1) an
overal | perspective of the toxicology of ethylene oxide and (2) a

depi ction of significant exposure |levels associated with various adverse
health effects.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons
living or working near hazardous waste sites, the data in this section
are organi zed first by route of exposure -- inhalation, oral and dernal
-- and then by health effect -- death, systenm c, imrunol ogical
neur ol ogi cal , devel opnental, reproductive, genotoxic and carcinogenic
effects. These data are discussed in terns of three exposure periods --
acute, internedi ate and chronic.

Level s of significant exposure for each exposure route and duration
(for which data exist) are presented in tables and illustrated in
figures. The points in the figures show ng no-observed-adverse-effect
| evel s (NQAELs) or | owest-observed-adverse-effect |evels (LOAELS)
reflect the actual doses (levels of exposure) used in the studies.
LOAELs have been classified into "less serious” or "serious" effects.
These distinctions are intended to help the users of the docunent
identify the | evels of exposure at which adverse health effects start to
appear, determne whether or not the intensity of the effects varies
with dose and/or duration and place into perspective the possible
significance of these effects to human heal th.

The significance of the exposure | evels shown on the tables and
figures may differ depending on the user's perspective. For exanple,
physi ci ans concerned with the interpretation of clinical findings in
exposed persons or with the identification of persons with the potenti al
to devel op such di sease nay be interested in | evels of exposure
associated with "serious" effects. Public health officials and project
managers concerned with response actions at Superfund sites may want
information on | evels of exposure associated with nore subtle effects in
humans or animals (LOAELs) or exposure |levels bel ow which no adverse
ef fects (NOAELs) have been observed. Estimtes of |evels posing mninma
risk to humans (M ninmal Ri sk Levels, MRLs) are of interest to health
professionals and citizens alike.
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For certain chenmicals, |evels of exposure associated with
carci nogenic effects may be indicated in the figures. These |levels
reflect the actual doses associated with the tunor incidences reported
in the studies cited. Because cancer effects could occur at | ower
exposure levels, the figures al so show esti mated excess risks, ranging
froma risk of one in 10,000 to one in 10,000,000 (10° to I0"), as
devel oped by EPA

Esti mates of exposure |l evels posing minimal risk to humans (MRLS)
have been nade, where data were believed reliable, for the nost
sensitive noncancer end point for each exposure duration. MRLs include
adjustnments to reflect hunman variability and, where appropriate, the
uncertainty of extrapolating fromlaboratory aninal data to humans.

Al t hough net hods have been established to derive these | evels (Barnes
et al. 1987; EPA 1989), uncertainties are associated with the
t echni ques.

2.2.1 Inhal ati on Exposure

Most information on the health effects of ethylene oxide is derived
from ani mal inhalation studies or epideniological or case studies of
persons in occupational settings. The npbst relevant route of exposure
to a volatile conpound such as ethylene oxide in an occupational setting
is via inhalation. It is inportant to note, however, that there may be
dermal exposure, either directly or through the air, and any food on the
premises may sinmlarly be contam nated, resulting in possible ora
exposure.

2.2.1.1 Death

The avail abl e studi es on hunmans exposed to ethylene oxide in the
wor kpl ace indicate that there is no increase in nortality associated
wi th those exposures (Gardner et al. 1989; G eenberg et al. 1990;

Ki essel bach et al. 1990).

Esti mates of |ethal ethylene oxide inhalation levels in animals
depend on the exposure duration. In mce, exposures to 800 ppm for four
hours resulted in 80-100% nortality, whereas 400 ppm exposures for
14 days did not result in death (NTP 1987). Jacobson et al. (1956)
reported that the 4-hour LC, values for rats, mce and dogs were 1,460,
835 and 960 ppm respectively.

In two-year studies using mce (NTP 1987) and nonkeys (Lynch et al.
1984a), exposure to 100 ppmdid not result in increased nortality in the
test animals.

The hi ghest NOAEL val ues and all reliable LOAEL val ues for death in
each species are presented in Table 2-1 and plotted in Figure 2-1.
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2.2.1.2 Systemc Effects

Respiratory Effects. Inhalation of ethylene oxide is irritating to
mucous mnenbranes including those associated with the respiratory system
I nhal ati on exposure of workers to high concentrations of ethylene oxide
for brief periods has resulted in bronchitis, pul nonary edema, and
enphysema (Theiss 1963). Studies on | ong-term human exposure to
et hyl ene oxi de do not address the incidence of respiratory problens.

Respiratory irritati on has been reported in ani mal studies at
various exposure levels. In lethality studies, mce exposed to 200 ppm
and above for 14 weeks exhibited nasal irritation, necrosis of
epithelium and loss of cilia (NTP 1987). These | esions were not seen
in mce exposed to 100 ppmfor two years (NTP 1987).

The hi ghest NOAEL values and all reliable LOAEL val ues for
respiratory effects in each species and duration category are presented
in Table 2-1 and plotted in Figure 2-1.

Cardi ovascul ar Effects. Studies of humans and ani mal s exposed to
et hyl ene oxi de via inhalati on have not reported evidence of injury to
t he cardi ovascul ar system In a study of mal e nonkeys exposed to
ethyl ene oxide at levels up to 100 ppmfor two years, no treatnent rel ated
changes were observed in routine el ectrocardi ogranms taken
t hroughout the study (Lynch et al. 1984a).

Gastrointestinal Effects. Studies of humans and ani mal s exposed to
et hyl ene oxide via inhal ati on have not addressed the potenti al
gastrointestinal effects of these exposures. Nausea and vomting have
been reported, but these are considered to be secondary effects due to
neurotoxicity rather than a primary effect of inhaled ethyl ene oxide on
the gastrointestinal tract. (See Section 2.2.1.4)

Hemat ol ogi cal Effects. Mst studies of human exposure to ethylene
oxi de via inhalation have not exam ned the potential adverse
hemat ol ogi cal effects of this conmpound. Joyner (1964) reported no
effects on henpgl obin levels or red or white blood cell counts in
wor kers exposed to ethyl ene oxide at about 5-10 ppm for approximtely
10 years. Data reported in case studies of individuals exposed to
et hyl ene oxide in occupational settings do not provide quantifiable
informati on due to the small nunbers of subjects and | ack of information
on the level of ethylene oxide exposure.

A 10-week exposure of mce to ethyl ene oxide at 250 ppmresulted in
slight but statistically significant decreases in red blood cell nunbers
and bl ood henogl obi n concentrations. These effects were not seen at
100 ppmor below (Snellings et al. 1984a). Two-year studies of rats,



TABLE 2-1. Levels of Significant Exposure to Ethylene Oxide - Inhalation
Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious
Key?® Species Duration Effect (ppm) (ppm) (ppm} Reference
ACUTE EXPOSURE
Death
1 Mouse 4 hr 400 800b (80-100% death) NTP 1987
Developmental
2 Rat 12 wk 33 100° (decreased fetal Snellings et al.
Gdo-19 weight) 1982a
6hr/d
Reproductive
3 Rat 12 wk + 33 100b (decreased fetal Snellings et al.
Gdo-19 implants) 1982b
6hr/d
INTERMEDIATE EXPOSURE
Death
4 Mouse 14 wk 200 400 (100X mortality) NTP 1987
5d/wk
6hr/d
Systemic
5 Mouse 10-11 wk  Hepatic 250 Snellings et al.
5d/wk Hemato 100 250 (decreased 1984a
6hr/d RBCs, Hb)
6 Mouse 14 wk Resp 100 200b (nasal 400 (necrosis) NTP 1987
5d/wk inflammation)
6hr/d
7 Mouse 14 wk Renal 50¢ 100b (tubular 600 (tubular necrosis) NTP 1987
5d/wk degeneration)

6hr/d
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TABLE 2-1 (Continued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious
Key?® Species Duration Effect (ppm) (ppm) (ppm) Reference
Immunological
8 Mouse 14 wk 100 200 (hypoplasia) 600 (thymic lymph. NTP 1987
5d/wk necrosis)
6hr/d
Neurological
9 Mouse 10-11 wk 10 50b (decreased Snellings et al.
5d{wk locomotor 1984a
6hr/d activity)
Developmental
10 Rabbit 13-19 d 150 Hardin et al.
7hr/d 1983
Reproductive
11 Rat 16-37 & 150 (increased Hardin et al.
Thr/d resorption) 1983
CHRONIC EXPOSURE
Death
12 Human 5+ yr Morgan et al.
5d /wk 1981
8hr/d
i3 Mouse 2 yr 100 NTP 1987
5d/wk
6hr/d
14 Monkey 24 mo 100 Lynch et al.
5d/wk 1984a

7hr/d

¢
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TABLE 2-1 (Continued)

Exposure LOAEL_(Effect)
Figure Frequency/ NOAEL Less Serious Serious
Key? Species Duration Effect (ppm) (ppm) {ppm) Reference
Systemic
15 Human 11 yr Renal 10 Joyner 1964
5d/wk
8hr/d
16 Human 2 yr Resp 10d (nasal irritation) Zampollo et al.
1984
17 Human 2 yr Hemato 10 Zampollo et al.
1984
18 Human 11 yr Hepatic 10 Joyner 1964
5d/wk
8hr/d
19 Mouse 2 yr Renal 100 NTP 1987
5d/wk
6hr/d
20 Monkey 24 mo Cardio 100 Lynch et al.
5d/wk 1984a
7hr/d
21 Monkey 24 mo Hemato 100 Lynch et al.
5d/wk 1984a
7hr/d
Neurological
22 Human 5-20 yr 3d (hand/eye Estrin et al.
5d/wk coordination) 1987
8hr/d
23 Human 2 yr 10 (peripheral Zampollo et al.
neuropathy) 1984
24 Monkey 24 mo 50 100 (slight Lynch et al.
5d/wk demyelination) 1984a

