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EXECUTIVE SUMHARY

SECTION B: HEALTH EFFECTS OF BEMZENE

‘wrr The documented human health effects of benzene have occurred mainly as the result
of exposure in occupaticna{ settings. A brief exposure to 22,000 ppm can cause
fatalities by producing intoxication and respiratory and circulatory collapse.
S.tudies in humans and animals have not implicated benzene as a cause of birth
dzfects. However, human exposures in the hundreds of parts per million range have
resulted in varying degrees of depression of red znd white blood cell production
and in some éases have caused fatal aplastic anemia. Chromcsomal abnormalities

'have been documented in humans years after toxic exposures in this dose range.

Exposures of tens to hundreds of parts per million have heen associated
epidemiotogically with an 'im_:reased incidence of leukemia. Cfhromosomal damage has
occu;’red in animals at these levels. Recent animal can;ef.bioassays have shown
beanzene to causelleukemia and a variety of other cancers. The staff of the
Department of Health Services (DHS) can find no evidence of substantial scientific
disagreement about the above-mentioned effects and agrees with the Internatibné]
Agency for Research in Cancer (IARC) that there is sufficient evidence to consider

benzene a human carcinogen.

The key issue for this evaluation is whether levels of benzene in the Tow parts-
per-million or parts-per-billion range could cause human leukemia or other cancers
at rates which are of concern, even though such rates are below the maanitude
detectable by epidemiological study. DHS helieves risks of adverse health outcomes
other than cancer are not expected at these lower dosage levels. To address this

issue, the first question which must be asked is whether henzene has a carcinogenic



threshold, To argue for a threshold, the staff of the OHS wnuld require strong

positive evidence that benzan2 acts oniy through mechanisms which ought to have 2

threshold. No positive evidance exists for this nositien. On the other hand,.

understanding of the mechanisms of benzena's action is not sufficient to prove

definitively that there is not a threshold. Since statistical and mechanistic

arguments for a benzene threshold are not compelling, DHS &onsiders that henzene

should be treated as- a substance withnut a threshold for carcinogenesis.

The DHS has estimated the low-dose carcincaenic potency of benzene using both
animal and epidemiological data. This has required extrapolation from imperfectly
estimated high exposure levels in epidemiological studies or from well-measured

high levels in animal studies. Such extrapolations depend on many assumptions,

each witn its own uncertainties. Figure A shows dose-response curves derived from -

these human and animal studies. The X axis in this figure shcws the lifetime-

averaged daily exposure in parts per dillion (ppb)}. The Y axis shows the added

Tifetime risk which would theoretically result from each level of exposure. This

is expressed in excess cases of cancer per million people exposed.

Each line is described below but, in summary, the very high and very low estimates
of risk are provided by the Mantel-Bryan and Probit models respectively which the

DHS does not advocate for reasons given in the text.

Animal and epidemiological studies provide risk estimates which are within a factor
of 10 of each other, and the DHS recommends using these estimates to jrovide a

range of risk.




p—

-The benzene risk assessment carried out by EPA's Carcinonen Assessment Group (CAR)

was based on data from three epidemiological studies. More recently CAG reanalyzed
data from one of these, the Rinsky re-evawation;of the Infante study. 1In Figure
A, we present the theoretical dose resné:gase curve derived from the more recent
Rinsky estimate (1ine 5) and the curve based on the average of the three

epidemiological .studies {line 6).

Line 4 shows the theoretical dose-response curve derived from lymohomas and
teukemias in mice exposed to benzene by gavage. The multistage extrapo_iation
procedure of Crump was used for this maximum likelihood estimate. This éStim‘a te
for mice is similar to the human epidemiology estimates and in this particular
graph overlies the Rinsky risk line. These human leukemia and the animal
lymphoma/Jeukemia risk assessments thus suggest a theoretical added lifetime risk

¢f arocund 22 to 50 cases pér million for a lifetime exposure to 1 npb..

The model that is selected to extrapolate animal high dose exposures to low dose

erposures humans will encounter in ambient air can produce estimates df‘risk which
vary by many orders of magnitufie. Line 1 shows the Mantel-Bryan procedure for
estimating risk for the most sensitive site in animals, the preputial gland in
mice. Line 2 shows the 952‘ upper confidence 1imit for risk estimates based on the

multistage mode]l for this same site.

Line 7 shows the probit model for prepu‘i:ia'l'cance'ré which lies far below the
others. There are theoretical reasons for.preferring the multistage model which
are described in the text. Mice show evidence for a variety of cancers after

exposure to henzene. These include marmary and ovary cancers which have not been



adequately studied in man.” The theoretical risk for these cancers combined are

shown by line 3. : .

Since epidemiology has not determined whether humans as well as animals run a risk

of mammary or ovarian cancer, and since it is common practice to use the 95% upoer

confidence 1imit based on the most sensitive site and species to calculate the

tpper bound of risk, the staff of the DHS suggests that the ARB consider dose- ,

'reSponse curves which lie between the EPA estimates based on the data from the

Infante, Ott, and Aksoy epidemiologic studies (22 X 10'6/1 poh) (1ine B) and the

95% upper confidence 1imit based on the most sensitive site in rats and mice, the

preputial qland (170 X 10'6/1 pob) {(Vine 2):

In summary, the DHS determines that:

(1)

(2)

(3)

(4)

15)

There is sufficient evidence to consider benzene as a human carcincgen.

For lack of positive evidence to the contrary, henzene sould be treated

as if it had no thresold for carcindgeqic effect.

Based on available evidence it is scientificallv defensahle to consider
the lifetime risk from continuous exposure to 1 pob of benzene in air to
be between 24 and 170 excess cancer cases ner million persons.

Other health effects are not expected tp occur at usual ambient levels.

Benzene should be l1icted as a toxic air contaminant.
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I. Absorption, Distribution, and Metabolism

The absorption, distribution, metabolism, and excretion of benzene
have baen reviewed for both humans and animals test species by the TARC
(1582). The purpose of the review was to identify information that would be.
of value in determining the human health impact of benzene exposure. This
information would be particu"lar]_y important for the understanding of the
mechanism of benzene induced carcinogenesis and the development of a dose-
respﬁnse relationship. Data on the absorption and metabolism of benzene are
critical for the application of pharmacokinetic models used in low dose ex-
trapolation of cancer risks. After reviewing the available literature, the

position of the staff of the DHS is as follows:

1) The existance of the proposed cartinogénic metabolite of benzene,

benzene oxide, is still only speculative {Goldstein, 1983).

2) Although animal studies have demonstrated several benzene metabolic
pathways, there is insufficient data with-respeét to phar-
macokinetics (e.g., the rate determining step {rds) for the
formation and inactivation of the carcinogenically respon'sime
species, rate and equiiibrium constants for the rds, information on
the inducability of the critical enz_ymeé, etc.). fo model metabo-

1ism even in animals {Anderson, et al., 198 ).

3} There is insufficient human data with respect to the distribution
or metabolism of benzene to apply any pharmacokinetic model derijved

from animal studies to humans risk assessment.

-7-






Short-Term Tests and Chromosomal Studies

-
—
.

1. Introcluction_

IARC has reviewed research on the genotoxic effects of ben-

zene published up to 1981 (IARC, 1982). The work they reviewed includes
results of studies on'gene mutations or the DNA damage in bacteria and

fungi, gene mutatibns or the DNA damage in mammalian cells in v-itro and in

vive and chromosomal aberrations detected in animals and humans. The staff,

in the following section on short-term tests and chromosomal studies on ben-
zene, emphasized discussion of studies published subsequent to the 1982 IARC
document. Studies reviewed by IARC were genérany not, discussed in our

dogument unless:

1) The study was felt to be an important example of a specific

category of shart-term test; or

2) The study needed further evaluation than given by the IARC work‘ihg

group.

Infocrmation concerning the validation, strengths,' and limitations, qualita-
tive and quantitative characteristics of individual short-term tests will
not be discussed here, but are available in review publications by Brusick,

1980; Bridges et al., 1982 and by Hsu, 1982, to cite a few examples.



Some of the studies reviewed were reported as abstracts cf presentations
given at recent meetings. Abstracts are difficult to evaluate and are

therefore denoted in our text.

2. Gene Mutations or DMA Damage in Bacteria

IARC (1982) reported that benzene was not mutagenirﬁ in bac-

terial point mutation assays such as the Salmonella typhimurium microsome

test of Ames et al. (1975). However, in a few of the studies cited, for ex-
ample, Shahin and Fournier (1978) and Lyon (1976), a closed system to
minimize evaporation of benzene during incubation was not used. This makes

interpretation of the results difficult.

