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PREFACE

This report summarizes and evaluates information relevant to a prelimi-
nary interim assessment of adverse health effects associated with benzene.
A1l estimates of acceptable intakes and carcinogenic potency presented in
this document should be considered as preliminary and reflect 1limited
resources allocated to this project. Pertinent toxicologic and environ-
mental data were located through on-line literature searches of the Chemical
Abstracts, TOXLINE, CANCERLINE and the CHEMFATE/DATALOG data bases. The
basic literature searched supporting - this document 1is current up to
September, 1984. Secondary sources of information have also been relied
upon in the preparation of this report and represent 1large-scale health
assessment efforts that entail extensive peer and Agency review. The
following 0ffice of Health and Environmental Assessment (OHEA) sources have
been extensively utilized:

U.S. EPA. 1978b. Estimation of Population Cancer Risk from
Ambient Benzene Exposure. Prepared by the Carcinogen Assessment
Group, OHEA, Washington, DC. Internal draft. (Cited in U.S. EPA,
1980b)

U.S. EPA. 1980b. Ambient Water Quality Criteria for Benzene.
Environmental Criteria and Assessment Office, Cincinnati, OH. EPA
440/5-80-018. NTIS PB 81-117293.

U.S. EPA. 1982. Reportable Quantity for Benzene. Prepared by the
Environmental Criteria and Assessment Office, Cincinnati, OH, OHEA
for the Office of Solid Waste and Emergency Response, Washington,
DC.

U.S. EPA. 1983b. Review of Toxicologic Data in Support of Evalua-
tion for Carcinogenic Potential of Benzene. Prepared by the
Carcinogen Assessment Group, OHEA, Washington, DC for the 0ffice of
Solid Waste and Emergency Response, Washington, DC.

The intent in these assessments is to suggest acceptable exposure levels
whenever sufficient data were available. Values were not derived or larger
uncertainty factors were employed when the variable data was 1imited in
scope tending to generate conservative (i.e. protective) estimates. Never-
theless, the interim values presented reflect the relative degree of hazard
associated with exposure or risk to the chemical(s) addressed.

Whenever possible, two categories of values have been estimated for sys-
temic toxicants (toxicants for which cancer is not the endpoint of concern).
The first, the AIS or acceptable intake subchronic, is an estimate of an
exposure Tlevel that would not be expected to cause adverse effects when
exposure occurs during a limited time interval (i.e., for an interval which
does not constitute a significant portion of the 1ifespan). This type of
exposure estimate has not been extensively used, or rigorously defined, as
previous risk assessment efforts have been primarily directed towards
exposures from toxicants in ambient air or water where lifetime exposure is
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assumed. Animal data used for AIS estimates generally include exposures
with durations of 30-90 days. Subchronic human data are rarely available.
Reported exposures are usually from chronic occupational exposure situations
or from reports of acute accidental exposure.

The AIC, acceptable intake chronic, is similar in concept to the ADI
(acceptable daily intake). It is an estimate of an exposure level that
would not be expected to cause adverse effects when exposure occurs for a
significant portion of the lifespan [see U.S. EPA (1980a) for a discussion
of this concept]. The AIC is route specific and estimates acceptable expo-
sure for a given route with the implicit assumption that exposure by other
routes is insignificant.

Composite scores (CS) for noncarcinogens have also been calculated where
data permitted. These values are used for ranking reportabie quantities;
the methodology for their development is explained in U.S. EPA {1983a).

For compounds for which there is sufficient evidence of carcinogenicity,
AIS and AIC values are not derived. For a discussion of risk assessment
methodology for carcinogens refer to U.S. EPA (1980a). Since cancer is a
process that is not characterized by a threshold, any exposure contributes
an increment of risk. Consequently, derivation of AIS and AIC values would
be inappropriate. For carcinogens, qj*s have been computed based on oral
and inhalation data if available.
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ABSTRACT

In order to place the risk assessment evaluation in proper context, the
reader is referred to the preface of this document. The preface outlines
1imitations applicable to all documents of this series as well as the appro-
priate interpretation and use of gquantitative estimates presented.

Considerable human data are available 1inking inhalation exposure to
benzene with TJleukemia. A carcinogenic potency for inhaled benzenc of
2.59x1072  (mg/kg/day) * may be estimated wusing data from several
epidemiological investigations. Animal data concerning the carcinogenicity
of inhaled benzene are equivocal.