7hr/d

2
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TABLE 2-1 (Continued)

C

LT

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious
Key? Species Duration Effect (ppm) (ppm) (ppm) Reference
Reproductive
25 Monkey 24 mo 50 (decreased sperm Lynch et al.
5d/wk counts and 1984a
7hr/d motility)
Cancer
26 Rat 2 yxr 50 CEL (peritoneal Lynch et al.
5d/wk mesothelioma, 1984b
Thr/d MNCL)
100 CEL (brain)
27 Rat 24 mo 33 CEL (brain, MNCL, Snellings et al.
5d/wk mesothelioma) 1984b
6hr/d
28 Mouse 2 yr 50 CEL (hard. gland, NTP 1987
5d/wk lung)
6hr/d 50 CEL (F:mammary)

100 CEL (F:lymphoma,
uterine gland)

SIDE4dd HITIVHH

32The number corresponds to entries in Figure 2-1.
bpresented in Table 1-2.
CUsed to derive the intermediate inhalation MRL; dose adjusted for intermittent exposure and divided by an uncertainty factor of
100 (10 for extrapolation from animals to humans, and 10 for human variability), resulting in an MRL of 0.09 ppm. This MRL
has been presented in Table 1-1.
dpresented in Table 1-1.

LOAEL = lowest-observed-adverse effect level; NOAEL = no-observed-adverse effect level; hr = hour; Gd = gestational day;
d = day; wk = week; mo = month; RBC = red blood cells; Hb = hemoglobin; Hemato = hemotological; lymph = lymphocyte;
Resp = respiratory; yr = year; Cardio = cardivascular; CEL = cancer effect level; F = females; MNCL = mononuclear cell leukemia
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FIGURE 2-1. Levels of Significant Exposure to Ethylene Oxide — Inhalation
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monkey (Lynch et al. 1984a) and mice (NTP 1987) have reported that
chroni c exposure to 100 ppm did not have any observabl e hemat ol ogi cal
ef fects.

Thus, it is not clear if hematol ogical effects are an area of
Concern associated with inhal ation exposure to ethyl ene oxide.

Muscul oskel etal Effects. No studi es were | ocated regarding
Muscul oskel etal effects in humans after inhalation exposure to ethylene
oxi de.

Lynch et al. (1984b) reported an increased incidence of skeleta
Muscl e myopathy in rats exposed to ethyl ene oxide at 100 ppm by
I nhal ati on. Lesi ons consisted of nultifocal areas of atrophy and

Degenerati on of skeletal nuscle fibers.

Hepatic Effects. Information regarding hepatic effects in hunane
After inhalation exposure to ethylene oxide is |imted to a report by
Joyner (1964) which indicated that workers exposed to about 5-10 ppm for
10 years did not have major signs of hepatic toxicity such as jaundice
or pal pable liver.

The data on hepatic effects in aninmal studies are sparse.
Qualitative evidence of liver damage is available in an earlier acute-
duration study by Hollingsworth et al. (1956) Rats and gui nea pigs
given two and three sever-hour exposures, respectively, to ethylene
oxi de at 841 ppmwere reported to have light coloration and fatty
degeneration of the liver. Because the authors did not specify which
speci es was observed to have the stated | esions, or what observations
were made in control animals, the reported results are difficult to
I nterpret.

Adverse hepatic effects have not been reported in the nore recent
literature, nost notably in the NTP (1987) 14-week study in which nice were
exposed to ethylene oxide at doses up to 600 ppm Snellings et al. (1984a)
reported an elevation in the liver to body weight ratio in fenale nice
exposed to ethylene oxide at 250 ppmfor 11 weeks; however, histological
exam nati on showed that the livers were normal at this and all other | ower
exposure levels for both sexes in this study. No hepatic effects have been
reported in chronic studies.

The hi ghest NOAEL value and all reliable LOAEL val ues for each
Speci es and duration category are presented in Table 2-1 and plotted in
Figure 2-1
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Renal Effects. Information regarding renal effects in humans after
i nhal ati on exposure to ethylene oxide is limted to a report by Joyner
(1964) which indicates that there was no evidence of nephritis or other
parenchynmal di sease anong workers exposed to ethyl ene oxide at 5-10 ppm
for 10 years.

In animal studies, qualitative evidence of renal effects resulting
fromacute exposure was presented in an earlier study, Hollingsworth
et al. (1956), in which rats and guinea pigs were given two and three
seven- hour exposures, respectively, to ethylene oxide at 841 ppm Renal
enl argenent and slight congestion and cl oudy swelling of the convol uted
tubul es were reported. As described previously, there are certain
limtations in this study (i.e., the results observed in controls were
not indicated and the authors did not indicate the species in which each
| esi on was observed).

Renal | esions have al so been reported in a 14-week study in mice by
NTP (1987). Exposure to 100 ppmresulted in tubular degeneration in
mal e mce and to 600 ppmin tubular necrosis in both sexes. No rena
| esions were observed in mce exposed to ethylene oxide at 50 ppm This
val ue has been used to calculate the minimumrisk level (MRL) for
i nternedi ate inhal ati on exposure as shown in Figure 2-1. Renal |esions
seen at 100 ppmin the 14-week study, however, were not observed at that
| evel (the highest tested) in the two-year study in mce by NTP (1987).
The authors attributed this disparity to the confounding influence of
subtl e age-related lesions in the kidneys of mce in the two-year study.

Therefore, renal effects appear to be an area of some concern for
i nhal ati on exposure to ethyl ene oxide. The hi ghest NOAEL val ues and all
reliable LOAEL values for renal effects in each species and duration
category are presented in Table 2-1 and plotted in Figure 2-1.

Dermal / Ocul ar Effects. There is sonme evidence that occupationa
exposure to high levels of ethylene oxide can result in cataracts. This
is based on the cases of four sterilizer operators who were exposed to
ethyl ene oxide froma l|leaking sterilizer for up to two nonths (G oss
et al. 1979). In the next 2.5 to 3.5 years, Jay et al. (1982) found
that all four men had devel oped cataracts. Because these persons could
intermttently snell the funes, a level of 700 ppmor nore was estimted
by the authors in retrospect. Al though none of the patients were
exam ned before this accidental exposure, the occurrence of cataracts
was viewed as unlikely to be a chance occurrence in all four persons in
this age range (31 to 35 years old) who had no system c or ocul ar
di sease that might be associated with cataract formation
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Lynch et al. (1984a) observed a dose-related but not statistically
significant increase in the incidence of cataracts in rats exposed to
et hyl ene oxide at 50 and 100 ppmfor two years. Therefore, the
potential for adverse ocular effects may be an area of concern in cases
of chronic or high level inhalation exposure to ethyl ene oxide. The
avai |l abl e data, however, are not useful to serve as the basis for
quantifying effect levels for cataract formation in humans.

O her Effects. Proliferative and degenerative | esions of the
adrenal cortex, consisting of vacuol ati on and hyperpl asia or hypertrophy
of the zona fascicularis, have been reported in rats exposed to ethyl ene
oxi de at 50 or 100 ppmin a 2-year study by Lynch et al. (1984b). Focal
to multifocal splenic fibrosis and extranedul |l ary henat opoi esis were
al so reported in these rats.

2.2.1.3 I'mmunol ogi cal Effects

The i nmunol ogi cal effects of human inhal ati on exposure to ethyl ene
oxi de were studied in workers in an ethyl ene oxi de manufacturing plant
for up to 14 years. Atnospheric concentrations were generally bel ow
0.05 ppm (the detection limt of the analytical nethod) wi th occasional
peaks of 8 ppmduring the 4 years that the air was nonitored. There was
no effect on any of the blood paraneters relating to i mune function
that were investigated, including T and B | ynphocyte counts, |ynphocyte
activation, and serumlgG IgM and IgA levels (Van Sittert et al
1985). Theiss (1963) did not observe skin sensitization in ethylene
oxi de plant workers (average exposure: 10.4 years) who were chal |l enged
with a single dermal application of 1% ethyl ene oxi de.

In mice exposed to ethylene oxide during a 14-week study,
| ynphocytic hypoplasia of the thynus was seen in males in the 200 ppm
exposure group. At 600 ppm |ynphocytic necrosis of the thynus was seen
in nmost mce of both sexes, and | ynphocytic necrosis of the spleen was
seen in mal es.

2.2.1.4 Neurological Effects

Neur ol ogi cal effects have frequently been reported in association
wi th human and ani mal exposure to ethyl ene oxide via inhalation at a
wi de range of concentrations and exposure durations.

In humans exposed to high | evels of ethylene oxide in occupational
settings, headache, nausea and vom ting have been reported for decades
(Bl ackwood and Erskine 1938; von Cettingen 1939; Sexton and Henson
1949). Exposure levels were not nmeasured or estimated in these
situations.
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Peri pheral neuropathy, inpaired hand-eye coordination, and nmenory
| oss have al so been reported in nmore recent case studies of workers
exposed to ethylene oxide for various durations (Crystal et al. 1988;
Estrin et al. 1987; Finelli et al. 1983; Kuzuhara et al. 1983; Salinas
et al. 1981; Schroeder et al. 1985; Zanpollo et al. 1984). These
effects were seen at estinated average exposure |evels as |low as 3 ppm
however, short-term exposures nmay have been as high as 700 ppmfor sone
of these workers. Two of these studies indicated that sural nerve
bi opsi es showed axonal degeneration and regeneration (Kuzuhara et al.
1983; Schroeder et al. 1985).