The study by Shahin and Fournier (1978) reviewed by IARC was
basically an investigation of the mutagenicity of tar sand fractions using
benzene as a solvent in the Ames assay. Benzene, however, has very limited
solubility in equeous systems such as the Ames assay, and a closed system

was not used.

Benzene oxide, & propased reactive metabolic intermediate of
benzenes, was tested by Kinoshita et al. {1981) in a closed-liquid incubation
system. They reported an increasing mutation frequancy for TALQO (increased
his-positive revertants per million viable cells) with ‘increasing doses of
benzene oxide without the need for an additione) metabolic act‘ivation-
system. The absolute number of revertants, however, ‘increased by less than

a factor of two and there was no linear dose-response relationship

=10~




demonstrated. This non-linearity may, in part, be due to t'o'xicity of ben-
sene oxide to bacteria. IARC noted that these studies needed to be

repeated. -

Jung et al. (1981) tested a variety of related oxides of ben-
zene using the standard Ames asSay or a modified assay which exposed
Salmorella to the test agent in a'desiccator {closed system}. | Twelve
oxiranes out of 17 tested were weakly to moderately mutagenic in strain
TALOO without the addition of metabolic enzymes. Banzene oxide, however,
was not mut'agenic using either of the procedures. The actual dose-response
curves and numbers olf bacteria surviving treatment were not reported for the
oxiranes which were mutagenic. Only the siope of thé line from the linear

portion of the dose-response curve was reported.

3. Gene Mutation and DNA Damage in Mammalian Cells

Studies reviewed by IARC '(1982) regarding .the mutagenicity of

‘benzene in mammalian cell gene mutation assays have generally been reported

to be negative.

Crespi and Penman (1984, abstraﬁt) and Crespi et al. (1984)
have reported that benzene at 1. mg/mi (28 hrs exposure time) was mutagenic
in a new human lymphoblastoid cell assay and which has an endogenous metabo-
h‘cAactivation system. The paper describing the assay and its validation is

in press (Crespi and Thilly, 1984). The authors are currently repeating-

their initial work and incorporating more doses to establish dose-responée
curves (Crespi, personal communication}. Staff believed that the data are

very limited for thi's study. because the response reported was only about two

-11-



times background and there was only one dose tested. The researchers in-
g

volved believed that the results ware significant (Crespi, persona)

communication).

4. Chromosomal Effects in Animals

4,1 Sister Chromatid Exchanges (SCEs)

Hook et al. (1984, abstract) and Erexson et al. {1984,
abstract) récent'ly reported that benzene induced SCEs in vivo in mice ex-
posed for 4 hours at concentrations of 2815 ppm (Hook et al.) and for 6
hours at 10, 100, 1000 ppm (Erexson et al.). The DHS staff notes that these
and other studies which are reported at meetings and are presently pubHshed

in abstract form are difficult to evaluate.

4.2 Micronuclei

Cne tes£ developed for'detecting possible clastogenic
{chromosome-breaking} effects of compounds in am‘rha'is is the micronuclei as-
s;ay (Schmid, 1975; Heddle, 1973). Micronuclei are thought to be broken
fragments of chromosomes or chromatids which lag behind intact chromosomes
during ¢ell division. They are conveniently detected in polychromatic
erythrocytes which generally expel their nuclieus but leave behind these
fragments or micr-tjnuc]'ei. IARt has reviewed a number of these studies in
deiai]. The studies generally éonsisted of treating animals (usually mice
or rats) with benzene, usually by the oral route of administration for 1 or
2 days, and sacrificing the animals a few hours tc days after the last

treatment. Bone marrow is obtained and examined for micronuclei. In most °

-12-




of the studies reviewed by 1ARC, there were significant increases in

micronuclej. Some of the studies included dose-response relationships.

Erexson et al. (1984, abstract) have confirmed these

earlier studies and reported effects at relatively low levels of brief ex-

posure periods. They reported that there were dose-response relationships
for ‘mice exposed by inhalation to 10, 100, and 1000 ppm benzene for 6 hours.

Benzene caused 0.9 + .06, 1.03 + .07 and 2.81 + .08 percent micronuclei at

10, 100, and 1000 ppm, respectively. The control value was 0.21 + .03. The -

effect at 10 ppm was statistically significant.

:Tice et al. {1984, abstract) examinad slides from in-'
halation studies previously conducted with CS?BL[G mice and found that mice
exposed to 10, 25, 100, and 400 ppm benzene for 9 days and _sacrificed.i'day

. later, had significantiy elevated micronuciei in a dose-dependent manner.

4.3 Chromosomal Aberration

Studies reviewed by IARC (1982) on the chromosomal aber-

‘rations in bone marrow cells of animals have shown that:

1} benzene induces chromosomal aberrations in a number
of animal species from different routes of

administration;

2) some of these aberrations persist for day§ and

weeks.



Styles and Richardson {1983) have recently reported
results of their cytogenetic studies of rats exposed to 1,10, 100 and 1000
ppm benzene for 6 hours. Animals were sacrificed 24 hours after the end of
exposure and analysis was carried out on 250 metaphases per animal from bone
marrow cells. There were significant increases in the percentage of‘ cells
with abnormalities based on the group mean percentage data of a 'variety of
aberration catagories, including or excluding chromosomal or chromatid gaps
for animals exposed to 100 ahd 1000 ppm benzene. The categories of
chromosomal damage examined weré: chromosome or chromatid gaps, chromatid
breaks, chromosome breaks or fragments, minutes and interchanges. There
were eievated levels of chromosomal abnormalities (group mean percentage of
cells with abrormalities) in rats exposed to 1 and 10 pem, but these levais
were not statistically significant. A positive dose-response relationship
for most catagories of abnormalities was exhibited 2t benzene concentratians

from 1 to 1000 ppm in this study.

5. Chromosomal Effects in Humans

Numerous investigators have reported that benzene causes DNA

damage in mammalian cells in culture. For examb'le, Morimoto (1983a)
reported the induction of sister chromatid exthanges {SCEs) in human lym-

phocytes after the addition of benzene at 0.2, 1, or 5 x 10'3 M
concentrations. Metabolic activation from an exogenous source (rat liver)
was required to induce the SCEs. Peduced glutathion preve_nted induction c¢f
SCEs from benzene and two metabolites of benzene, catechol and hydroquinone.

Morimoto and coinvestigators have published other reports on the induction

T




of SCEs in human lymphocytes treated with benzene (Morimoto and Wolff,

16802, b; Morimoto et al., 1983).

Various investigators have reported that workers exposed to-
" benzene had significant increases in chromosomal aberrations (for example,

chromatid fragments and chromosome breaks} in bone marrow ceﬂs.or'
1lymphocytes. The reader is referred to review papers by Dean {(1978) and

IARC {1982) for discussion. Accurate data on benzene concentrations in the

work environments are limited but reported to range from about 10 to a few
hundred ppm. Hany of thé workers examined had gross cl-inioaT symptoms of
benzene poisoning. However, therel are reports of groups of individuals with
increased chromosomal aberrations (for example, dicentric chromosomes) who
were asymptomatic with respect to acute benzene toxicity (Tough and Court

Brown, 1955; Tough et al., 1970; Funes-Cravieto, 1977).

Staff was aware that confounding factors such as smoking
habits could affect the resuits of thase cytogene-t'ic ‘studies. The reader,
if interested, should evaluate these factors in each publication reviewed by
Dean (1978) and by the IARC working group (1582). 1In the following study by
Sarto et al. {1984), the investigators reported the use of matched control
subjects. Matching was to the “"extent possfb'le" and included smoking

habits.

Sarto et al. performed a cytogenetic study on 22 male factory

workers exposed to low concentrations of benzene. Workers {mean age of

41.5+ 9.6 years) were exposed to benzene concentrations between 0.2 and 12.4

ppm during distillation of coal tar {(Mean time of exposure, 11.4 +7 years).

-15- .



Exposures to chemicals other than benzene may also have occurred. The oc-

currence in workers' lymphocytes of chromoscme breaks and decentric
fragments was statistically higher in workers exposed to benzenz than in

control subjects matched for sex, age, smoking habits and site of residence.

6. Other Tests for Genotoxicity of Benzene

6.1 DNA binding
Lutz and Schlatter (1977) reported that a benzene meta-
bolite covalently bound to the DNA of rat liver cells in vivo. There was
appreximately 1.5 umoles of 1% benzene bound per mole of DMA phosphate.

Total benzene administered into the closed infalation chamber ¢f 2 liters

was approximately 21 mg (average exposure time of 10 hours}. Concentrations
“of benzene within the chamber were not measured or rEported and there was no
dose-response information. The number of rats used for the experirﬁent, both
for exposed and unexposed fates, appears to be limited. The authors
reported that this level of binding is about 3000 times lower than the bind-

ing of N,N-dimethyin‘iti‘osam‘ine to rat liver DNA.