Data regarding cancer incidence in humans following oral exposure to
benzene were not located. Only one animal biocassay for the carcinogenicity
of orally administered benzene was TJlocated (Maltoni and Scarnato, 1979).
Using the 1linearized multistage model (U.S. EPA, 1980a), a q* of
4.4512x1072 (mg/kg/day) * was computed. This value compares favorably
with the unit risk estimate of 5.2x1072 (mg/kg/day) * estimated from
human inhalation data by U.S. EPA (1980b). For the purposes of the present
assessment, the unit risk estimate of 5.2x1072 (mg/kg/day) * is proposed
to represent the carcinogenic potency of benzene following oral exposure.
As more complete data concerning the carcinogenicity of orally administered
benzene are available, this estimate should be reviewed.
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1. ENVIRONMENTAL CHEMISTRY AND FATE
The physical and chemical properties and environmental fate of benzene

(CAS No. 71-43-3) are glven below:

Chemical class: monocyclic aromatic hydrocarbon
Molecular weight: 78.12 (Callahan et al., 1979)
Vapor pressure: 95.2 mm Hg at 25°C (Callahan et al.,
1979)
Water solubility: 1750 mg/e at 25°C (Banerjee et al.,
1980)
Octanol/water partition
coefficient: 132 (Banerjee et al., 1980)
Bioconcentration factor: 12.6 {MacKay, 1982)
Half-Tlives in:
Alr: 6 days (Singh et al., 1981)
Water: 1-6 days (estimated)

The half-1ife of benzene in aquatic media has been estimated from the
reaeration rate ratio of 0.574 and the oxygen reaeration rate of 0.19
day™* to 0.96 day * (Mabey et al., 1981).

An estimate for the half-1ife for benzene in soil was not located in the
available literature. By analogy with 1its probable fate in aquatic media,
evaporation is expected to be the predominant loss mechanism from the soil
surface. Considering 1ts reasonably high water solubility and reasonably
Jow soil-water distribution coefficient (Chiou et al., 1983), benzene 1is
expected to leach from soil. Coniglio et al. (1980) reported, however, only
an 8.5% frequency of occurrence of benzene in groundwater samples throughout
the United States, compared with a 70% frequency for chloroform. Therefore,
both volatilization and biodegradation may account for the primary Tloss of
benzene from soil before it has the chance to leach appreciably from soil to

groundwater.
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2. ABSORPTION FACTORS IN HUMANS AND EXPERIMENTAL ANIMALS

2.1. ORAL

Although quantitative data regarding the rate and extent of benzene
absorption from the gastrointestinal tract are not available, absorption can
be 1inferred from ofa] toxicity and carcinogenicity studies (Chapters 3
and 4). '
2.2.  INHALATION

Although quantitative data regarding the rate and extent of pulmonary
benzene absorption are not available, absorption can be inferred from
studies reporting effects 1in humans and animals following exposure to

benzene vapors (Chapters 3 and 4).



3. TOXICITY IN HUMANS AND EXPERIMENTAL ANIMALS

3.1.  SUBCHRONIC
3.1.1. Oral. MWolf et al. (1956} dosed groups of 10 female Wistar rats
{~2.75 months old) with benzene at 1levels of 1, 10, 50 or 100 mg/kg by
gavage 5 days/week for a period of 187 days. The control group, consisting
of 20 matched animals, received only the vehicle, which was an 611ve 0il
solution emulsified with 5-10% aqueous solution of acacia. Hematopoietic
effects were reported for all dose levels except the lowest one. No effect
on the hematopoietic system was seen at the 1 mg/kg level, while very slight
leukopenia was recorded at the 10 mg/kg level, and leukopenia and erythro-
cytopenia were noted at both the 50 and 100 mg/kg levels. From this study,
the 1 mg/kg dose level of benzene can therefore be suggested as a NOEL for
leukopenia and/or erythrocytopenia in female rats.

Pertinent data regarding the effects of subchronic oral exposure of
humans to benzene were not located in the available literature.
3.1.2. Inhalation

In a series of experiments, Deichmann et al. (1963) exposed groups of
~40 male and female Sprague-Dawley rats to benzene vapors at levels of
15-831 ppm for 5-13 weeks. After 1-4 weeks of exposure, significant leuko-
penia was recorded for those animals exposed to >61 ppm for 5 hours/day, ~5
days/week over a period of 38-46 days. Rats exposed to benzene vapors at a
Tevel of 47 ppm for 7 hours/day on 180 days over a period of 245 days had
slight or moderate leukopenia, which began at 7-8 weeks of exposure and
persisted to the end of the study. Likewise, leukopenia was observed among
rats exposed to 44 ppm benzene for 7 hours/day, 5 days/week, for 8 weeks.
Leukopenia was not observed in groups of rats exposed to benzene levels <31

ppm for 7 hours/day, ~5 days/week for periods of 88-126 days. There were no



overt signs of toxicity, effects on body weight gain, anemia or gross patho-
logic changes at any exposure level (15-831 ppm of benzene). Rats exposed
to either 61 or 831 ppm of benzene vapors were examined for bone marrow
changes, but there were no differences when compared with control animals.
No differences between treated and control animals were observed during
extensive histopathological examination of control rats and those éxposed to
15, 31 or 47 ppm of benzene. From this study, 31 ppm of benzene can be
suggested as the NOEL for leukopenia in rats.