Informati on on the neurol ogical effects of inhalation exposure to
et hyl ene oxi de has al so been derived from case studies of |onger-term
occupati onal exposure. Four sterilizer operators exposed to ethylene
oxide for up to two nonths on an internmttent basis at |evels of
approxi mately 700 ppm (estinmated by the authors based on the fact that
t he exposed workers could snell the vapors enmitted froma | eaking
appar atus) reported headaches, nausea, vomting, clunsiness, blunting of
the senses, |ethargy, nunbness and weakness in the extremties, and, in
the case of one operator, recurrent major nmotor seizures at 20- to
30-m nute intervals near the end of the work shift. Nerve conduction
studi es indicated sensinotor neuropathy. These conditions were reversed
in the case of one of these operators who was returned to a position
wi t hout et hyl ene oxi de exposure, but the results of nerve conduction
studi es remni ned abnormal in the cases of two of the three workers who
were returned to positions of |ower ethylene oxide exposure (50 ppm or
less) (Gross et al. 1979). However, the possibility of occasiona
short-term exposure to high levels of ethylene oxide after that point
was not addressed.

In subchronic studies in mce, exposure to ethylene oxide at 50 ppm
and above for |0-11 weeks resulted in hunched posture, reduced | oconotor
activity and abnormal righting reflexes (Snellings et al. 1984a).

In earlier aninml studies, exposures of various species to
noderately high levels of ethylene oxide (357 ppm for up to 6 nonths
resulted in neurological inpairnment, including reversible hind | eg
paral ysis and atrophy, abnormal knee and extensor reflexes and
di m ni shed pain perception (Hollingsworth et al. 1956). The exposure of
nonkeys to 200 ppm for about 7 nonths in another phase of this study
resulted in partial paralysis, nuscular atrophy of the hind | egs and
suppressi on of reflexes. Due to inconsistencies in the testing protocol
and reporting of results, the Hollingsworth et al. (1956) study can be
viewed only as qualitative evidence of a broad range of neurol ogica
effects associated with inhalation of ethyl ene oxide at these |evels.

In a 9-nmonth study of rats exposed to ethyl ene oxide at 250 ppm
di stal axonal degeneration of nyelinated fibers in both sural nerves and
gracile fascicles was reported (Chnishi et al. 1986). Cbservations of
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neurol ogi cal effects in two-year studies have ranged fromno effects
observed in nice exposed to 100 ppm (NTP 1987) to slight demyelination
of the brain of nonkeys exposed at the sanme |evel (Lynch et al. 1984a)
and brain lesions seen in rats exposed at 50 ppm (Lynch et al. 1984a,
1984b) .

The hi ghest NOAEL val ues and all reliable LOAEL val ues for
neurotoxicity in each species and duration category are presented in
Table 2-1 and plotted in Figure 2-1.

2.2.1.5 Devel opnental Effects

No studies were |ocated regardi ng devel opnental effects in humans
after inhalation exposure to ethyl ene oxi de.

Data avail able from ani mal studies indicate that ethyl ene oxi de was
not teratogenic in rats exposed at 100 ppm during gestation (Snellings
et al. 1982a) or in rats or rabbits at an exposure |level of 150 ppm
during gestation (Hardin et al. 1983).

Enbryo and fetal toxicities, however, were evident in rats exposed
to 100 ppmin the Snellings et al. (1982a) study, as indicated by an
i ncreased incidence of resorption and reductions in fetal body wei ght
and crown-runp length and reduced skel etal ossification of the skull and
sternebrae. The hi ghest NOAEL val ues and all reliable LOAEL val ues for
devel opnental toxicity in each species and duration category are
presented in Table 2-1 and plotted in Figure 2-1.

2.2.1.6 Reproductive Effects

There is limted evidence in both aninmal and human studi es that
i nhal ati on exposure to ethyl ene oxide can result in adverse reproductive
effects, although there is currently no clear pattern in the nature of
t hose effects.

Data in humans are limted. In an epidemn ol ogi cal study by
Hemm nki et al. (1982), the spontaneous abortion rates in ethyl ene oxide
sterilizer personnel in hospitals in Finland were found to be
significantly higher than those of non-exposed workers. Although
exposure |l evels were not neasured, the authors estinmated that 8-hour
wei ght ed nean concentrations ranging fromO0.1 to 0.5 ppmw th peaks to
250 ppm were associ ated with adverse outcones. Various linitations have
been described in the design and inplenentation of this study including
recall bias, prior know edge of the questionnaires and anal ysis based on
too few pregnanci es (CGol berg 1986). Decreased sperm counts in ethyl ene
oxi de workers were reported by Abrahans (1980). However, based on the
smal | nunber of sperm sanpl es obtai ned, the author viewed the results as
i nconcl usi ve.
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Vari ous adverse reproductive effects have al so been noted in ani ma
studi es, including a decreased nunber of inplantation sites in rats
exposed to ethylene oxide at 100 ppm during gestation (Snellings et al.
1982b), decreased testicular weights in nice exposed to 50 ppm or nore
for 10 weeks (Snellings et al. 1984a), decreased testicular weights and
testicul ar degeneration in guinea pigs exposed to 375 ppm for about
6 nonths, and testicular degeneration in rats exposed to 204 ppm for
about 6 nonths (Hollingsworth et al. 1956). In Cynonol gus nonkeys
exposed to ethylene oxide at 50 or 100 ppmfor two years, sperm
concentration, notility and drive range, as well as decreased testicul ar
and epi di dymal wei ghts, were observed (Lynch et al. 1984a). Appel gren
et al. (1977) denonstrated that in nmice intravenously injected with
“C-ethyl ene oxide, the “C-label was detected in the testes and
epididym s (at undeterm ned levels) within four hours. This study
i ndi cates that ethylene oxide or one of its degradation products can be
distributed to the nmal e reproductive system

Therefore, it appears that both femal e and nal e reproductive
systens are potential targets of ethylene oxide toxicity.

The hi ghest NOAEL values and all reliable LOAEL val ues for
reproductive toxicity in each species and duration category are
presented in Table 2-1 and plotted in Figure 2-1.

2.2.1.7 Genotoxic Effects

In studi es of workers exposed to ethyl ene oxide, analysis of
peri pheral blood | ynphocytes resulted in the detection of various
chronmosonmal aberrations including breaks, gaps, and exchanges and
supernunerary chronosones (Pero et al. 1981; Galloway et al. 1986; Sarto
et al. 1984a; Theiss et al. 1981). An increased incidence of sister
chromati d exchange (SCE) in the peripheral |ynphocytes of ethylene oxide
wor kers has al so been reported by Galloway et al. (1986), Garry et al
(1979), Lanbert and Lindblad (1980), Sarto et al. (1984a, 1984b),
Stolley et al. (1984), and Yager et al, (1983).

I nhal ation studies with rats indicate that ethyl ene oxide at 50 ppm
or nore for 3 days resulted in an increase in SCE (Kligerman et al
1983). Increased incidences of SCE and chronosomal aberrations in the
peri pheral blood of nonkeys exposed to ethylene oxide at 500 or 100 ppm
were reported by Lynch et al. (1984a). A followup study in these sane
nonkeys by Kel sey et al. (1988) indicated that high SCE counts persisted
6 years after exposure.

In dom nant |ethal assays, ethylene oxide adm nistered via
i nhal ation has resulted in a positive response in mce (Cumming and
M chaud 1979; Ceneroso et al. 1986, 1988) and rats (Enbree et al. 1977).
Dose-rate studies by Generoso et al. (1986) have denonstrated that short
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bursts of ethylene oxide at high concentrations, such as those that nmay
occur in the workplace, may present a greater risk to germcell damage
t han does cumul ative, long-term exposure to |lower levels. Data from

t hese studies are viewed as providing support to the concern for the
potential genotoxicity of this conpound.

2.2.1.8 Cancer

There is sone evidence frominhalation data in both humans and
ani mal s that ethylene oxide is carcinogenic by this route. However, the
avail able data in humans are considered to be Iimted and i nconcl usive.
Epi demi ol ogi cal studi es of workers exposed to ethyl ene oxide in hospital
sterilizing operations and in manufacturing plants (Hogstedt et al.
1979, 1986) have reported increased incidences of |eukenia and stomach
cancer. The Hogstedt data are viewed as having certain linitations,
however, such as the small cohort size, the small nunber of deaths that
occurred, and uncertainties about the exposure |levels (CGol berg 1986).
Data (originally reported as negative) by Mrgan et al. (1981), when
reanal yzed by EPA (1985a), showed an increased rate of nortality from
pancreati c cancer and Hodgkin's di sease in ethyl ene oxi de-exposed
wor kers. No clear excess in any of these cancers, however, was found by
Gardner et al. (1989), G eenberg et al. (1990) or Kiesselbach et al.
(1990) .