Gill and Amed (1980) reported that 1%C benzene
cové1ent1y bound to nucleic acids in bone marrow celis. This tissue is of
interest si.nce it is the site of action for benzene. The DHS staf{ feels
that the authors do not clearly demcastrate covalent binding of 1%C benzene

to nucleic acid fractions of bone marrow. There was very little radioac-

tivity detected in 20 femurs tested.




Irons et al. (1980) reported that benzene metabolites

covalently bound in the bone marrow of rats {(bound to final residues that

are left after organic solvent extraction of bone marrow). The specific

binding of benzene or its metabolites to bone marrow DNA was not studied.

6.2 Drosophila

Benzene was ‘not mutagenic in Drosophila melanogaster

using a sex-linked genetically unstable system in which mutations are
measured by noting changes in eye pigmentations (Nylander et al, 1978).
Kale and Baum (1983) reported that there was significant induction of cross-
ing over in the spermatogonia' of male Drosophila treated with 27,000 ppm of

benzene for 45 minutes. MNo dose-response information was presented.

~ 6.3 Transformation

Benzene was tested for its ability to induce morphologi-
cal transformations in Syrian hamster émbryo .ce'!‘ls in the absence of any
exogenous source of metabolizing enzymes (Amacher and Zelljadt, 1983).
Transformation is of interest because the progeny of transformed cells can
u1£1‘mate'ly produce tumors in synergenic hosts (Berwald and Sachs, 1965).
Benzene induced positive morphologic transformation in the hamster tra-n-sfor;
mation assay. In this study no assessments of dose-response relationships
were made due to the limited number of colonies scored -for any one~teSt

chemical.
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7. Summary ' .

Benzene is negative in bacterial and fungal mutagenicity assays.

Whether this result is due, in part, to testing conditions needs to be further

investigated. Also, tha mechanism of action of benzene and its metabolites may be

such that these test systems could passibly be {insensitive to the reactive agent..

Benzene is not mutagenic in one published mammalian cell mutation
assay. Unpublished work suggests that benzene is positive in another mammalian
cell assay which used human Tymphoblasts, which contain endogenous metabolizing

enzymes.

Benzene is clastogenic (i.e., damages chromosomes) in animals as
determined by the micronuclei test. One study reported a statistically sigm’fican.
induction of micronuclei at a dose of 10 ppm (6-hour exposure tima=}. Benzene

induces SCEs in mice in vivo and in human cells in culture.

Benzene causes chromosomal aberrations (chromosome and chromatid
breaks, marker chromosomes [ for example, dicentrics]) ‘in animals and humans.
Studies in hurﬁans and animals indicate that chromosomal damagé can persist. The
lowest dose at which damage occurs is difficult to determine in human studies, but
in animal studies there appears to be elevated chromosomal aber‘ratioﬁs at ddses as
low as 100 ppm (6-hour exposure time). 'E'I evated levels of chromosomal aberrations
occurred at benzene concentrations of 1 and 10 ppm, but the results at these dose
le\':e‘ls were not statistically different from unexposed animals. Studies which in-

dicate weak covalent binding of benzene or fts metabolites to the DNA or other'.

nucleic acids need to be confirmed.




111, Acute .and Chronic Health Effects

1. Acute Toxicity

14 Experimmental Animals

Inhalation exposure of relatively high doses can
.produce acute benzene intoxication and death in laboratory znimals.
Carpenter et al. (1944} de_scr'ibed their observations of ten rabbits undergo-
ing anesthesia with 35,000-45,000 ppm of benzene vapor in air. The average
time required for light anesthesia was 3.7 minutes, 5.0 minutes for excita-
tion and tremors, while death ensued in approximately 36 minutes. The
narcotic thresholid concentration is approximately 4,000 ppm, and concentra-
tions above 10,000 ppm are usua.Hy fatal after several hours of inhalation

(Leong, 1977). The lethal concentration for 50% of the animals (LCgq) in

female Spragua-Dawley rats was reported as 13,700 ppm'after a single four-

hour exposure (Drew and Fouts, 1974).

The table below is a summary of oral tests to deter- -

mine the lethal dose 'for 50% of the animals {LtDgq) tests as reported by IARC

(1982, p 109-110}.
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Year Author(s) Animal Dose

1965 Cornish & Ryan Male - 0.93g/Kg bw

Sprague-~-Dawley rats

same

1971 Kimmura Young adults : 3.4 g/kg bw
Older adults 4.9 g/kg bw

1956 Holf et al. Wister rats 5.6 g/kg bw

1975 Withey & Hall Male Sprague-Dawley 5.96 g/kg bw

Benzene is rated as moderately toxic by ingestion, inhatation, and-

skin absorption (Hawley, 1581).

1.2 Humans
As an acute toxin, benzene is a central nervous system
depressant. The 1e§e’ls neceﬁsary to e'l'ici‘t this effect are many times higher
than levels used to study chronic tox‘icii:y. One author {Flury) is cited by
1ARC (1982, p 116) as stating that single exposures to benzene vapor in the
atmosphere at 20,000 ppm may be fatal within S-lﬂ minutes. |

Fatal cases have occurred when workers entered enclosed
spact s such as tanks where there was residual benzene. Effects ocbser-ed fol-
lowing severe exposures are convulsive movements and ﬁaralysis fol ldwed by
unconsciousness., Milder forms of acute intoxication produce an initial state

of euphoria followed by giddiness, irregular heart beat, headache, dizziness,

‘nausea, a staggering gait, and unconsciousness if the individual is not




removed frbml exposure. Breathlessness, nervous irritabi]iti/, and unsteadiness
in walking may persist, and delayed effects may arise and persist long after
the acute jncident (NIOSH, 1974). Autopsy findings in the case of acute ben-
zene poisoning include extensive petechial hemorrhage in the brain, pleurae,
pericardium, urinary tract, mucous membranes, and the skin. Ingestion of liq-
uid benzene causes local irjritat'ion of the mouth, throat, es_oph;agus, and
stomach. Subsequent absorption into the blood leads to signs of systemic
poisoning. Pneumonitis and bronchitis can also be present caused by the

direct action of benzene as it is excreted from the lungs {MNIOSH, 1974).

Liquid benzene may cause erythema and blistering of the skin,
and a dry scaly dermatitis may develop on prolonged or repeated exposure.

Investigations have shown that benzene is poorly absorbed through intact skin

(NIOSH, 1974).

2. Hematotoxicity

2.1 Experimental Animals |

Benzene causes myelotoxicity in animals and man. The
severity is related to the dose, duratioﬁ of treatment, and the test species.
TARC (1982, p 110) cites reports which describe decreased 'ieukocyté levels in
rabbits, rats, and mice, and decreased uptake of radicactive iron into red
cells (an indication of decreased erythrocyte production). Marrow ahliasia,
leukopenia, lymphocytopenia, anemia, and neutrophilia were also reported.

Doses in these experirﬁents ranged fr'om 44 to 1000 ppm.
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2.2 Human
1t has been known since the eariiest reports that ben- .
- zene can cause aplastic anemia. Aplastic anemia is characterized by
peripheral blood cytopenia and decreased marros cellularity due to ‘acquired or
congenital hematopoietic progenitor cell failure. The hypocellularity varies
greatly fronm conditiqns in which the marrow is completely devoid of‘ recog-
nizable hematopoietic precursors to those in wﬁich the precursors of only one
cell line are absent or arrestad in their development (Goldstain, 1977).
Aplastic anemié has many céuses._ The etiology is uncertain in most cases. In
a number of cases ap'la_stic anemia may be preceeded by viral infections, drugs,
or industrial ;coxins. Leukemias are said to follow benzene-induced aplastic
anemia. The more serious cases of aplastic anemia succumb within three months

‘of diagnosis due to infection or hemorrhage {Rappaport and Nathan, 1982).

Pancytopénia is the classical ¢linical finding in ben-
zene hematotoxicity. This is defined as a decrease in circu]atiné
erythrocytes, granulocytes, and platelets. It ié an indication that the
hematopoietic marrow is damaged.. PancytOpenfa associated with benzenes

toxicity often is characterized by the presence of erythrocyte macrocytosis

and leukopenia. Cytopenia of one cell line may also occur.

In addition to quantitative decreases, qualitative ab-
pormalities in circulating cells are also produced, inc uding macrocytic red
blood cells. Shortening of red cell 1ife span, abnormal morphology, and func-
tion of granulocytes, alterations of porphyrin pathway compounds in red cells

and urine, a lower leukocyte alkaline phosphase activity, and changes in .

platelet morpho]logy and function (Goldstein & Snyder, 1982).