Wolf et al. (1956) exposed groups of 10-25 male and female Wistar rats,
5-10 male gquinea pigs and 1-2 male rabbits to benzene vapors at levels of
>88, 88 and 80 ppm, respectively, for 7 hours/day, 5 days/week for 204-269
days. Leukopenia was seen in a1l three species at the lowest exposure
levels tested. In addition, rats exposed to 88 ppm of benzene had increased
spleen weights; gquinea pigs exposed to 88 ppm had depressed growth,
increased spleen and testes weights and unspecified histopathologic changes
in the bone marrow; and rabbits exposed to 80 ppm had unspecified histo-
pathologic changes 1in the kidneys and testes. Rats exposed to benzene
vapors at a level of 2200 ppm had signs of necrosis, depressed growth and
unspecified histopathologic changes 1in the spleen and bone marrow, in
addition to the effects also seen at the lower exposure level.

No hematologic effects were seen in rats, guinea pigs or dogs exposed to
benzene vapors at a level of 17.6 ppm continuously for up to 127 days
(Jenkins et al., 1970).

Green et al. (1981) exposed 11 or 12 male CD-1 mice to benzene vapors at
a level of 302 ppm for 6 hours/day, 5 days/week for 26 weeks. Treatment-
related effects included nearly 50% mortality by the end of the study, as
well as marked lymphocytopenia, anemia and reduction of bone marrow, spleen

cellularity and spleen weight.



Pertinent data regarding the effects of subchronic inhalation exposure

of humans to benzene were not located in the available literature.

3.2. CHRONIC

3.2.1. Oral. Pertinent data regarding the chronic toxicity of benzene
following oral exposdre of either animals or humans were not located in the
available literature.

3.2.2. Inhalation.. Snyder et al. (1980) examined the hematotoxic and
carcinogenic effects of benzene to mice by exposing groups of 50 male AKR/J
mice to filtered air or 100 ppm of benzene, and groups of 40 male C57B1/6J
mice to filtered air or 300 ppm of benzene, for 6 hours/day, 5 days/week for
1ife (up to 505 days for C57B1 mice). For AKR mice, there was no signifi-
cant difference in median survival or rate of weight gain between treated
and control animals. From the first week of exposure through the end of the
experiment, marked lymphocytopenia and slight but statistically significant
anemia were reported for treated AKR mice relative to controls. Bone marrow
hypoplasia was observed in 10/50 treated AKR mice and 1in 1/50 controls.
Similar, but 'more severe, effects on these parameters in AKR mice were
reported in an earlier study conducted at a higher exposure level of 300 ppm
of benzene in the same laboratory (Snyder et al., 1978).

A decreased survival rate was reported for treated C57B1 mice, with a
median survival of 41 weeks for the treated group and 75 weeks for the
control group. Body weight gain of treated C57B1 mice was depressed rela-
tive to controls. From the first week of exposure through the end of the
experiment, marked lymphocytopenia and anemia were observed in treated C57B1
mice relative to controls. Bone marrow hyperplasia was observed in 13/40

benzene-exposed C57B1 mice and in none of the corresponding control mice.



In an earlier experiment by Snyder et al. (1978), Sprague-Dawley rats,
tested similarly at 300 ppm of benzene exhibited a trend toward anemia and
had a milder lymphocytopenia than had either AKR mice (Snyder et al., 1978)
or C57B1 mice (Snyder et al., 1980) at the same exposure level.

There are numerous reports of the effects of chronic inhalation exposure
to benzene in humans. Chronic exposure of humans to benzene vapbr causes
pancytopenia, which is a reduction of blood erythrocytes, leukocytes and
thrombocytes (platelets) (U.S. EPA, 1980b; IARC, 1982; ACGIH, 1980; NIOSH,
1974). In early {(mild) cases of chronic benzene poisoning, a decrease 4n
only one type of blood element may occur (i.e., anemia, leukopenia or throm-
bocytopenia), and the disease appears to be reversible on cessation of
exposure. Severe pancytopenia (aplastic anemia) as a result of exposure to
benzene is often associated with a marked reduction in bone marrow cellular-
ity (U.S. EPA, 1980b; IARC, 1982). The best evidence for the causal rela-
tionship between benzene exposure and pancytopenia 1is derived from occupa-
tional studies in which the appearance of pancytopenia in workers occurred
after the use of benzene was instituted, and ceased after benzene was
replaced with another solvent (U.S. EPA, 1980b). According to NIOSH (1974),
occupational exposures to benzene at 300-700 ppm have been 1inked consis-
tently with blood dyscrasias (Greenburg, 1926; Savilahti, 1956; Vigliani and
Saita, 1964). The lower 1imit of exposure that will result in hematologic
effects in humans is not well defined, but is thought to be <100 ppm (Hardy
and Elkins, 1948; Pagnotto et al., 1961; Pagnotto, 1972). There 1is some
evidence for impairment of the immune system in humans chronically exposed