In two-year studies of rats exposed to ethylene oxide at 33 to
100 ppmand 50 to 100 ppm increased incidences of nmononucl ear cel
| eukem a, peritoneal nesothelioms, and various brain tunors have been
reported at all dose levels tested (Lynch et al. 1984b; Snellings et al.
1984b). The finding of nononuclear cell |eukenmia in rats nay be of
dubi ous significance to humans because this is a spontaneous tunor in
Fi scher-344 rats and because the hunman equivalent of this disease is
T-gama | ynmphoproliferative di sease (|l ynphocytosis), not |eukem a

In an NTP (1987) two-year inhalation study of mce at 50 and
100 ppm al veol ar/ bronchi ol ar carci nomas and adenomas, papillary
cystadenomas of the harderian gland, malignant |ynphonmas, uterine
adenocarci nomas, and nmammary gl and tunors were increased in one or nore
exposure groups. The cancer effect levels (CEL'S) are presented in
Table 2-1 and plotted in Figure 2-1.

On the basis of the conbined incidence of nononucl ear cell |eukem a
and gliomas in female rats in the Snellings et al. (1984b) inhal ation
study, an upper-limt carcinogenicity potency value for ethylene oxide
has been calculated as 3.5 x 10' (ng/kg/day’' by EPA (1985a) using the
linearized multistage nodel.
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EPA' s Cancer Assessnment Group has found the evidence in ani ma
studies to be "sufficient” and the human evidence to be "linited"
bordering on i nadequate to establish ethylene oxide as a probabl e human
carci nogen (EPA 1985a). This results in a Group Bl bordering on B2
carcinogenicity classification for this conmpound. Sinilarly, according
to | ARC gui del i nes, ethylene oxide has been classified in Goup 2A
bordering on 2B due to the limtations in human evidence (I ARC 1987).

2.2.2 Oal Exposure

Data on the toxic effects follow ng oral adninistration of ethylene
oxide are extrenely limted and no studies are consi dered appropriate
for the calculation of Mninal R sk Levels. As nentioned previously,

i nhal ation is considered to be the nost inportant route of exposure for
this chemi cal

2.2.2.1 Death

No information was | ocated on the |lethal effects in humans after
oral exposure to ethyl ene oxide.

In a study using rats, Hollingsworth et al. (1956) found that a
si ngl e gavage dose of ethyl ene oxide at 200 ng/kg resulted in the death
of all test animals. At 100 ng/kg, all aninals survived 15 doses
adm nistered in 21 days. Based on these results, the oral LD, would
probably be sonewhere between these two dosage levels. It should be
noted that this study used a small nunber of test aninmals (5/dose) and
the results should be viewed in consideration of this study limtation.

These values are presented in Table 2-2 and plotted in Figure 2-2.
2.2.2.2 Systemc Effects

No studies were located on the respiratory, cardi ovascul ar,
nmuscul oskel etal, renal or dermal effects in hunmans or aninals after ora
exposure to ethyl ene oxi de.

Gastrointestinal Effects. No studies were |ocated on the
gastrointestinal effects in humans after oral exposure to ethylene
oxi de.

Hol I i ngsworth et al. (1956) reported gastric irritation in fermale
rats receiving 15 doses of ethylene oxide by gavage at 100 ng/ kg/day for
21 days. This effect was not observed at doses of 30 ng/kg/day or bel ow
inrats dosed 22 tines in 30 days. Due to the small nunber of test
ani mal s used (5/dose) and the lack of detail in reporting results,
especially in control aninmals, the value of this study is limted.



TABLE 2-2.

Levels of Significant Exposure to Ethylene Oxide - Oral

Exposure LOAEL (Fffect)
Figure Frequency/ NOAEL Less Serious Serious
Key? Species Route Duration Effect (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference
ACUTE EXPOSURE
Death
1 Rat (G) 14 160 200b (all died) Hollingsworth
et al. 1956
INTERMEDIATE EXPOSURE
Systemic
2 Rat (G) 21-30 d Gastro 30 100¢ (gastric Hollingsworth
5d/wk irritation) et al. 1956
3 Rat (&) 21-30 4 Hepatic 30 100€ (slight damage) Hollingsworth
5d/wk et al. 1956

CHRONIC EXPOSURE

Death

4 Rat (G)
Cancer

5 Rat (G)

150 wk
2d/wk

150 wk
2d/wk

7.5 30 (earlier death)

7.5 CEL (forestomach)

Dunkelberg 1982

Dunkelberg 1982

3The number corresponds to entries in Figure 2-2.
bConverted to 4,000 ppm in food for presentation in Table 1-4.
CConverted to 2,000 ppm in food for presentation in Table 1-4.

LOAEL = lowest-observed-adverse effect level; NOAEL = no-observed-adverse-effect level; d = day; (G) = gavage; wk = week;
Gastro = gastrointestinal; CEL = cancer effect level.
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FIGURE 2-2. Levels of Significant Exposure to Ethylene Oxide — Oral
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These val ues have been presented in Table 2-2 and plotted in
Fi gure 2-2.

Hemat ol ogi cal Effects. No studies were |ocated regarding the
hemat ol ogi cal effects in humans after oral exposure to ethyl ene oxi de.

Hollingsworth et al. (1956) reported that there were no adverse
hemat ol ogi cal effects in fenale rats receiving ethyl ene oxi de by gavage
at levels up to 100 ng/ kg/day at 15 doses in 21 days. No other details
wer e provided.

Based on the limtations of the available data, it is not clear if
hemat ol ogi cal effects would be an area of potential concern for ora
exposure to ethyl ene oxi de.

Hepatic Effects. No studies were |ocated regarding hepatic effects
in humans after oral exposure to ethyl ene oxide.

Slight liver damage (no further details) was reported by

Hol lingsworth et al. (1956) in rats exposed by gavage to ethyl ene oxide
at 100 ng/kg/day for 15 doses in 21 days, but not in aninmals receiving
up to 30 ng/kg/day for 22 doses in 30 days. Because of various
limtations in the scope and reporting of this study, it can be viewed
only as suggestive evidence that oral exposure to ethyl ene oxide can
result in hepatic effects.

These val ues have been presented in Table 2-2 and plotted in
Fi gure 2-2.

No studies were |located regarding the following health effects in
humans or aninals after oral exposure to ethyl ene oxide:

2.2.2.3 I'mmunol ogi cal Effects
2.2.2.4 Neurological Effects
2.2.2.5 Devel opnental Effects
2.2.2.6 Reproductive Effects
2.2.2.7 CGenotoxic Effects
2.2.2.8 Cancer

No studies were |ocated regarding carcinogenic effects in humans
after oral exposure to ethyl ene oxide.
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In the only aninmal study available via this route, Dunkel berg
(1982) reported that fenale rats dosed with ethylene oxide at 7.5 or
30 ny/ kg/ day by gavage for 2 days/week for 3 years devel oped a d
oserel ated incidence of local tunors, mainly squanous-cell carcinoma of the
forestonmach, a tumor commonly seen follow ng | ong-term gavage
adm nistration of irritant chemcals. No tunors were found at sites
away fromthe point of adm nistration.

These levels are presented in Table 2-2, and 7.5 ng/kg/day is
plotted as the Cancer Effect Level for ethylene oxide in Figure 2-2.

2.2.3 Dermal Exposure
2.2.3.1 Death

No studies were located regarding lethal effects in animls or
humans after dermal exposure to ethyl ene oxide.

2.2.3.2 Systemc Effects

No studies were located regarding the respiratory, cardiovascul ar,
gastroi ntestinal, hematol ogical, nuscul oskeletal, hepatic or rena
effects in humans or animals after dermal exposure to ethyl ene oxide.
Dermal / Ocul ar Effects. Data related to human dernmal exposure to

et hyl ene oxide are generally associated with case reports of industrial
accidents, sone of which occurred in the 1930's and 1940's.

Concentrated et hyl ene oxi de evaporates rapidly fromthe skin and
produces a freezing effect, often conpared to frostbite, |eaving burns
ranging fromfirst to third-degree severity (Taylor 1977). Wrkers
drenched with a 1% sol uti on devel oped | arge vesicul ated blisters (Sexton
and Henson 1949). Nausea and voniting were also reported in this case
study, but m ght have resulted frominhalation of the vapors rather than
from dermal contact.

A study using human vol unteers by Sexton and Henson (1950) showed
that the magnitude of skin injury was related to the concentrati on of
et hyl ene oxide in solution but peaked at about 50% This was attributed
to the rapid evaporation of the nore concentrated sol utions, which
prevented nore prol onged skin contact.

Case reports of patients whose intact skin or wounds had contact
wi th gauze or other hospital supplies that had been sterilized with
et hyl ene oxide indicated that the observed skin reactions included
erythema, blister formation, scaling, crusted ul cerations and second
degree burns (Al omar et al. 1981; Hanifin 1971).
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Shupack et al. (1981) denonstrated that human skin reactions to
ethyl ene oxide in patch materials were directly related to the total
dose.

Corneal burns (MLaughlin 1946; Thiess 1963) and cataracts (G oss
et al. 1979; Jay et al. 1982) have been reported in cases of
occupational exposure to ethylene oxide. Although the corneal burns
were due to direct ocular contact with ethylene oxide, it was not clear
in the cases of cataracts whether they could be attributed to ocul ar
contact with ethylene oxide vapor or were a systemic effect resulting
frominhal ati on of ethyl ene oxide.