Often the clinical and hemato]ogica1 findings of

pancytopenia improve consideréb1y or the blood appear normal on examination

once the individual has been removed from a benzene environment.

The mechanism of action of benzene on the hematopoietic
system in bone marrow is unknown. It is also important to emphasize that
there is no distinguishing feature that characterizes benzene-related épTastic
anemia or pancytopenia and that the evidence for‘benzene exposure relies upon

historical data.






iv. Effects on Reproduction
1. Background

1.1 Animel |

A single subcutaneous injecticn of 3 ml/kg bw benzene on one
of days 11-15 of gestation to CFI mice produced cleft palate, agnathia, and
micrognathia in 2.7 percent of fetuses {Watanabe and Yoshia, 1970). No controls
were used, and IARC reported (1982, p 111) that it 1's' Tikely that these effects
were produced by the stress of the injectign and that the ré]evance of the sub-

cutaneous route to inhalation exposure is doubtful.

Other studies in pregnant mice utilizing other routes of ad-
ministration, i.e., orally at 0.3-1.0 ml/kg bw (Hawrot and Staples, 1979) or by
. inhalation at 500 ppm for 7 hours/day (Mu'rray_ et al., 1979) failed to show any

teratogenic effect. Maternal and fetal toxicity and embryolethality were ob-

served.

Inhalation studies have been done in other species. No
teratogenic effect has been reported in rabbits exposed to 500 ppm for 7 hours/day

on days 6-18 of pregnancy (Murray et al., 1979)}.

In rats inhalation .studies have shdwn embrjolethaiity and
'toxicity b.ut only one report of tergto_genicity. Kun_a and Kapp, 1981, exposed
Sprague~-Dawley rats to 10, 50, or 500 ppm for 7 hours/day on days §-15 of
gestation. - Benzene vapor was fetotoxic at concentrations of 50 and 500 ppm and

- manifested a teratogenic potential at 500 ppn. Offspring of dams exposed to
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500 p#m demonstrated exencephaly, angulated ribs, dilatted lateral and third
ventricles of the brain and lagging ossification {not considered spontaneous '

this rat strain).

Negative inhalation studies in pregnant rats include ex-
posures at 10 or 40 ppm for 6 hours/day {Murray et &l., 1979); 313 ppm for 24
hours/day (Hudak and Ungvary, 1978); 313 ppm for 6 hours/day {Green et a)., 1978)
and 125 opm for 24 hours/day (Tatrai et al., 1980). |

Tatraji et al1.{1980) reported that benzene inhalation
destroyed the fertilized ovum before or during implantation. Pregnancy rates for
mated CFY rats exposed to 500-1000 pbm benzene were only 75 to 80 percent compared

with pragnancy rates in unexposed controls of 93 percent.
Reports of teratcnic effects of benzene i_n animals are few
and the concentrations used are high. The effect on development appears to be re-

lated to fetal and maternal toxicity.

1.2  Human

Women may be more susceptible to benzene toxicity than men.
Since benzene is a Iipophﬂic solvent, women may have greater uptake and fat

storage. Sato et al. {1975) suggested a siower elimination of benzene in women

due to larger body fat storage. In their inhalation study, 5male and 5 female
-vo‘lunteers inhaled 25 ppm benzene for 2 hours. Early blood concentrations were
always higher in men. After cessation of inhalaticn, howaver, hlood levels
decayed faster in males. Lower blood levals in women during inhalation were fe1.

to be due to the greater distribution volume in the fat.
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Mukha'metova and Vozovaya (1972) have studied menstrual func-
tion in female gluing operatives in a mechanical rubber product factory who were
exposed to petroleum and chlorinated hydrocarbons, petroleur being & major source
of benzene. Menstrual disorders occurred in 26.1 percent of the exposed group,
compared with 15.2 percent in the control group. There was a direct relationship

tetween length of service and disturbances of menstrual cycle.

The study jby Mukhametova and Vozovaya (1972) analyzed the
pregnancies of 510 pregnant women and their previous 'chi'ld-bearing history. Of
these, 250 were gluers exposed to petroleum and chlorinated hydrocarbons and 260
‘served as the control grodp. Comp_arjng the reproductive histories of the glue
worxers before and after they started work at the facto'ry -showed a 3.4-fold in-
crease in spontaneous abortions and a 3.7-fold increase in premzture births, the-
'fr'equency increasing with duration of employment. In the control group there was
2 marked reduction in those two types of events after starting work in the

factory.

Dowty et al. (1976) demonstrated that benzene crosses the

human placenta. Levels in maternal blood and cord blood are similar.

Holmberg (1979) published a study of 14 children with centra)
nervous system defects and their matched normal controls. Case mothers had been
exposed to organic solvents during the first trimester of pregnancy significantly

more often than controls (p 0.01).
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Chronic benzene poisoning in humans is probably due to i}
active metabolite, banzene oxide. The evanescent benzene oxide can exert its ef-
fect mainly at the site of production, such as .the liver or‘l bone marrow, which
contain the mixed function oxidases necessary for its production. Mixed function
oxidases appear in the rat fetus near the end of gestation, while in the human
fetus they first appear from about the ninth to the thirteenth week of pregnancy
and continue. Thus the human fetus is exposed to the mutagem‘c. and carcinogenic

properties of benzene oxide for a greater part of its development gestation than

the rat fetus.

2.  Issues and Recommendations

Data on fertility are inadequate for complete assessment. Benzerny
has not been shown to be teratogenic in animals at nontoxic doses. Toxic dos!
may retard fetal déva'lopment. There i.;. some evidence that high and prolonged ex-
posure to benzene may affect menstrual and reprqductive function. There are do
data concerning effects of benzene on male fertility. There are insufficient data

on effects on pregnancy and a lack of data on transp'iacenta] carcinogenesis. If

there is any reproductive eff'eét of benzene, it would be many orders of magnitude

above the highest ambient concentrations.




V. Carcinogenicity

1. The ldentification of a Carcinogen

1.1 General Concepts

A comprehensive discussion of the major concepts re-
jatea‘ to carcinogenicity is beyond the scope of this report. However, three
fundamental concepts relevént to carcinogenicity will be briefly addressed.
These are: the definition and identification of a carcinogen, the def‘initipn
of the di séase cancer, and the mechanism by which the carcinogen results in

the production of cancer, carcinogenesis.

A carcinogen is generally understood to be a substance

or agent that increases the frequency (age-specific incidence) of cancer in

numans or in other animal species. The identification of chemical sub-
stances that pose cancer risks to humans is complex and requires integration

-of information from several scientific disciplines.

Cancer is a malignant disease characterized by the in-
adequately contro'l]ed‘proh‘fe.ration and growth of abnormal ¢ells that
comprass or jnvade neighboring tissues or that spread to other parts o-f the
body. - Cancer actually is a collection of many different _diseéses because
cancers in different organ's, of the body behave in different ways.' Many fac-
tors contribute to the deve)opment of cancers, including external factors
such as cigarette smoking and chemical carcinogens, internal factors such as
genetic susceptibility, hormonal balance, or a decreése in the iﬁﬁune SYS-

tem's ability to recognize and destroy abnormal cells.
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With respect to carcinogenesis, the meEhan1sms by which
chemicals induce cancer and those by which chanicals ceuse other types of
injury differ in ssveral importent ways. Most noncarcinogenic effects
depend on a continuing interacticon between the toxic chemical and the cells
or tissues of the body. The severity and extent of the ensuihg reaction is
generally related to the amount of the chemical present, but there may often
bé a '“threshold".dose below which no adverse effect takes‘piace. Further,
elimination of the toxic chemical from the body results in the cessation of
additional damage. In contrast, cancer, at least in theory, can be induced
by exceedingiylSma11 doses or short exposures to_a carcinogen and, once in-
itiated, the disease continues to develop in subsequent generations of cells
even when the carcinogen is no longer present. To summarize the mass of
data dealing with carcinogenésis, DHS agrees with and will paraphrase a por-
tien of the consensus report issued by the Office af Scignce and Technology
Policy {0STP, 1834}, represénting 10 federal agencies, dealing with a number

of important scientific jssues:
1) Cancer can be induced by radiation, bio]ogfca], “physica?“, and/or
chemical agents.

2) On a biochemical and wolecular level, there are important

similarities among mammalian species.

- 3) An estimate of the potency of carcinogens may never be exact and may

vary witn 1ife style, habits, age, sex, individual genetic dif-

ference, ethnic background, test strain and/or species diet, dose




rate, route of administration, vehicle or solvent used {if any) as
well as the presence or absence of other agents, and the environmen-

tal conditions prior to, during, or after exposure.