to benzene (Lange et al., 1973; Smolik et al., 1973).



An additional consequence of chronic benzene exposure is the induction
of acute myelogenous leukemia in humans (Section 4.1.) (U.S. EPA, 1980b;
IARC, 1982). According to IARC (1982), there 1is sufficient evidence that
benzene js carcinogenic to humans.

3.3.  TERATOGENICITY AND OTHER REPRODUCTIVE EFFECTS

3.3.1. Oral. Pregnant mice were given gavage doses of benzene at levels
of 0.3, 0.5 or 1.0 mg/kg/day on days 6-15 of gestation (Nawrot and Staples,
1979). Increased mortality among the dams and increased resorption of
embryos occurred at all dose levels. At the 1 mg/kg/day dose level (given
on days 6-15 or days 12-15 of gestation), there was no statistically
significant change in the incidence of malformations.

3.3.2. Inhalation. In most 1inhalation teratogenicity experiments,
benzene was not teratogenic and was fetotoxic only at levels of exposure
that were also maternotoxic (U.S. EPA, 1980b; IARC, 1982). In one study,
however, evidence of fetotoxicity was observed in mice in the absence of
maternotoxicity (Murray et al., 1979), and in another study, suggestive
evidence of teratogenic potential was observed in rats at maternotoxic
exposure levels (Kuna and Kapp, 1981). Only the studies of Murray et al.
(1979) and Kuna and Kapp (1981), summarized by U.S. EPA (1982), will be
discussed here; further information is avai]ab]eiin U.S. EPA (1980b) and
IARC (1982).

Murray et al. (1979) exposed CF-1 mice and New Zealand rabbits to
benzene vapors at a concentration of 500 ppm. Groups of 35 and 37 mice were
exposed to room air or 500 ppm benzene, respectively, for 7 hours/day, on
days 6-15 of gestation. Groups of 20 rabbits were exposed to room air or
500 ppm benzene for 7 hours/day, on days 6-18 of gestation. Changes in body
weight and overt signs of toxicity were not observed in exposed animals of

either species, nor were differences in numbers of resorptions or viable
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fetuses observed. Mean fetal body weight was significantly lower {p<0.05)
in litters from benzene-exposed mice, but not in Titters from benzene-
exposed rabbits. Litters of benzene-exposed mice had statistically signifi-
cant increases 1in several minor skeletal variants considered to be 1indica-
tive of delayed devélopment, out not in major ma]formationsi Treatment-
related effects were not seen in litters of benzene-exposed rabbits.

Kuna and Kapp (1981) exposed pregnant Sprague-Dawley rats to benzene by
jnhalation on days 6-15 of gestation. Animals were exposed to 0 ppm (17
females), 10 ppm (18 females), 50 ppm (20 females) or 500 ppm (19 females)
for 7 hours/day. No overt signs of toxicity were seen in any of the preg-
nant dams except for reduced weight gains on days 5-15 of gestation in the
50 and 500 ppm groups. No differences were seen in maternal erythrocyte,
leukocyte or differential leukocyte counts, or in implantation efficiencies
or number of resorptions. Mean crown rump length was significantly reduced
(p<0.05) in litters of dams exposed to 500 ppm, and mean fetal body weights
were reduced (p<0.05} in both the 50 and 500 ppm groups. Delayed ossifica-
tion occurred at 50 and 500 ppm, and four fetuses (from four l1itters) of the
500 ppm group had skeletal variants or anomalies; one fetus had exencephaly,
one had angulated ribs and two had out-of-sequence ossification of the fore-
feet. 1In addition, litters from the high dose group contained three fetuses
with dilated lateral and third brain ventricles. Historical incidences of
exencephaly, angulated ribs, out-of-sequence ossification of the forefeet,
and dilated 1lateral and third brain ventricles were very low in control
rats; these specific abnormalities had not previously occurred together in a
single experiment. In the 50 ppm group, delayed ossification of the rib
cage and extremities was seen. No anomalies were noted in the lowest dose
or control 1itters. This study suggests a NOEL of 10 ppm for fetotoxic

effects in rats.