Dermal application of ethylene oxide on rabbits and gui nea pigs has
resulted in hyperemia (the presence of an increased anmount of bl ood),
edema (Hollingsworth et al. 1956), and skin irritation (Bruch 1973;
Wodard and Wodard 1971).

Ccul ar effects in rabbits after ocular instillation of ethylene
oxi de solution have been reported as congestion, swelling, discharge,
iritis, corneal cloudiness, and irritation (MDonald et al. 1977,
Whodard and Whodard 1971).

2.2.3.3 Immunol ogi cal Effects

Thei ss (1963) did not observe skin sensitization in ethyl ene oxide
pl ant workers (average exposure: 10.4 years) who were challenged with a
single dermal application of 1% ethyl ene oxide. Dermal application
studi es usi ng human vol unteers by Sexton and Henson (1950) and Shupack
et al. (1981) however, have provi ded sone evidence that ethylene oxide
is a skin sensitizer. A case study of a hospital patient diagnosed witl
allergic contact dermatitis in response to ethylene oxide al so suggests
skin sensitization (Alomar et al. 1981). However, ethylene chlorhydrin
may al so have contacted the patient's skin.

Skin sensitization studies in guinea pigs by Wodard and Wodard
(1971), however, were negative.

No other data on the potential inmmunologic effects of dernmal
exposure to ethyl ene oxide were located, and it is not clear if
i mrunol ogi cal effects are of concern follow ng dermal exposure to
et hyl ene oxi de.

No studies were located regarding the following health effects in
humans or animals after dermal exposure to ethyl ene oxide:

2.2.3.4 Neurological Effects

2.2.3.5 Devel opnental Effects
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2.2.3.6 Reproductive Effects
2.2.3.7 Genotoxic Effects
2.2.3.8 Cancer

No studies were |ocated regardi ng carcinogenic effects in hunmans
after dermal exposure to ethyl ene oxi de.

In alifetinme skin painting study, application of a 10% sol ution of
et hyl ene oxide to the backs of nmice did not result in skin tunors or
irritation (Van Duuren et al. 1965).

2. 3 TOXI COKI NETI CS
2.3.1 Absorption
2.3.1.1 Inhal ati on Exposure

In a study of hospital workers by Brugnone et al. (1985), alveolar
et hyl ene oxi de concentrations were highly correlated wth anbient
et hyl ene oxi de concentrations. The average alveol ar retention of
et hyl ene oxi de was approximately 75% of the anmbi ent concentration.
Ani mal studies have shown that ethylene oxide is rapidly absorbed by the
respiratory systens of the rat (Koga et al. 1987; Matsuoka 1988;
Nakashima et al. 1987; Tardif et al. 1987), nouse (Cunming et al. 1981;
Ehrenberg et al. 1974; Tardif et al. 1987), and rabbit (Tardif et al.
1987).

2.3.1.2 Oal Exposure

No studies were | ocated regarding absorption of ethylene oxide
after oral exposure.

2.3.1.3 Dermal Exposure

No studies were |ocated regardi ng absorption of ethyl ene oxide
after dermal exposure.

2.3.2 Distribution .
2.3.2.1 Inhal ati on Exposure

No studies were located regarding the distribution of ethylene
oxide in human tissue after inhalation exposure. Ehrenberg et al
(1974) reported that 75 minutes after exposing mce, the highest
concentrations of ethylene oxide were observed in the lungs, liver and
ki dneys. Lesser anounts were found in the spleen, brain and testes.
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Tyl er and McKelvey (1982) found that in rats adni ni stered
“C-et hyl ene oxide, the highest concentrations of “C-activity were found
in the urinary bl adder, liver, packed blood cells, and adrenal gl ands,
with the | owest concentration found in the fat.

Tyl er (1983) evaluated the fate of ethylene oxide in pre-exposed
rats and their respective controls. Uine, feces and expired air were
col l ected during and 18 hours after exposure to “C-ethyl ene oxi de.
There were no significant differences in the concentration of
radi oactivity in either group of aninmals, except that the radioactivity
associated with the red blood cells was 1.3 tines greater in animals
that were not pre-exposed.

2.3.2.2 Oral Exposure

No studies were |located regarding distribution of ethyl ene oxide
after oral exposure.

2.3.2.3 Dernal Exposure

No studies were |ocated regarding distribution of ethyl ene oxide
after dermal exposure.

2.3.3 Metabolism

The met aboli sm of ethyl ene oxide is not conpletely known. Data
from ani mal studies indicate two possible pathways for the metabolism of
et hyl ene oxide: hydrolysis to ethylene glycol and gl utathione
conjugation to formnercapturic acid and nmeththi o-netabolites. Martis
et al. (1982) identified 1,2-ethanediol (ethylene glycol), a hydrolysis
product, in the plasma and urine of beagle dogs one hour after intravenous
adm ni stration of ethylene oxide. Ethylene glycol was the major
nmet abolite of ethylene oxide, with 7 to 24% of the adm ni stered dose
excreted in the urine within 24 hours. Koga et al. (1987) identified
et hyl ene glycol, 2-hydroxymercapturic acid, 2-nethylthioethanol and
2-mer capt oet hanol as netabolites in the urine of rats.

Tardi .f et al. (1987) studied the qualitative and quantitative
urinary disposition of sone nmetabolites of ethylene oxide in three
rodent species: nmouse, rat and rabbit. Inportant differences were
observed anong the three species in the urinary netabolic disposition of
et hyl ene oxide. After an intravenous injection of ethylene oxide at
20 mg/ kg, mce excreted significantly higher quantities of
N-acetyl - S-(2- hydroxyet hyl ) -L-cystei ne, S-(2-hydroxyethyl)-L-cysteine,
S-car boxynet hyl - L- cyst ei ne and et hyl ene glycol (8.3, 5.8, 1.9 and 3.3%
of the adm nistered dose, respectively, in 24 hours), whereas in rats,
only N-acetyl-S- (2-hydroxyethyl)-L-cysteine (31% and ethyl ene gl ycol
(6% were apparent. In contrast, the rabbits were found to excrete only
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et hyl ene glycol (29 . This study further reveal ed species-rel ated
differences in the urinary excretion of N-acetyl-S-(2-hydroxyethyl)-
L-cystei ne and et hyl ene glycol during the two collection periods. The
observed differences anong the three species in the netabolic

di sposition of ethylene oxide were found to be qualitatively independent
of the route of exposure, (i.e., inhalation at 200 ppm or intravenous
injection of 20 or 60 ng/kg). These results suggest that care shoul d be
exerci sed when using any single aninal species as a nodel for human

di sposition of ethyl ene oxide.

Tyl er (1983) evaluated the fate of ethylene oxide in pre-exposed
rats and their respective controls. Uine, feces and expired air were
col l ected during and 18 hours after exposure to “C-ethyl ene oxide.
There were no significant differences between the non-pre-exposed or
pre-exposed animals in the netabolic profiles. The data indicate that
prol onged exposure of rats to ethylene oxide has little effect on the
met abol i sm of the chemi cal .

Mat suoka (1988) reported that in rats exposed to ethyl ene oxide for
three nonths, the cytochrone P-450 enzyne systens in the lung and brain
were not affected. However, hepatic cytochronme P-450 and prot ohene
decreased by 28% and 19% respectively. Hepatic total m crosona
protein, cytochrone b5, NADPH cytochrone c¢ reductase and NADH ferricyani de
reductase were not affected. The activity of hepatic hene
oxygenase showed a two-fold increase. These results suggest that the
hene noi ety of hepatic cytochronme P-450 was primarily affected by
exposure of ethyl ene oxide and the cellular hene balance in liver was
al tered.

Nakashima et al. (1987) found that in rats exposed to ethyl ene
oxide for 12 weeks, the concentration of the reduced form of gl utathione
(GSH) in the liver was not significantly different fromthat of
controls. However, the hepatic GSH |l evels in rats subjected to a 4 hour
exposure to a high concentration of ethylene oxide (2,500 ppnm) were
mar kedl y decreased. These data suggest the invol venent of gl utathione
in the detoxication of ethylene oxide, at least in the rat.

McKel vey and Zemmitis (1986) exposed rats and mice to different,
at mospheric concentrati ons of ethylene oxide for 4 hours. In mce
sacrificed inmedi ately after exposure to ethylene oxide, there was a
concentration-rel ated decrease in the GSH | evels of all tissues
exam ned. Sinilar findings were obtained in rats immediately after
exposure to ethyl ene oxide, except that blood GSH | evel s were not
af fected at any exposure concentration. In both species, lung and liver
GSH | evel s were depressed at all exposure concentrations. Twenty-four
hours after exposure to ethylene oxide, the GSH concentrations of rat
bone marrow and testis had not returned to control levels. Only bl ood
GSH | evel s remai ned depressed in nice 48 hours after exposure to
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et hyl ene oxide. The results indicate a narked species difference
between rats and nmice regarding the effects of ethyl ene oxi de exposure
on bl ood GSH | evel s.

2.3.4 Excretion
2.3.4.1 Inhal ati on Exposure

No studies were |ocated regarding excretion of ethylene oxide in
hunmans after inhal ati on exposure.