4) Cancer development is a multistage process that may involve the
genome, both indirectly (freguently terwad epigenetic events) and
directly, which may include the paticipation of chemicals or

viruses, and which may be modulated by higher order functions, i.e.

at the organ and organismic level. (To this statement DHS would add
that the time required for the development of cancer thfough all.
stages is variable. It often takes a major part of a lifetime,
though sometimes it is much more rapid. For most of this period,
the partially transformed cells are likely to be undetectable. This
phenomenon, i.e. the time between initiation and detection, is the

latency period.)

5) Mumerous factors may alter the frequency of cancer induction by al-

tering one or more of these stages.

6) The genesis of & cancer appears to mqm re an alteration in the
ability of a cell to elaborate its appropnate genetic program i.e.
in jts information processing capacity, with the subsequent fixation

and propagation of that alteration.

7} We still lack an in-depth understahding of the mechani sms and stages

of cancer induction and expression.
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8) Only by understanding the stages ¢f tumorigen2sis and car-
cinogenesis, the substances and processes which rﬁodﬂate them, and
éhow thess differ among cells, organs, individuvels, strains and
species will we ultimately understand the role of substances, radia-

~tions, viruses and/or life-style factors in human cancer.

1.2 Methods of IdentiFficaticn

1.2.1 Molecular Structure Analysis

This analysis may show that a chemical shares
sti‘uctujral, chemical, or physical characteristics with established
carcinogens. This approach can provide evidence that further testing may be
requireiﬂ; however, at present these similarities are not a substitute for

biological evidence of carcinoganic effects.

1.2.2 Short-term Tests

These tests are so named because of ths rela-
tively jshort time needed to conduct the gxperiments. An eppropriate battery
of theése tests can show the ability of the chemical to cause mutations or
damage 'to chromosomes or to the genetic material of cells and can provide
'Supporgting evidence that chemicals have the potential to initiate cancers.
A1thoug?h there is an excellent correlation between the demonstration of car-
cinogenﬁcity in animals and the positive resuits from a series of short-term

tests, short-term tests can now only augment evicence for carcinogenicity in

appropriate anima) biocassays.




When appropriately conducted, these tests
provide unequivocal evidence ‘that chemicals are carcinogenic in the animal
species tested. The validity of usi.ng animal bioassays to identify sub-
stances that pose cancer risks to humans has both a theoretical and
empirical basis. Animal bioassays with benzene have shown that benzene f{s

carcinogenic for several organ systems {See Section VI.3)

1.2.4 Case Studies

These studies are an im'portant source of data.
Individuals with a disease are diagnosed by clinicians who in turn use the
patient's historical data to establish an association between exposure and
health effects. This type of study is necessary to carry out subsequent

" epidemiological investigations.

1.2.5 Human Epidemio'logji_ca} Studies

These studies offer the most direct evidence
that a substance is a human carcinogen. It must be recognized_tha't because
of severe limitations of epidemiological studies, e.g. the long latency
period for the development of human cancers, the difficulty of identifying a _
large appropriate study population, determination of past exposures, etc.,
epidemiological studies are of limited usefulness as a means of carcinogen

identification.
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| The laboratory animal biocassay is now widely used to indicate

the c;rcinogenic potential of a chemical. Bjoassay procedures have been
standard'lzed in recent years, and (except for minor details) there is now 2
gener{n acceptance of test procedures. An expert panel has recent\y been
conven#d by the National Toxicology Program (NTP) to review and comment on

these ;}rocedures. (NTP, 1984)

|
|
!

A recommended design of a cancer bicassay of a chemical 4n-
cludes |(Sontag, 1976): |
‘ - two species of test animals (usually rats and mice of both
sexes)i tested at two, or prefer_a_bw' three, dose levels: a high-dose leve)
(rough\jy the estimated maximum tolerated dose, ‘MTD) and a lower dose '1eve1
(rough\‘ly one- half the MTD) as determined in a 90-day subacute toxicity

study, |

' - dosing and observation for most of the animals' natural

'l*lfet*im#;e, usually 104 weeks for rodénts;

| - adegquate numbers of animals (at least 50 animals per sex) in

each te%t group;

- adequate concurren* controls;

- detailed pathological examination of tissues; and
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Evidence that can lead to a conclusion of carcinogenicity from

animal experiments includes:

- statistica'llylsignificant increases in malignant tumors

relative to the controls at one or more of the dose levels tested;

- a statistically significant dose-related increase in malig-

nant tumors in an analysis that makes appropriate use of data on the times

at which tumors were detected;

- an increase in the occurrence of rare ma'!ighant tumors
(those having a zero or low spontanecus incidence rate among historical con-
trols); and/or

- an early appearance of cancer in the treated am'nia]s.

3. Human Carcinogenicity of Benzene

3.1 Benzene As A Leukemogen

There is evidence that benzene is a leukemogen in
humans. (Goldstein, 1977; Goldstein & Snyder, 1982; van Raalte and Grasso,
1932; IARC, 1982; Maltoni, 1983b; 'EPA.' 1984) Leukemia meets the definifion
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of a cancer as defined in Chapter V.1.1. The evidence is derived fron ac-
cwnu"lateid case reports, epidemiological studies, and basic biological
knowl edge.

| There are two important biological reasons 'why benzene
might be expected to cause leukemia. The first is that benzene is believed
to be an/ etiologic agent of aplastic anemia. Individuals with aplastic

anemia due to known or unknown causes are at a greater risk of acute

mye‘logenlaus leukemia {see Chapter 111.2.1,. The second reason is that ben-
zene ha;s been shown to produce chromosomal abnormalities in bone marrow and
circul at':ing lymphocytes in experimental animals and in workers with benzene-
inducedibone marrow toxicity. Abnormalities persist after the workers have

been rem@ved from exposure to benzene (see Chapter II.5).

3.2 Leukemias

: Leukemia can be defined as the proliferation of a clone
of abnor‘rim hematopoietic cells that has the following characteristics: (1)
poor ,resﬁonsiveness' to normal regulatory mechanisms, {2) a tendehcy to have
a d1m1niished capacity for normal cell differentiation, (3) the ability to'
expand aﬁ, the expense of normal myeloid or lymphoid lines, and (4) a pos-
sible ai:ﬂity'to suppress or impair normal myeloid cell growth. Leukemias
are namecji and grouped according to the kind of hematopoietic cell that is
pr'lmari‘liy 1nvoived. Myeloproliferative disorders affect the descendents of
myeloid si,tem c‘e'ns [platelets, erythrocytes, and granulocytes), while lym-
phocytic i'leukemias 1nvo'lvg abnormalities in the lymphofd cell 1ine. Without

tf‘éatmenﬂ; even the chronic disorders are usually fatal (Schrier, 1384).




The type of leukemia most commonly associated with ben;
zene is acute myelogenous leukemia and its variants 1'nc1uding
erythroleukemia and myelomonocytic leukerr_lia. Other leukemias have been
reported but the association is not as strong. Table V-—l. summarizes case
reports of hemo-lympho-reticular neoplasias (leukemias) and correlated dis-
eases observed in individuals exposed to benzene as reported in the

scientific 1iterature until 1977.
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Table V-l Case reports of human carcinogenicity related to benzene

exposure,

— Type No. of cases No. of reporis
Acute my?iogenous leukemia ‘ ‘ 58 28
Erythroleukemia 16 10
Acute monocytic leukemia 3 2
Chronic iyelogenous Yeukemia 27 7
Mye10f1b+osis and myeloid metaplasia 7 5
Thrombocytopenia | 1 1
Acute lymphoblastic leukemia 8 4
Chronic lymphocytic leukemia 9 7
Lymphomas and correlated disorders 14 7
TOTAL | | 143 71

Source: |Maltont, 1983b




A deta'ﬂed case-by-case 1isting is gfven by Goldstein

{1977). These cases represent individuals {in groups examined by
hematologists who subsequently investigated the anamnestic data given by the

patient. The case reports established the relationship between benzene and

leukemia, principally acute myelogenous.

3.3 Lymphomas
The IARC report (1982, p 127} states, "Most case reports

| and case series have described the ass'ociation of Yeukemia with exposure to
" benzene ... and some lymphomas have been noted.” 1n a recent monograph,
Goldstein {(1983) has reviewed.additional reports describing excess 1ymohoma§ :
in workers eiposed to solvents including benzene. -Hhﬂe there may be an as-
sociation of benzene with lymphomas, the evidence is not as strong as that of

the association of benzene and leukemia. -
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3.4  Epidemiological Studies |
o Case studies of workers exposed to benzene were respon-
sible f;or generafing the hypothesis that benzene causes leukemia. These
studies resu'lted in a series of epidemiological studies being performed to

test the hypothesis. The results of many of the epidemiological investiga-

- tions hag supported the causal nature of the benzene-leukemia association. .