3.4,  TOXICANT INTERACTIONS

Benzene metabolism, and therefore benzene toxicity, is altered by simul-
taneous exposure to some other solvents {(e.g., xylene, toluene) because
these aromatic solvents are oxidized by many of the same hepatic enzyme
systems (Ikeda et a]i, 1972; U.S. EPA, 1980b). Reported hematotoxic effects
of benzene in humans may be a synergistic result of simultaneous eiposure to
other solvents (e.g., xylene, toluene), as benzene itself does not induce
Teukemia in animals (NAS, 1976; U.S. EPA, 1980b). Since benzene metabolites
rather than the pareﬁt compound are suspected of inducing bone marrow toxic-
ity, inhibition of benzene metabolism (hydroxylation) by toluene may result
in increased toxic effects of the parent compound instead of benzene metabo-

1ites (Andrews et al., 1977; U.S. EPA, 1980b).



4. CARCINOGENICITY
4.1. HUMAN DATA
4.1.1. Oral. Pertinent data regarding the carcinogenicity of benzene via
oral exposure to humans were not located in the available literature.
4.1.2. Inhalation. JARC (1982) has summarized many case studies that
suggest a causai relationship between exposure to benzene by inhalation and
leukemia in humans (Delore and Borgomano, 1928; Bowditch and Elkins, 1939;
Hunter, 1939; Mallory et al., 1939; DeGowin, 1963; Tareeff et al., 1963;
Vigliani and Saita, 1964; Goguel et al., 1967; Aksoy et al., 1971, 1972;
Aksoy, 1980; Ludwig and Werthemann, 1962; Galavotti and Troisi, 1950; Nissen
and Soeborg Ohlsen, 1953; Di Guglielmo and Iannaccone, 1958; Rozman et al.,
1968; Bryon et al., 1969; Forni and Moreo, 1969; Girard and Revol, 1970;
Goldstein, 1977). Because these studies are secondary to several epide-
miology studies for assessing human cancer risk associated with inhalation
exposure to benzene, these case studies will not be discussed further.
Instead, the reader is referred to the reviews by IARC (1982) and Goldstein
(1977).

A number of epidemiology studies have associated occupational exposure
to benzene {either alone or in conjunction with cther organic solvents) by
jphalation with an increased incidence of leukemia (Aksoy, 1977; Infante et
al., 1977a,b; O0tt et al., 1978; Ishimaru et al., 1971; Vigliani, 1976;
Fishbeck et al., 1978; Thorpe, 1974; McMichael et al., 1975; Monson and
Nakano, 1976; Tyroler et al., 1976; Brandt et al., 1978; Flodin et al.,
1981; Hardell et al., 1981; Greene et al., 1979; Rushton and Alderson, 1980,
1981; Tabershaw and Lamm, 1977; Rinsky et al., 1981). Since the U.S. EPA
(1980b) used the studies of Aksoy et al. (1974), Infante et al. (1977a,b)

and 0tt et al. (1978) to derive a human cancer-based criterion for exposure
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to benzene, only these studies will be discussed further. The other epide-
miology studies are reviewed in IARC (1982) and U.S. EPA (1978a, 1980b).

Aksoy et al. (1974) examined the effect of benzene exposure on the inci-
dence of leukemia or "preleukemia" among a group of 28,500 workers employed
in the shoe 1ndustry of Turkey. The mean duration of employment and mean
age of this cohort were 9.7 years (range, 1-15 years) and 34:2 years,
respectively. Benzene exposure was reported to have occurred in smail,
poorly ventilated work areas, with peak exposures of 210-650 ppm (670-2075
mg/m2). Of the 28,500 subjects studied, 26 were reported to have leukemia
(34 cases of leukemia or preleukemia were identified). This corresponds to
an annual leukemia incidence of ~13/100,000 workers, which yields a relative
risk of ~2 when compared with the annual estimate of 6/100,00C for the
general population. In a later follow-up study, eight additional cases of
leukemia were reported, and there was suggestive evidence of an increase in
other malignant diseases (Aksoy, 1980).