Tyl er and McKel vey (1982) found that in the rat, the primary route
of *C-ethylene oxide elimnation was urine (nmean val ue of 59% recover ed
“C-activity), followed by expired CO (12%, feces (4.5%, and expired
ethyl ene oxide (1% . Cumming et al. (1981) reported that ethyl ene oxide
was rapidly elinmnated by nice that had been exposed to radi o-Iabel ed
et hyl ene oxi de. Ehrenberg et al. (1974) reported that in nice ethylene
oxi de has a biological half-life of approximately 9 m nutes. Seventy-ei ght
percent of the adm nistered dose was elimnated within 48 hours,
suggesting rapid urinary excretion. Filser and Bolt (1984) found that
et hyl ene oxi de administered in a closed-system inhal ati on chanber
exhibited first-order elimnation kinetics.

Tyl er (1983) evaluated the fate of ethylene oxide in pre-exposed
rats and their respective controls. Uine, feces and expired air were
col l ected during and 18 hours after exposure to “C-ethyl ene oxi de.
There were no significant differences between the nonpre-exposed or
pre-exposed animals in the routes of elinination.

2.3.4.2 Oal Exposure

No studies were |ocated regarding excretion of ethylene oxide after
oral exposure.

2.3.4.3 Dermal Exposure

No studies were |ocated regardi ng excretion of ethylene oxide after
der mal exposure.

2.4 RELEVANCE TO PUBLI C HEALTH

As di scussed previously in Section 2.2, the main route of exposure
to ethylene oxide in humans is via inhalation, and the main health
effects are central nervous system depression and irritation of the eyes
and mucous nenbr anes.
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Reproductive effects have been observed in animal studies but there
is no clear evidence of these effects in humans. Sinmilarly, ethylene
oxide is clearly a carcinogen in animals, and epideni ol ogi cal studies in
humans have shown |linmited evidence of carcinogenic effects in
occupational |y exposed popul ati ons.

Death. The avail able reports (Gardner et al. 1989; G eenberg
et al. 1989) indicate that there is no increased incidence of human
death in association with ethylene oxide exposure. In mce, four-hour
exposures to 800 ppmresulted in a high rate of nortality (80-100%
wher eas 400 ppm exposures for 14 days did not result in death (NTP
1987). A level of 100 ppmfor two years did not result in increased
lethality of mice (NTP 1987) or nonkeys (Lynch et al. 1984a).

Based on the available data, lethality due to inhalation of
et hyl ene oxide may not be a health concern in occupational settings,
except with the use of danmmged or | eaking equi pnent.

Systemc Effects. Bronchitis, pulnonary edema and enphysema have
been reported in workers after acute high-1evel exposure (Theiss 1963),
but respiratory problens have not been reported to occur with chronic
exposure (Joyner 1964). Evidence of the potential for respiratory
irritation resulting fromethyl ene oxide inhalation comes mainly from
ani mal studies.

Based on data in nice, it appears that exposure level is nore
i mportant than duration of exposure with respect to respiratory effects.
M ce exposed to 200 ppmor nore for 14 days suffered fromrhinitis, |oss
of polarity of olfactory and respiratory epithelial cells, epithelial
necrosis, loss of cilia and accumul ati on of purul ent exudate. These
| esions were not seen by the sane investigators in nmice exposed to
100 ppmfor two years NTP (1987).

Thus it appears that, at least in animals and possibly in humans,
there is a critical concentration of ethylene oxide that is necessary to
elicit respiratory irritation and the resulting | esions.

Dermal and ocular irritation have been reported in several case
studi es of individuals occupationally exposed to ethyl ene oxide. Dernal
contact results in skin burns of varying severity depending on the
concentration of ethylene oxide and the I ength of contact (Sexton and
Henson 1949; Shupack et al. 1981). Corneal burns have been reported in
wor kers whose eyes have been splashed with ethyl ene oxide in solution or
bl asted by the vapor (MLaughlin 1946; Thiess 1963).
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Cataracts have al so been associated with occupati onal exposure to
et hyl ene oxi de when workers were exposed to a | eaky sterilizer (&G oss
et al. 1979; Jay et al. 1982). It is not clear whether the devel oprment
of cataracts was a response to direct ocular contact with the vapor or
was a systenic response to inhaled ethyl ene oxide.

Dermal application studies in aninmals have confirmed that ethylene
oxide is a dermal irritant (Bruch 1973; Hollingswrth et al. 1956;
Wbodard and Wbodard 1971) and ocular irritant (MDonald et al. 1977,
Wodard and Wodard 1971).

| mmunol ogi cal Effects. There is no clear evidence in animals or
hurmans that exposure to ethyl ene oxide via the inhalation, oral, or
dermal route is associated with inmunol ogi cal effects.

Neur ol ogi cal Effects. Central nervous systemeffects are
frequently associated with human exposure to ethyl ene oxide in
occupational settings. Headache, nausea and voniting have been reported
for nore than fifty years (Bl ackwood and Erskine 1938; von Qettingen
1939; Sexton and Henson 1949). Reli abl e exposure levels are generally
not avail able in these cases. Peripheral neuropathy, inpaired hand-eye
coordi nation and nmenory | oss have been reported in nore recent case
studi es of chronically-exposed workers (Crystal et al. 1988; Estrin
et al. 1987; Kuzuhara et al. 1983; Zanpollo et al. 1984) at estimated
aver age exposure levels as low as 3 ppm (wth possible short-term peaks
as high as 700 ppm.

In studies using several aninal species at noderately high |evels
of ethyl ene oxide (200-375 ppn) for 6 to 7 nonths, hind |l eg paralysis
and atrophy, abnormal knee and extensor reflexes, and dim nished pain
perception were reported (Hollingsworth et al. 1956). Even |evels of
50 ppmfor 10-11 weeks resulted in hunched posture, reduced |oconotion,
and abnormal righting reflexes in mce (Snellings et al. 1984a). A
g-nmont h exposure to 250 ppmresulted in distal axonal degeneration of
nmyelinated fibers in both sural nerves and gracile fascicles in rats
(Chnishi et al. 1986). Chronic exposures to ethylene oxide at 100 ppm
resulted in slight denyelination of the brains of nonkeys and exposure
to 500 ppmresulted in brain lesions in rats (Lynch et al. 1984a).
These results raise concerns that similar norphol ogical effects may
occur in humans.

Based on the body of available data from both human and ani mal
studies, the neurotoxic effects of ethylene oxide are an occupati onal
heal th concern for a w de range of exposure |evels and durations. Both
chronic | ow | evel exposure associated with years of normal enpl oynent
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conditions, as well as the brief or even protracted exposure duration to
hi gh ethyl ene oxide levels due to industrial accidents or faulty
equi pnment, can lead to a broad spectrum of adverse neurol ogi cal effects.

Devel opnental Effects. No data on the potential human
devel opnental effects of ethyl ene oxi de exposure have been | ocated and
the available data in animal studies (Hackett et al. 1982; Snellings
et al. 1982a) do not indicate that inhalation exposure to ethylene oxide
is associated with teratogenic effects. However, enbryo and fetal
toxicity were reported in the offspring of rats exposed to 100 ppm
during gestation; the neonates were snaller in both | ength and wei ght
and had reduced ossification of the skull and sternebrae (Snellings
et al. 1982a). Intravenous adm nistration of ethylene oxide to pregnant
mce resulted in decreased fetal weight and increases in dead and
resorbed fetuses and in fetal malformations (La Borde and Ki rmel 1980).
Therefore, the offspring of humans exposed to ethyl ene oxi de may be at
risk for teratogenicity and fetal and enbryo toxicity.

Reproductive Effects. Based on the avail abl e hunman and ani ma

studi es, inhalation exposure to ethylene oxide is associated with
nuner ous adverse reproductive effects in both nales and fermales. In an
epi dem ol ogi cal study, Hemminki et al. (1982) reported that the

spont aneous abortion rates of ethylene oxide sterilizer operators in
Fi nni sh hospitals were significantly higher than those of non-exposed
wor kers. Exposure levels were estimated to be as lowas 0.1 to 0.5 ppm
However, there were various linmtations to the interpretation of this
study, as described in Section 2.2.1.6. Abrahanms (1980) reported
decreased spermcounts in ethylene oxide workers, but as stated
previously, the small nunber of sperm sanples obtained for analysis
precluded firminterpretation of the findings.

Decreased nunbers of inplantation sites have been reported in rats
exposed to ethylene oxide at 100 ppm during gestation (Snellings et al.
1982b). Reproductive effects in males have been reported in at |east
three species of aninals. Decreased testicular weights and testicul ar
degenerati on have been observed in rats and gui nea pigs exposed to
ethyl ene oxide for 6 to 7 nonths at 204 and 357 ppm respectively
(Hol l'ingsworth et al. 1956). In nmonkeys exposed at 50 ppmfor two
years, decreased sperm concentration and drive range and reductions in
testicular and epididymal weights have been reported (Lynch et al.
1984a). An autoradi ography study in nice by Appelgren et al. (1977)

i ndi cates that ethylene oxide or one of its degradation products has
access to the nmale gonads (testes and epididyms) in this species within
four hours of intravenous exposure.
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The potential for adverse reproductive effects is apparently an
area which warrants attention in ternms of human exposure to ethyl ene
oxi de.

CGenotoxi ¢ Effects. Ethyl ene oxi de has been denonstrated to be
genotoxic in a wide variety of prokaryotic and eukaryotic test systens.
A summary of the available in vitro genotoxicity studies for ethylene
oxide is presented in Table 2-3.