A summary of some of the more salient features from 23 major epidemiologic

lstudies #ppears in Table v-2.

| The stu&y by the Environmental Health Associates (1983)
is another large-scale epidemioIogic investigation of the association between
benzene Eand cané:er_'. Si‘nce it was completed following the publication of the
IARC docﬁfnent it is briefly described here. The study was an historical
prOSpectiﬁe investigation of 4602 male chemical workers frrom seven plants who
were occui:»qtiona'l"ly exposed to. benzene for at 1east'6.months between 1946 and

1975. Cause-specific standardized .mortality ratio (SMR) analyses were con-

ducted comparing the workers' experience to that of the general {(male and |
~fenale) US population. 1n 2ddition, the mortality of the exposed workers was
compared (j;sing both SMR and odds ratio (OR) ana1y§es to that of a cohort of

workers ;from the same plants during the same the period who were never oc-
cupational‘ly exposed to benzene. Compared with those for the US population,
the -expo;'sed workers' SMRs for lymphatic and hematopoietic cancers were
elevated ti,hough not significantly. Their SMRs were considerably greater than
those amjong the nonexposed wo kers. The OR analysis demonstrated that con-
tinuously exposed workers had 2 3.20-fold increase in the risk of lymphatic
or hematbpoietic cancer compared with their nonexposed counterparts (p <

0.05). Mfso, the association between continuous benzene exposure arg




ICURENIId wWas SLALISTLICAIIY S1gITiICANtT (P S JV,UD}. NONE€ OT7T Lne iieukemic
deaths, however, were of the acute myelogenous type. The study also showed a
statistically significant dose-response relationship between cumulative ex-
posure to benzene and mortality from both all lymphatic/hematopoietic cancer
combined and leukemia. Thus, the staff of DHS considers that the find‘ings of
this study are not in conflict with those from other majo‘r epidemiologic

investigations.

Leukemias and lymphomas are distinct and rare cancers in
humans, and statistically, it is relatively easy to show a smail added risk‘
against the low background of disease. A small increase in thé rate of more
common cancers would be more difficult to detect epidemiologically, however,.
several epidemiologic investigators have looked at cancer mortality rates at
sites othér than the hematopoietic and 'I&mphocytic systems. Elevated SMRs
have been reported for_ cancers of the kidney, testis, brain, panc.reas,
stomach, lung/respiratory tract, bladder and uterﬁs (Hanis; 1982; Monson and

Nakano, 1976; Monson and Fine, 1978; McMichael et al., 1976; Ott et al.,

1978; Environmental Health Associates, 1983).  While many of these findings

did not reach statistical significam;e at the 5% level, caution must still be
exercised in the interpretation of these studies for several reasons. Fi'rst.,
statistical significancz is dependent on sample size and since mariy of the
epidemiologic studies involved a relatively small number of exposed in-
dividuals, the studies may lack the power to detect small "lncr:é-aées in the
cancer rate. Second, data on benzene exposure héve'ls were deficient; quan-

titative measurement of benzene concentrations during the period of exposure

were not made on individuals but, at best, were derived from general air

monitoring of the work site. Generally, qualitative assqssment_s‘ were used to.
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Table V-2, Epidemiologic studies of carcinogenicity in humans

Tear

Population Studied

exposed to benzene

persisting signlficant adverse
health effects.’

~43-

_Ruthor Duration “Hesults —

1974 Tabershaw COOpér Assoc. Petrol indus workers Increase in rate of lymphomas

: but not stat. signif. (NS)

1974 Thorpe Petrol indus workers 1962-1972 Leukemia SMR=121 (NS)

. : (SMR in worker controls = 60)

1974 Aksoy Shoemakers exposed to  1967-1975 Annualized crude rate of acute

1977 210-650 ppm benzene leukemia 2-fold greater than

expected '

1975 McMichael et al. Rubber indus workers Excesses in mortality from: |
chronic lymphatic leukemia
myelogenous leukem®~

| "~ lymphosarcoma '
1976 Vigliani Patients with benzene 1942-197% Leukemia incidence: 11/66
hemopathy Exposures 1959-1974 13/135
est at 200-500 ppm Estim relative risk (RR)= 20
1977 Infante et al 748 rubber 1indus workers 1940-1949 7 cases of myeloid/monocytic
followed to 7/75 leukemia. .
SMR= 506 (US white males)
SMR= 474 (worker controls)
1978 Ott Benzene workers (DOW) 1938-1970 2 dths from anemfa: one pernicious,
594 workers followed one aplastic
to 1973 3 dths from leukemia
Mortality resuits NS but leuk
rates exceed TNCS expectation
- B (p<.05) o T
1978 Fishbeck et al. 10 chemical workers  1953-1963 Changes in blood but ‘...no



Table V-2 (Continued) Epidemiologic studies of carcinogenicity in humans.

Author

Year Population Studied Uuration Results
1978 Brandt et al. Case-control study of  1969-1977 History of exposure to petroleum
50 acute nonlympho- products among cases
cytic leukemia : o
1979 Vianna & Polan Workers in NY State RR = 2,1 lymphosarcoma
exposed to benzene RR = 1 6 reticulum cell sarcoma
. RR = 1.6 Hodgkin's Disease
For workers older than 45, the
observed number of cases was
stat signif {SS) greater than
the expected number
1979 Greene et al. US Gov't Printing Office Significantly higher p~-portion of
workers deaths from mult myeloma,
leukemia, & Hodgkin's disease
and related to expasure to
benzene
1980 Linos Case-control -study of 4 éases found, 3 ﬁere chronic
' 138 leukemics Iymphofﬁtic leukemia.
RR = 3.3 {NS) i _
1981 Flodin et al. * Case-control study of - Six-fold (SS) increase in risk re-
42 acute myeloid leukemia lated to exposure to solvents
including petroleum products.
1981 Schottenfeld et al. Worker cancer registry Incidence of lymphocytic leukemia
compiled by American Petrol Inst. & mult myeloma increased (SS)
1981 Rushton and Alderson Risk of leukemia increased 2-fold

Petrol refinery workers

in high & medium benzene exposed
vs low exposed (p= 0.05)

-43-



Epidemiologic studies of carcinogenicity in humans .

/-

Table V-2 {Continued)
Year Author Population Studied Duration Results
1981 Rinsky et al Continuation of follow- SMR = 560 leukemta
up of Infante study SMR = 2)00 leukemfa in workers with
' 5 or more yrs exposure
1982 Thomas et al. Refinery workers PMRs for mult myeloma & other
lymphomas elevated (SS)
1982 Hanis et al. Refinery & chemical 'SMR for cancer of the lymphopoietic
' workers tissues elevated but NS
1983 Decoufle et al. Chemical plant workers 1974-1960 SMR = 377 (SS) lymphocytic &
259 men followed hematopofetic cancer (L & H)
through 1977 SMR = 682 (SS) leukemia
1983 Tsai et al. 454 refinery workers No dths observed from L & H cancer;
_ 0.42 expected (NS)
1983 Arp et al. Rubber indus workers For lymphocytic leukemia:
RR = 4.5 {NS) benzene exposure
| RR = 4.5 (NS) other solvent expos
1983 Mong et al. Chemical workers 1946-1975 SMRs elevated (but NS)for L&H cancer

leukemfa, non-hodgkin's lymphoma.
RR = 3.2 {SS)} L & ¥ cancer (vs
worker control)

Dose-response trend found
SMRs for lung cancer and several
other cancers elevated (NS)




categorize exposure. Further, exposure to substances other than benzene oc-
curred in many instances. Third, the choice of the general population as the
control group may not have been appropriate thereby underestimating cancer
rates because of the “"healthy worker effect". To summarize, bette‘r exposure
measurement, larger sample sizes, and the control of potential confounding
factors are necessary to confirm or refute the po'ssib1e causal relationship
" between benzene and non-hematopoietic/lymphocytic cancers. However, the con;
sistency of the results from different investigators studying different
populations using various epidemiologic study designs strengthens the pur-
ported causa) relationship between benzene and leukemia. Overall, the human

data implicating benzene as a carcinogen is good.

4. Conclusions Regarding Benzene as a Human Carcinogen

In 1981, 1ARC met and reviewed data regarding the carcinogenic
risk of benzene to human's. IARC concluded that the epidemiological studies
have established the relationship between benzene exposure and the develop-
ment of acute rrye1ogerious jeukemia and that there is sufficient evidence that
benzene is carcinogenic to man (IARC, 1982 p 127). The staff of the DHS con-

curs with this conclusion.
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¥1. Dose-Response Assessment

1. Introduction

The goal of dose-response assessment is to determine the amount of
disease that will result from a given exposure level. This goal can be
achieved by reviewing the experience of humans exposed to the substance in

question or by examining animal biocassay studies and making inferences about
effects in man. In the case of benzene, human and animal data are available

to perform a dose-response assessment, and the results of both assessments

~ will be provided in this section. However, it should be noted that each
source of information has limitations, which necessitates invoking a series
of assumptions to guantify the relationship between exposure to the sub-
stance and the subsequent health effect(s). Therefore, prior.to presenting

" the actual dose-response assessment, the major assumptions the DHS has used
i 0 performing the assessment will be discussed. The dose-response assess-
ment based on human data will be presented first followed by the assessment
based on .animal data, and finally, a summary of the dose-résponse assessment

results.