Infante et al. (1977a,b) examined the leukemogenic effects of benzene
exposure on a cohort of 748 white males exposed to the solvent during the
manufacture of a rubber product from 1940-1949. Vital statistics were
obtained for the cohort through mid-1975. When compared with eilther of two
separate control populations, the general American population and workers in
another industry not using benzene, a statistically significant (p<0.002)
excess of leukemia was found. Infante et al. (1977a) reported a 5-fold
excessive risk of all leukemia and a 10-fold excessive risk of myelocytic
and monocytic (probably myelomonocytic) leukemias combined. The lag period
for chronic myelocytic leukemia (one case) was 2 years from initial benzene
exposure, while the lag period for acute myelocytic and monccytic leukemia

(six cases) was 10-21 years. The work environment was reported to be free
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of contamination by solvents other than benzene. The air concentrations of
benzene were generally below the recommended 1imits in effect during the
period of the study (i.e., 100 ppm in 1941, 50 ppm in 1947, 35 ppm in 1948,
25 ppm in 1957 and 10 ppm in 1969).

0tt et al. (1978) used a retrospective cohort analysis to examine the
mortality experience of 594 individuals occupationally exposed to benzene 1in
chemical manufacture during the period 1940-1973. Three deaths attributable
to leukemia (one myelogenous and one myeloblastic) and one to aplastic
anemia were reported among the 594 workers. 6n1y 0.8 deaths from leukemia
(excluding 1lymphocytic or monocytic cell types) were expected, based on
incidence data from the third National Cancer Survey (SMR=375); the differ-
ence had marginal statistical significance (p<0.05). The TWA benzene con-
centration to which the three subjects who died of leukemia were exposed was
estimated to be <10 ppm.
4.2. BIOASSAYS ‘
4.2.1. Oral. Maltoni and Scarnato (1979) observed increases in zymbal
gland and mammary gland carcinomas in female Sprague-Dawley rats and
leukemia in male rats administered benzene by gavage. Three groups of 30 or
35 animals of each sex were treated 4-5 times/week for 52 weeks at dose
levels of either 50 or 250 mg/kg bw. The control group, consisting of 30
male and 30 female rats, received olive o0il1 only. The tumor incidences for
this study are summarized in Table 4-1.
4.2.2. Inhalation. Slight 1increases 1in hematopoietic neoplasms were
reported for male C57B1 mice (N=40) exposed by inhalation to 300 ppm of
benzene for © hours/day, 5 days/week for 488 days (Snyder et al., 1980).
These tumor incidences are summarized 1in Table 4-2. In the same study,
there was no fincrease in tumors in 50 male AKR mice exposed to 100 ppm of

benzene under the same exposure schedule. Snyder et al. (1980) also failed
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TABLE 4.1

Incidences of Leukemia and Zymbal Gland and Mammary Gland Carclinomas in Sprague-Dawley Rats Given Benzene by Gavaged

Duration Purity Vehicle or Tumor
Sex Dose or of Duration of Physical Target Organ * Tumor Incidence
Exposure Treatment of Study Compound State Type (p value)
{weeks)
| 0.0 mg NA 1ifespan NA olive oll hematopoietic Jeukemia 0/30
" 50 mg/kg 52 11fespan NR olive oll hematopoietic Teukemia 0/30
4-5 times/week
M 250 mg/kg 52 Tifespan NR olive ol hematopoletic Teukemia 4/35
4-5 times/week
F 0.0 mg NA 11ifespan NA oltve o1l zymbal gland carcinoma 0730 (NA)
mammary gland carcinoma 3730
F 50 mg/kg 52 Tifespan NA olive oill 2ymbal gland carcinoma 2/30 (Ns)b
4-5 times/week mammary gland carcinoma 4/30
F 250 mg/kg 52 1ifespan NA olive ol z2ymbal gland carcinoma 8/35 (p<0.05)b
4-5 times/week mammary gland carcinoma 1/35

4Source: Malton) and Scarnato, 1979

bFisher exact test

NA = Not applicable; NR = not recorded; NS = not significant



TABLE 4-2

Incidences of Hematopoletic Tumors in Mice Exposed to Benzene Vapors by Inhalation?

Duration Purity Vehicle or : Tumor
Strain Sex Dose or of Duration of Physical Target Organ Tumor Type Incidence
Exposure Treatment of Study Compound State (p value)
{days)
c518 M 0.0 ppm NA M fespan NA NA hematopoletic all tumors 2/40
c5718) N 300 ppm 488 11fespan NR vapor hematopotetic all tumors 8/40
6 hours/day,
5 days/week
AKR N 0.0 ppm NA 11fespan NA NA hematopoletic all tumors NR
AKR M 100 ppm 505 Tifespan KR vapor hematopoletic all tumors NS

6 hours/day,
5 days/week

dSource: Snyder et al., 1980
bI.ymphomas occurred in two of the control and six of the treated C57B) mice.