Peri pheral bl ood studies of exposed workers have indicated that

et hyl ene oxi de exposure is associated with an el evated i nci dence of
chronmosonmal aberrations including breaks, gaps, and exchanges and
supernunerary chronosones (Galloway et al. 1986; Pero et al. 1981; Sarto
et al. 1984a; Theiss et al. 1981). An increased incidence of sister
chromatid exchange (SCE) in the peripheral |ynphocytes of ethylene oxide
wor kers has al so been reported by Galloway et al. (1986), Garry et al
(1979), Lanbert and Lindblad (1980), Sarto et al. (1984 and 1984b) and
Yager et al. (1983).

I ncreased and persistent elevations of SCE have al so been observed
in the peripheral blood |Iynmphocytes of nonkeys, (Kelsey et al. 1988;
Lynch et al. 1984a) exposed to ethylene oxide for two years, providing
addi tional concern for the carcinogenic potential of this conpound for
hunmans exposed via inhal ati on.

Cancer. There is evidence from both human and ani mal studies that
i nhal ati on exposure to ethyl ene oxide can result in a w de range of
car ci nogeni ¢ effects. Epideniological studies in ethylene oxide factory
workers and sterilizer operators have indicated that | eukem a, stonach
cancer (Hogstedt et al. 1979, 1986) pancreatic cancer and Hodgkin's
di sease (Morgan et al. 1981) were elevated in exposed individuals. As
described in Section 2.2.1.8, the Hogstedt data are viewed as having
certain limtations. Oher studies (Gardner et al. 1989; G eenberg
et al. 1990; Kiesselbach et al. 1990) have not found these associ ati ons.

I nhal ati on studies in animals have resulted in nononucl ear cel
| eukem a, peritoneal nesothelionmas, and various brain tunors in rats
(Lynch et al. 1984b; Snellings et al. 1984b) at levels as |low as 33 ppm
Lung tunors, tunors of the harderian gland, malignant |ynphomas and
uterine and manmary gl and tunors were also found in mce (NTP 1987).

In the only located ani mal study using the oral route, female rats
dosed with ethyl ene oxi de by gavage at 7.5 ng/ kg/ day devel oped squanous
cell carcinomas of the forestomach (the site of application) only, but
not at any distal sites (Dunkel berg 1982). Ethylene oxide is ranked as
a Group Bl carcinogen (i.e., a probable hunman carci nogen) by EPA' s



TABLE 2-3. Genotoxicity of Ethylene Oxide In Vitro

End Point

Species (Test System)

Reference

Prokaryotic organisms:
Gene mutation

Eukaryotic organisms:
Plant:

Gene mutation

Insects:
Gene mutation

Mammalian cells:
Gene mutation

Salmonella typhimurium

TA1535

S. typhimurium

TA98
TA100
TA1535
TA1537

Bacillus subtilis
HAl01

TKJ 5211

TKJ 8201

Neurospora crassa

Schizosaccharomyces pombe
Barley
Rice

Drosophila melanogaster
sex-linked recessive lethal

D. melanogaster-sex-linked
recessive lethal and
heritable translocation

D. melanogaster-sex-linked
recessive lethal and gonadal

L5178Y TK
Mouse lymphoma
gene mutation assay
CHO-K1-BH4
Chinese hamster ovary
cell gene mutation assay

+ 4+ + +

+ +

Rannug et al. 1976

Pfeiffer and
Dunkelberg 1980

Tanooka 1979

Kolmark and
Kilbey 1968

Migliore et al. 1982
Ehrenberg et al. 1956
Jana and Roy 1975
Bird 1952

Watson 1966

Lee 1980

Brown et al. 1979

Tan et al. 1981

+ = positive result; ND = no data;

negative result; (4) = positive or marginal result.
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Carci nogen Assessnment G oup (RIS 1989) and a 2A carcinogen by | ARC
(1987). These classifications are based on adequate evidence in aninal
studies but limted or inadequate evidence in humans ( EPA 1985a).

Et hyl ene oxi de was not found to cause skin tunors in a skin painting
study using mice (Van Duuren et al. 1965).

Data fromin vitro studies indicate that ethylene oxide is
mut ageni ¢ in several prokaryotic and eukaryotic systens.

Based on the avail abl e data, carcinogenicity is an area of major
concern in relation to hunmans chronically exposed to ethyl ene oxide via
i nhal ation in occupational settings.

2.5 BlI OVARKERS COF EXPOSURE AND EFFECT

Bi omarkers are broadly defined as indicators signaling events in
bi ol ogi ¢ systens or sanples. They have been classified as markers of
exposure, nmarkers of effect, and markers of susceptibility (NAS/ NRC
1989).

A bi omar ker of exposure is a xenobiotic substance or its
net abolite(s) or the product of an interaction between a xenobiotic
agent and sone target nolecule or cell that is neasured within a
conmpartment of an organi sm (NAS/ NRC 1989). The preferred bi omarkers of
exposure are generally the substance itself or substance-specific
nmet abolites in readily obtainable body fluid or excreta. However,
several factors can confound the use and interpretation of biomarkers of
exposure. The body burden of a substance may be the result of exposures
fromnore than one source. The substance being neasured nay be a
nmet abol i te of another xenobiotic (e.g., high urinary |evels of phenol
can result from exposure to several different aromati c conmpounds).
Dependi ng on the properties of the substance (e.g., biologic half-life)
and environnmental conditions (e.g., duration and route of exposure), the
substance and all of its netabolites may have left the body by the tine
bi ol ogi ¢ sanpl es can be taken. It may be difficult to identify
i ndi vi dual s exposed to hazardous substances that are conmonly found in
body tissues and fluids (e.g., essential mneral nutrients such as
cower, zinc and selenium. Biomarkers of exposure to ethyl ene oxide
are di scussed in Section 2.5. 1.

Bi omar kers of effect are defined as any neasurabl e bi ochem cal,
physiologic, or other alteration within an organi smthat, dependi ng on
magni t ude, can be recogni zed as an established or potential health

i mpai rment or di sease (NAS/ NRC 1989). This definition enconpasses

bi ochemi cal or cellular signals of tissue dysfunction (e.g., increased
liver enzynme activity or pathol ogic changes in female genital epithelium
cells), as well as physiologic signs of dysfunction such as increased

bl ood pressure or decreased |lung capacity. Note that these narkers are
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of ten not substance specific. They also may not be directly adverse,
but can indicate potential health inpairnent (e.g., DNA adducts).

Bi omar kers of effects caused by ethyl ene oxide are discussed in
Section 2.5. 2.

A bi omar ker of susceptibility is an indicator of an inherent or
acquired limtation of an organisnms ability to respond to the chall enge
of exposure to a specific xenobiotic. It can be an intrinsic genetic or
other characteristic or a preexisting disease that results in an
i ncrease in absorbed dose, biologically effective dose, or target tissue
response. |f biomarkers of susceptibility exist, they are discussed in
Section 2.7, "POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE. "

2.5.1 Biomarkers Used to ldentify or Quantify Exposure to Ethyl ene
Oxi de

Et hyl ene oxi de can be measured in blood (Bailey et al. 1987;
Brugnone et al. 1986; Farnmer et al. 1986) and al veol ar air (Brugnone
et al. 1986). Because ethylene oxide is very reactive in biological
systens, it is usually necessary to neasure its addition products (e.g.,
N- ( 2- hydr oxyet hyl ) hi sti di ne or N-(2-hydroxyethyl)valine) in blood.

However, based on the currently available infornation, the |levels
of these substances in biological nmedia cannot be used to cal culate or
estimate correspondi ng | evel s of exposure to ethyl ene oxide.

2.5.2 Biomarkers Used to Characterize Effects Caused by Ethyl ene Oxide

There are currently no subtle or sensitive bi omarkers of effects
associ ated with ethyl ene oxi de.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

No data have been located that identify the interactions of
et hyl ene oxide with other chenicals in the environnent.

2.7 POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

No popul ation has been identified that is nore at risk from
et hyl ene oxi de exposure based on bi ol ogi cal differences.

2.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA directs the Admi nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agenci es and prograns of
the Public Health Service) to assess whether adequate information on the
health effects of ethylene oxide is avail abl e. Were adequate
information is not available, ATSDR, in conjunction with the Nationa
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Toxi col ogy Program (NTP), is required to assure the initiation of a
program of research designed to determine the health effects (and

t echni ques for devel opi ng nethods to determi ne such health effects) of
et hyl ene oxi de.

The followi ng categories of possible data needs have been

identified by a joint teamof scientists from ATSDR, NIP, and EPA. They
are defined as substance-specific informational needs that, if net would
reduce or elinmnate the uncertainties of human health assessnment. In

the future, the identified data needs will be evaluated and prioritized,
and a substance-specific research agenda will be proposed.

2.8.1 Existing Information on the Health Effects of Ethyl ene Oxide

The existing data on health effects of inhalation, oral, and dernal
exposure of humans and animals to ethyl ene oxide are summari zed in
Figure 2-3. The purpose of this figure is to illustrate the existing
i nformati on concerning the health effects of ethyl ene oxide. Each dot
in the figure indicates that one or nore studies provide information
associated with that particular effect. The dot does not inply anything
about the quality of the study or studies. Gaps in this figure should
not be interpreted as "data needs" infornation.

As indicated in Figure 2-3, nost of the available information on
the health effects of ethylene oxide is related to the inhalation route.
Most of the data on humans are related to case studies based on nornal
or acci dental occupational exposure.

Studies in aninmals have been nore conprehensive, but as described
in the previous section, nuch of the infornation is considered to be
limted in its usefulness for a variety of reasons.