2. Dose-Response Assessment Based on Human Data

2.1 Intriduction

As noted in Chapter V of this document, the epidemiologic

studies have provided sufficient evidence that benzene is a human
N’
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carcinogen. However,

these studies have limitations which affect their use

in dose-response assessment. Since epidemiologic studies are desirable to

use 1in quantifying the dose-response relationship, we will first summarize

the problems encountered and our resolution of these issues and then present

the dose-response assessment.

2,2 Assumptions Used in the Human Dose-Response Assessment

2.2.1 Exposure and Dose

The major issues related to the exposure and dose com-

ponent of the assessment are the route of exposure, the period or duration

of exposure, the concentration of the exposure, the amount absorbed and the

amount retained.

a)

b)

Route. Epidemiologic studies on benzene completed to
date are occupational studies where the major route
of exposure *.o benzene i{s inhalation. Since this is
the rdute,of concern in this assessment, no assump-

tions need be made regarding the route of exposure.

Duration and Concentration. Since the mechanism of
car"cr‘lnogenesis is ne! known, it is difficult to

specifically address the issues of intermittent ver-

sus continuous exposure or the effects of transient

high-1evel exposur;es. Therefore, the dose-response

assessments performed use the cumulative exposure
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averaged over the individual's lifetime. This as-
sumption '[s based on pragmatism, and it is recognized
that it is not known if a one-time high exposure to a
chemical carcinogen is equivalent to a time-weighted
average lifetime exposure. Also, since -the-réported
occupatjonal concentrations of benzene range from low
ppm concentrations to several hundred ppm which are
several orders of magnitude greater than ambient air
exposures, it is necessary to use a model to extrapo-
Jate the observed do:_;e—response relationship to the
exposure levels of concern. The model used will be
discussed below (section 2.2.3). With regard to ex-
posure levels, epidemiologic studies have not been

able to directly measure benzene concentrations.

- Instead, estimates of historical concentrations have

¢)

been used for dose-response assessment purposes.
These 'estimi;tes are based on such factors as employee
Job classificat‘iorn or the prevailing recommended
standard for the period(s) of employment. Thus-a
worker's 'exposure profile is assumed to closely ap-

proximate the inferred levels.

Absorption and retention. No adjustment is made for
absorption “or the duration of retention of the
substance; the assessment is .based on the exposure

dose.
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2.2.2 Thresholds

As indicated in Chapter IV, acute effects and aplastic.

anemia have not been documented to occur at exposures below tens to hundreds

of parts per miliion of benzene. This is thousands &f times above ambient .

exposure levels. Tnere is theoretica) reason to believe, however, that the

carcinogenic effect of benzene or indeed of any carcinogen could convey a

low probability of causing cancer at very low doses. A small probability .

applied to & large population can produce an unacceptable number of cancers,

hence the concern with the possible "no threshold" properties of carcinogens

1ike benzene.

Traditional t.oxico'lon incorporates thresholds in the
dose-response relationship. These are dose levels b_e‘low which é toxicologi-
cal response is not observed. This is not to imply that cellular or tissué
damage does not occur below the "threshold” level but rather that the or-
ganism either has the reserve capacity to withstand damage or is able to
adapt to the toxicological stress. .For toxicologic effects, a threshold is
said to occu:jr at dose levels that are insufficient to causé damage. For ex-
ample, if a to#ic substance killed nonreplicating optical neurons, sight
would not suffer until a sufficiently large number {perhaps millions) of
cells had died. | |

But the processes of carcinogenesis appear to be

qua'Htative}y_different from those in classical toxicology. In contrast to

the toxic effects described above, which {nvolve impairment of functions at'

the organ or organism level, the initial “target" for carcinogenic action is




believed to. be.extremew small. As we develop a better understénding of the |
mechanisms of carcinogenesis and mutagenesis, it appears likely that many |
carcinogens interact with DNA or other target macromolecules. In addition,
there is evidence that the occurrence of such events in a single cell can .
_produce cancer (Failkow, 1974, 1977). The chance that the criticaj
molecules will reach the critical cell‘ at the critical time is affected by
the interplay of a variety of protective defense systems within the body.
However, there is some finite probabih’ty that a few molecules would evade
these defenses and produce an event that triggers carcinogenesis. This
scenario, so different from classic toxicologic processes, makes a threshold _

Yess Vikely for carcinogenesis.

There are hypothetical mechanisms such as cytotoxiéity
or {nterference with DNA methylating enzyings which theoretically would not
involve direct action on the genetic material and might display a‘ threshold.
;\t this point, the means for recognizing this subclass of carcinogens, if
indeed it exists, is not coasidefed-by the IARC to be "exhaustive or
definitive"{1ARC, 1983). For this reason the staff of the DHS assuﬁes as a
general rule that an ident‘lfi.ed carcinogen has no threshold and does not
distinguish between "genetic" (directly acting on DNA) and ‘;epigen'etic" (not
directly acting'on DNA) carcinogens for the purposes of identification or

dose-response assessment (See Appendix A).

A pharmacokinetic argument has also been made for thé

existence of practical operational thresholds. For example, the observation
of a-plateau of response at the high-dose levels of the vinyl chloride dose-

response curve is interpreted to mean that the enzyme system(s) that -

N’
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activate vinyl chloride to its carcinogenic species are overloaded or
saturated. The argument 1s then made by analogy that protective enzyme sys- '
tems that deactivate carcinogens and are reasonably effective at low doses
may likewise be saturated and hence be less protective at the high doses'

" encountered in animal bioassays {Gehring et al., 1977, 1978, 1979; Watenabe
et al., 1977; Reitz et al., 1980). |

Several kinetic models which produce a threshold in the
dose-response curve have been developed. These models are based on the con-
cept that high doses of carcinogens can overcome protective systems.
However, the mode?s_produce a threshold by requiring that the carcinogen be
instantaneously deactivated, which is uniikely. If detoxification reactions
are not instantaneous, a smal] amount of the agent may escape detoxific{ation
by protective enzymes and jinteract with the DNA. In this instance, the .
protective effect of detoxifying enzy:r;és wou'l‘d decrease the slope of the
dose-response curve but would not produce a classical threshold (Hattis,
1982).

Even 1f thresholds could be determined for individuals,
establishing 2 population threshold is more difficult because of the ob-

served variability of the human population. This variation is a consequence
of extreme genetic heterogeneity and differences in physiological state as-

sociated wi h age, sex, reproductive activities, nutrition, and exposures tu
environmental and occupational stresses including other carcinogens. Even
if 1t is assumed that each individual in the population has a threshold
defined at any one time by his or her physiological state, the population {is | .

likely to be characterized by a very wide distribution of thresholds such




that there may not be an absolute lower bound or population thrééhold (NCR,
1977, Rall, 1979; Brown, 1976). Since the threshold dose for the human
!\_’,mpu'lation should be the threshold dose for the most sensitive individual;
this dose may be so low as to be effectively zero. By analogy, the

. threshold dose for an individual or organism is the threshold dose for the
most sensitive cell, and this may also be extremely lTow (Crump et al.,"
1976). Operationally these variable threshold models are difficult to dis-

tinguish from nonthreshold models that are concave upward at low doses.

Variable threshold models would produce absolute
thresholds only under the assumptions of 1nstahtaneous deactivation and
repair. Other models {(Weissburger and Williams, 19-.83) predict
nonlinearities in the dose-résponse curve that will lead to préctibal, but
not absolute, thresholds. The presence, or absence, of an absolute

. hreshold or even a -practical threshold remains unconfirmable. The ED(J1
o

study indicated that the 2-AAF mouse exhibits an apparent threshold for:

b'lad_der cancers at low doses. However, reanalysis of this low-dose data at
greater resolution indicated that the threshold was more apparent than real:

the incidence of bladder tumors increased with dose even at the Tow dose,
and no thresho'ld 1eve’l could be determined (US Congress, 1981). Thus,
scientists are now less concerned with the existence of thresholds than in
the degree of nonlinearity of the dose-response curve in .t._he Tow-dose

region.