NA = Not applicable; NR = not reported; NS = not significant



to find a statistically significant increased incidence in tumors in male
Charles River CD-1 mice (number not specified) exposed to 100 or 300 ppm of
benzene under the same exposure schedule previously described; however,
myelogenous (myeloid) leukemia was observed in two CD-1 mice exposed to 300
ppm of benzene. A leukemic response was not observed in 45 male Sprague-
Dawley rats exposed to benzene vapors at a level of 300 ppm for 6 Hours/day,
5 days/week for life (Snyder et al., 1980).
4.3. OTHER RELEVANT DATA

Benzene has been tested extensively for genotoxic properties. Benzene
was not mutagenic in several bacterial and yeast systems, including Salmo-

nella typhimurium both in the presence and absence of an exogenous metabolic

activating system (Lyon, 1976; Dean, 1978; Shahin and Fournier, 1978;

Lebowitz et al., 1979; Kaden et al., 1979), Saccharomyces cerevisiae

(Cotruvo et al., 1977) and Escherichia coli (Rosenkranz and Leifer, 1980).

Benzene was also negative in the sex-linked recessive lethal mutation assay

with Drosophila melanogaster (Nylander et al., 1978) and the mouse lymphoma

forward mutation assay (Lebowitz et al., 1979). Equivocal results have been
obtained in assays for clastogenic effects of benzene in vitro, but it
appears that benzene metabolites are responsible in those cases with posi-
tive results (IARC, 1982; Koizumi et al., 1974; Morimoto, 1976; Gerner-Smidt
and Friedrich, 1978; Diaz et al., 1979; Morimoto and Wolff, 1980). Several
investigators have reported positive results for benzene in mouse micro-
nucleus assays (Lyon, 1976; Diaz et al., 1980; Hite et al., 1980; Meyne and
Legator, 1980). Benzene induced chromosomal aberrations in bone marrow
cells from rabbits (Kissling and Speck, 1971), mice (Meyne and Legator,
1978, 1980) and rats (Dean, 1969; Philip and Krogh Jensen, 1970; Lyapkalo,
1973; Lyon, 1976; Dobrokhotov and Enikeev, 1977; Anderson and Rikhardson,
1979).
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Numerous finvestigators have examined the effect of benzene on the
chromosomes of bone marrow cells and peripheral Jlymphocytes from both
symptomatic and asymptomatic workers with either a current or a past history
of exposure to benzene. Many of these 1investigators found significant
increases in chromosomal aberrations in both symptomatic and asymptomatic
groups, some of which persisted for years after cessation of exposdre (IARC,
1982; Pollini and Colombi, 1964a,b; Pollini et al., 1964, 1969; Pollini and
Biscaldi, 1976, 1977; Fforni et al., 1971a,b; Forni and Moreo, 1967, 1969;
Hartwich et al., 1969; Sellyei and Kelemen, 1971; Erdogan and Aksoy, 1973;
Hudak and Gombosi, 1977; Van den Berghe et al., 1979; Tough and Court Brown,
1965; Tough et al., 1970; Funes-Cravioto et al., 1977; Picciano, 1979;
Hartwich and Schwanitz, 1972; Khan and Khan, 1973; fredga et al., 1979).

4.4, WEIGHT OF EVIDENCE

The case reports reviewed by IARC (1982) and Goldstein (1977) relating
carcinogenicity in humans with exposure to benzene, coupled with the epide-
miological studies by Aksoy et al. (1974), Infante et al. (1977a,b) and Ott
et al. {1978) provide sufficient evidence for the carcinogenicity of benzene
to humans.

Animal bioassays, which demonstrate 1increased incidence of zymbal and
mammary gland carcinoma in orally exposed rats (Maltoni and Scarnato, 1979)
and suggest 1increased incidence of hematopoietic tumors in C57B1 mice
exposed via inhalation, may be considered corroborative data supportive of a
carcinogenic role for benzene. Applying the criteria for weight of evidence
proposed by the Carcinogen Assessment Group of the U.S. EPA (Federal
Register, 1984), benzene 1is most appropriately designated a Group A human

carcinogen.
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5. REGULATORY STANDARDS AND CRITERIA

Regulations and recommended gquidelines have been reported by 15
countries for 1imiting occupational exposure to benzene (IARC, 1982). These
requlations and gu1dé11nes are summarized in Table 5-1. Six countries
(Finland, the Federal Republic of Germany, Italy, Japan, Sweden and.Switzer—
land) recognize benzene as being carcinogenic to humans, and two others
(Austraiia, the United States) have designated benzene as a suspected human
carcinogen’ (IARC, 1982).