2.8.2 ldentification of Data Needs

Acut e-Durati on Exposure. |Information on acute-duration exposure of
humans to ethyl ene oxide indicates that irritation reactions involving
the mucous nenbranes of the respiratory systemand the skin are the
result of inhalation and dermal exposure, respectively. Avail able
information in animals is limted to lethality data in nmice via the
i nhal ation route and in rats via the oral route, as well as information
on dermal /ocul ar effects after |ocal administration. The data were not
consi dered to be adequate to calculate an MRL by any route. Further
ani mal studies using acute-duration inhalation exposure to ethyl ene
oxi de may be useful in identifying the mechanismof lethality. This
i nformati on woul d be relevant to the safety of workers in industrial or
hospital settings. Data on acute-duration exposure via the oral route
woul d al so be hel pful. Some of the currently avail abl e studi es were
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conducted 30 to 50 years ago, and inprovenents in experinenta
technol ogy since then may result in nore accurate estinmates of exposure
| evel s and anal ysis of results.

I ntermedi at e- Durati on Exposure. The currently avail able data on
i nt ermedi at e-durati on exposure to ethyl ene oxide in humans al so indicate
that irritation reactions are the najor effects resulting from
i nhal ati on or dermal exposure. Data in animals via inhalation are
useful in assessing its potential effects on a variety of organ systens.
An MRL for renal effects in nmice exposed via inhalation has been
calculated for this duration period. Al though internediate-duration
studies via the oral and dermal routes are not currently avail abl e,
there is no indication that they would be a val uable contribution to the
data base for this chem cal

Chroni c-Duration Exposure and Cancer. Studies are avail able for
this duration period for both humans and ani mal s exposed vi a i nhal ation
and for aninmals exposed via the oral route. However, the data were not
considered to be adequate to calculate an MRL for any route of exposure.

Data on the carcinogenic potential of ethylene oxide in
occupational |y exposed humans are inconclusive, with both positive and
negative results reported in the avail able studies. The currently
avail abl e studies on the chronic exposure of various animl species to
et hyl ene oxi de have established that this chemcal is clearly
carcinogenic via the inhalation route. If it were determn ned that
et hyl ene oxide residues still remain in or on various agricultura
conmodi ties when they are consuned by humans, a chronic feeding study in
animals mght also be useful. Al so, further epidemni ol ogi c assessnents
of the carcinogenic and other health effects in occupationally exposed
hurmans, including dermal effects, would al so provide val uabl e data.
Based on the results of such studies, dermal carcinogenicity studies in
animal s mght be relevant to the welfare of occupationally exposed
wor ker s.

CGenotoxicity. The genotoxicity of ethylene oxide has been
established in a nunber of in vitro tests using various prokaryotic and
eukaryotic systens as well as in vivo studies of human peripheral bl ood.
Further studies in this area do not currently appear to be necessary.

Reproductive Toxicity. Available data on ethyl ene oxide's
reproductive effects on occupationally exposed nmal es are consi dered
i nconcl usive; further investigation of these individuals would be
extrenely useful. Further data on occupationally exposed wonen woul d
al so be hel pful since the currently available data are linted to a
singl e study of spontaneous abortions in Finnish hospital workers. The
currently avail abl e reproductive toxicity data frominhal ati on studies
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in animals indicate that this may be an area of concern for inhalation
exposure to ethyl ene oxide. Reproductive toxicity studies in aninmals
via the oral route may al so be useful. Studies using the dermal route
woul d probably not be useful unless systenic absorption via skin
application is first denonstrated.

Devel opnental Toxicity. There are no data on devel opnent a
toxicity in the of fspring of humans exposed to ethyl ene oxide via
i nhal ation, oral, or dermal routes. The currently available data in
rats indicate that fetal and enbryo toxicity can result frominhal ation
exposure to ethyl ene oxide, and fetal abnormalities have been increased
in studies using intravenous adm nistration. No studies in this area
using oral or dermal exposure have been | ocated. Studies to assess the
devel opnental effects of exposure to ethylene oxide via the inhalation
and the oral routes would be useful in assessing the potential risks to
of fspring of persons exposed to this chemical in the workplace or in the
vicinity of hazardous waste sites. Studies using the dernmal route would
probably not be useful unless systemi c absorption can be denonstrated to
result fromdermal application

I mmunot oxi city. The currently avail abl e informati on does not
indicate that this is an area of potential concern for ethyl ene oxide
exposure via any route.

Neurotoxicity. Ethyl ene oxide has been established as a neurotoxin
in both humans and aninals via the inhalation route; therefore, further
studies using this route would not appear to be a priority. Studies in
animal s using the oral route nay provide useful information if it is
first determ ned that ethyl ene oxide residues still remain in or on
agricultural commodities when they are consuned by humans. Studies
using the dernmal route would probably not be useful unless systemc
absorption via skin application can first be denonstrated.

Epi deni ol ogi cal and Human Dosinetry Studi es. Although ethyl ene
oxi de has been shown to be toxic to humans in several studies, the
related air concentrations have not been sufficiently established.
Estimates provided in some studies range fromas low as 0.1 ppm for
chroni c exposure to as high as 700 ppm for internedi ate exposure.
Dosi netry studi es woul d be valuable in providing retrospective insights
into the data reported in human case and epi dem ol ogi cal studies as well
as in attenpting to determ ne the nost rel evant range of exposures at
whi ch to conduct any further aninmal studies. Epidemn ol ogi cal studies of
occupationally exposed persons woul d be useful in determning the risks
of cancer, reproductive effects, and neurol ogical effects associ ated
wi th | ong-term exposure to ethyl ene oxide.
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Bi omar kers of Exposure and Effect. Measurenent of ethyl ene oxide

or its addition products, N-(Z-hydroxyethyl)histidine or N
(2-hydroxyethyl)valine, in blood may provide an adequate qualitative

i ndi cati on of recent exposure to ethylene oxide. The devel opnment of
nmet hods that could be used to calculate or estinmate | evels of exposure
to ethyl ene oxide fromthe | evels of these substances in biol ogical
fluids would be extrenely useful.

There are currently no subtle or sensitive bi omarkers of effects
caused by ethylene oxide. It would be useful to have information to
correlate levels of ethylene oxide addition products in blood or other
bi ol ogi cal nmedia with the onset of adverse health effects.

Absorption, Distribution, Metabolismand Excretion. The absorption
of ethyl ene oxide adm nistered via inhalation has been extensively
studi ed in humans and several species of aninmals. Data on its
absorpti on when adm nistered via the oral and dermal routes would al so
be val uabl e.

Data are available on the distribution of ethylene oxide after
i nhal ation by rats and nice. Studies that provide information on its
distribution after oral and dermal admi nistration would al so be hel pful.
The metabolism of ethyl ene oxide is not conpletely known. Studies to
further characterize the two possible pathways for the metabolism of
et hyl ene oxi de, hydrolysis and gl utathione conjugation, and to identify,
if possible, the species in which nmetabolismnost resenbles that in
humans woul d be useful. It may al so be helpful to characterize
unidentified urinary nmetabolites that have been reported in severa
st udi es.

Excretion data are available only for rats and m ce exposed to
et hyl ene oxide via inhalation. Studies using the oral and dermal routes
may al so provide useful information

Conparati ve Toxi cokinetics. The avail abl e toxi cokinetic studies
are limted and it is not possible to determine if there are any ngjor
differences in the kinetics of ethylene oxide absorption, distribution,
nmet abol i sm or excretion across species. It would be useful to
i nvestigate patterns of distribution, to identify target organs, to
nmeasure rates of excretion in several species, and to identify bl ood
nmet abolites in humans and animals in order to understand what, if any,
relationships exist. Studies in this area would al so be hel pful in
putting the results of all available toxicity studies into perspective
interns of their relevance to the potential human health effects of
et hyl ene oxi de under simlar conditions of exposure.
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2.8.3 On-going Studies

The NTP Annual Plan for FY 1988 (NTP 1988a) indicated that ethylene
oxi de testing was schedul ed to be ongoing or conpleted in the follow ng
areas:

. In vitro mcrobial testing for nutagenesis and genetic toxicity
. In vitro Chinese hanster ovary assay to detect chronosonal
aberrations and sister chromatid exchange
. Drosophila sex-linked lethality assay
. Neur ol ogi cal and behavioral toxicity testing
. Inhal ation testing in mce and rats to study pul nonary and
i munol ogic toxicity

In addition, the Ethylene Oxide Industry Council (EOQ C), a panel of
t he Chem cal Manufacturers Association's CHEM STAR Di vi si on, has pl ans
to devel op, through the Chemical Industry Institute of Toxicol ogy
(CIT) , a Physiologically-Based Pharmacoki netic (PB-PK) nodel for the
met abol i sm di sposition and nacronol ecul ar reactivity of the ethyl ene
oxi de. The PB-PK nodel is intended to permt extrapolation to predict
ti ssue exposures fromvarious ethyl ene oxide exposure scenarios and in a
variety of aninmal species, including humans. Eventually, a
conpr ehensive ri sk assessnent will conbine the PB-PK nodel for chem ca
di sposition and tissue dosinetry of DNA adducts with biologically-based
descriptions of the cancer process. The conpl eted PB-PK nodel will be
used to interpret the rodent bioassay study results, to support a human
ri sk assessment for exposure, and to interpret exposure assessment
studi es based on the concentration of henpgl obin adducts in exposed
per sons.