The U.S. EPA (1980b) has estimated water criteria for the consumption of
benzene through water andd 1life time contaminated fish for increased risk
levels of 1077, 107¢ and 1075 of 0.066, 0.66 and 6.6 ug/%, respec-

tively.
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National Occupational Exposure Limits for Benzened

TABLE 5-1

Concentration
Country Year Interpretation Status
(mg/m?)  (ppm)
Australia 1978 30 10 TWAD guideline
Belgium 1978 30 10 TWAD regulation
Czechoslovakia 1976 50 NR TWA regulation
80 NR ceiling (10 minutes) requlation
Finland 1975 32 10 TWAD regulation
Hungary 1974 20 NR TWAC regulation
Italy 1978 30 10 TWAD guideline
Japan 1978 80 25 ceiling guideline
The Netherlands 1978 30 10 TWAD guideline
Poland 1976 30 NR ceilingb regulation
Romania 1975 50 NR max imumP regulation
Sweden 1978 15 5 TWAD guideline
30 10 maximum (15 minutes) guideline
Switzerland 1978 6.5 2 TWAD regulation
United States
OSHA 1980 NR 10 TWA regulation
NR 25 ceiling regulation
NR 50 peakd regulation
ACGIH 1983 30 10 TWA guideline
75 25 STEL guideline
NIOSH 1980 3.2 1 cetling (60 minutes) guideline
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TABLE 5-1 (cont.)

Concentration
Country Year Interpretation Status

(mg/m?)  (ppm)

USSR 1980 5 - NR ce1lingP regulation
Yugoslavia 1971 50 15 cei]ingb regulation

dSources: ACGIH, 1983; International Labour Office, 1980; NIOSH, 1980;
OSHA, 1980; IARC, 1982

bSkin irritant notation added

CMay be exceeded 5 times/shift as long as average does not exceed value
dpeak 1imit above ceiling -- 10 minutes

NR = Not recorded
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6. RISK ASSESSMENT
6.1.  ACCEPTABLE INTAKE SUBCHRONIC (AIS)

Benzene is a known carcinogen for which data are sufficient for comput-
ing a q]*. Therefore, i1t is inappropriate to calculate an oral or inhala-
tion AIS for benzene.. '

6.2. ACCEPTABLE INTAKE CHRONIC (AIC)

Benzene 1s a known carcinogen for which data are sufficient for comput-
ing a q]*. Therefore, it 1s inappropriate to calculate an oral or inhala-
tion AIC for benzene.

6.3. CARCINOGENIC POTENCY (ql*)

6.3.1. 0ral. In the only oral cancer bioassay, Maltoni and Scarnato
(1979) observed an increased incidence of zymbal gland carcinoma in female
rats given benzene by gavage in olive oil at levels of 0, 50 or 250 mg/kg bw
{(equivalent to 0, 11.6 or 58.0 mg/kg/day, respectively), 4-5 days/week for
52 weeks. The incidences of zymbal gland carcinoma were 0/30 controls, 2/30
low dose and 8/35 high dose. Using the cancer data from this study, a
quantitative risk criterion can be derived for benzene. Based aon the zymbal
gland carcinoma response of female rats, and using the linearized multistage
model adopted by the U.S. EPA (1980a), a carcinogenic potency factor (q]*)
of 4.4512x1072 (mg/kg/day)™* can be derived for humans. The human ql*
s calculated from the animal q]* by applying the cube root of the ratio
of the body weight of humans to rats. Complete data for derivation of this
q]* are presented in Appendix A.

This value compares favorably with the unit risk estimate developed for
oral exposure based upon human occupational exposure (U.S. EPA, 1980b).
This inhalation-based oral estimate of 5.2x1072 {mg/kg/day)” 1 was
derived as described in section 6.3.2. of this document with the additive of
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an absorption factor of 0.5 to estimate oral exposure from enhalation data
It 1is proposed that the unit risk value of 5.2x1072 (mg/kg/day) * as
estimated by U.S. EPA (1980b) be used as an estimate of the oral carcino-
genic potency of benzene for the purposes of the present assessment.

6.3.2. Inhalation. The U.S. EPA (1980b) derived a cancer-based criterion
for human exposure to benzene from the epidemiology studies of Iﬁfante et
al. (1977a,b), Ott et al. (1978) and Aksoy et al. (1974), in which a signif-
icantly 1increased incidence of leukemia was observed for workers exposed to
benzene principally by inhalation. Using these epidemiology studies, the
U.S. EPA Carcinogen Assessment Group (U.S. EPA, 1978b) caiculated a dose-
response curve with a slope of 0.024074 units of lifetime risk/unit (ppm) of
con£1nuous exposure to atmospheric benzene. This corresponds to a unit risk
of 7.52x1073 (mg/m3)" 3, Assuming an inhalation rate of 20 m3/day
for a 70 kg man, the wunit risk also may be expressed as 3.76x1074

mg/day”* or 2.6x1072 mg/kg/day *.
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