Another factor which argues against the existence of

thresholds for carcinogens is the substantial "background" incidence of



cancer in humans. Un'lless each’carcinogenic substance operates- .by 2 unique
mechanism, an additional small.exposure to a substance may supplement an in-
dividual's exposure to other carcinogens operating by a similar mechanism.
The high incidence of cancer of unexplained etiology demonstrates that heman
exposure is well in excess of any possible population threshold for at least
some of these mechanisms. Therefore, since we cannot know which of the pos-
sible carcinogenic mechanisms are already operating and contributing to
background incidence, we' will assume that no additional exposure, however

small, may be considered free of risk.

There has been extensive discussion at the federal
regulatory level of possible evidence relevant to a benzene carcinogenic |
threshold altthough te date this evidence is not considered conclusive.

These threshold erguments are well summarized in the Federal Register {EPA,
1984, Appendix C) in which the EPA responds to public comments on the

proposed regulation of benzene for the Nat‘ion_a1 Emission Standards for

Hazardous Air Pollutants.

The eubHc coﬁmenters have advanced three pieces of .
evidence to suggest that benzene has a threshold. First, they propose that
certai'n'ep‘idemiological studies (Thorpe, 1974; Tabershaw Cooper Associates,
1974; Stallones and Syblic, 1577) fail to show a statistically significant
effect, and that this must represent a threshold. The EPA concluded that
these studies simply do not have the statistical power to identify a
threshold.’ 1ARC was critical of the Thorpe study (1982, p 123). "Next, com-

menters suggested that benzene works only at high doses by causing cytotoxic

aplastic anemia followed by regenerati‘on with occasional defects in the DNA




duplication which can result in leukemia (EPA, 1.984). The m»i,s agrees with
the EPA ‘that although this is possible, there is no convincing positive
“ww@vidence to show that this has happened. The epidemiological studies do not
provide the information to determine if all leukemia céses were preceded by
aplastic anemia or not (Goldstein, 1977). The EPA points out that studies
in workers suggest chromosomal effects of benzene at 1 to 25 parts per mil-
Yion (Ki1lian and Daniel, 1978; Picciano, 1979}. Thése exposure levels are
below those counsidered to be associated with clinical symptoms of toxicity.
They (EPA, 1984) further point out that chromosomal damage and cancer have
occurred after radiation (Bloom et al., 1970} and after certain chemical ex-

posures (Mulvihill, 1975), and that chromosomal damage may _1ead Lo cancer.

If this were true, chromosomal damage due to low-level exposures to benzene

could cause cancer.

| The staff of the Di—!S additionally notes that benzene |
ucauses cancer at a variety of sites i.n i-ats and mice in addition to leukemia
{Chapter V1.4). These other cahcers do not invo1vé an aplastia anemia sia ge
in their natural history. |

Commenters to the EPA have also pointed out. that bac;
terié'l, fungal, and other in vitro tests have not proven that benzene or its
metabo]‘itels interact with the DNA and suggest that this is evidence that
benzene ought to have a threshold The DHS 4s£aff agrees with the EPA (1984)
that in general the failure to detect an effect with insensitive tests is
not positive evidence of no effect on DNA (See a‘lso'Appendix‘A of the
present the DHS document). Additionally, for benzene some of these tests

were done in open systems where benzene might evaporate. As pointed out in
e '
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Chapter 11. more recent experiments on benzene oxide in bacterial assays
(Kinoshita et al., 1981 and Jung et al., 1981) and benzene with human cells .
(Crespi et al., 1984) and with DNA binding (Lutz and Schlatter, 1977)
provide weakly positive results which, while not définitive, suggest that
further research is needed before any degree of certainty about benzene's

carcinogenic mechanism can be achieved.

After reviewing the literature and its extensive dis-
cussion at the federal level, the staff of DHS agrees with EPA staff in
conclud‘lngé ihat there is no strong positive experimental or epidemiological
evidence that benzene has a carcinogenic threshold and that it should be

treated as a substance without a threshold.

& 2.3 Dose-Response Assessment Based on Human Studies

2.3.1 Available Data -

Few epidemiologic swdjes'have been able to sufficienﬂy
document benzene exposure levels for quantifying a dose-response relation-
ship, although, as pointed out in Chapter V,wnumerous studies have
qualitatively demonstrated an association between benzene and leukemia. The
fnitial Ca-cinogen Assessment Group (CAG) 3ssessment identified three
studies whifch it felt .provided adequate data. These.were the studies con-
ducted by Infante (1977), Aksoy (1976), and Ott (1978). Exposure'l
measyrements and the choice of control group were heavily criticised in the

i Aksoy study while multiple chemical exposures among the leukemic cases in . .
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initial Carcinogen Assessment Group {CAG) assessment identified three '
studies which 1t felt provided adequate data. These were the studies con-
ducted by Infante.(1977). Aksdy (1976), and Ott (1978). Exposure
measurement.s and the choice of contro) group were heavily criticised in the'
Aksoy study while multiple chemical exposures among the Teukemic cases in
the Ott study obscured the interpretation of these data. In 1981 Rinsky et
al (1981) provided additional follow-up information on the wor_-kers in the
Infante study as well as a detailed profile of benzene exposure levels. The
results of both the Infante-Aksoy-0tt studies and the Rinsky re-evaluation
of the Infante data have been used by CAG in its benzene dose-response as-

sessment (EPA, 1983; EPA, 1984).

2.3.2 EPA _Dose-Reshonse Assessment Model

The CAG risk assessment for benzene (EPA,CAG, 1979, Appendix

D) used & linear nonthreshold model to estimate the leukemia risk that would

result from exposure to the low ambient benzene levels that the general

population is exposed to. The model al so assumes that the relative risk of

-Jeukemia from benzene exposure is identical in workers and the general

population and is independent of -the'length of exposure or age at which ex-
posure occurred. To use this model, estimates for the background rate of
leukemia, the relative risk of "Ieuk'emia in an exposed group of people, and
the level of benzene in the exposed group mu;st -be obtai nédl. Thé background
leukemia rute was based on ;rita’l statistics data for thg entire U.S. p.opu1a-
tion (Infante and Rinsky studies) or on a general Western popﬂation .(Aksoy)
while specific data from each of the studies were used to estimate the rela-

tive risk and exposure parameters of the model. These data were used to
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derive the slope parameter of the model, i.e., the increased risk of
leukemia per unit concentration of benzene. Algebraically, the estimate of

the slope of the CAG model can be expressed as
Slope = {Background Disease Rate)(Relative Risk - 1)}/{Exposure Level)

The DHS did not modify the model for purposes of this assess-
ment and therefore uses the potency estimate for benzene as derived by CAG

based on the Rinsky re-evaluation (EPA, 1983, Ch 13, p 165) of

slope = 5.2 X 1072 (mg/kg-day):}

This corresponds to a lifetime (70-year) risk from a 1ifetime

average exposure to 1 ppb benzene in air of:

48 X 1075 (see v11.2).

- The following values were substituted in the equation above to
calculate this slope estimate: background rate of leukemia = 0.006732, rela-
tive risk =.21 (based on workers with at least § years of benzene exposure},
and a ertimg average éxposure level of 2.81 ppm (taken as the geometric
mean of the estimated high and low exposure Yevels based on in 8 hour day 40
hour week time weighted averages of 40.36 ppm for 35 years .and 23.7 ppm for

25 years).




By contrast, the slope based on the three studies was calcu-

Yated by CAG as the geométric mean of each study's estimated slope. This

yielded an increase in risk of 22 X 10'5 for a continuous 1ifetime exposure

to 1 ppb benzene.

It should be noted that these slope estimates respresent point
- estimates of the increase in leukemic risk assocjated with bénzene; they do
not reflect the statistical uncertainty related to the relative risk
parameter found in the worker populations. (The range of risk associated
with these epidemiologic data could be determined by using the upper and
lower confidence limits of the relative risk estimate in the model. For ex-

ample, the data from the Rinsky re-evaluation are compatible with a2 risk of

32 X 1075 ¢0 120 X 10°® based on a 95% confidence interval.)
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Figure VI-1, Dose-Response Curve For Benzene Risk Assassnent
based on the CAG model applied to the Rinsky .
resvaluation of Infante's epideniologic study and
the CAG assessment using the Infante, Aksoy and
Ott spidemiologic studies,
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Figure VI-2. Dose-~Response Curves for Benzene Comparing Biovassay

and Epidemiologic Studi:s of Le kemia

Shown are the curves for the 95% upper confidence
limit of risk (UCL) for the National Texicity
Program (NTP}, lymphoma and leukemia (LYM/LEUR)
data, the maximum likelihood estimate (MLE) of
risk from the same NTP study, and EPA-CAG estimate
of risk based on Rinsky's data and the original

- study vsing the data of Infante, -Aksov, and OTT.
THe NTP curves are based on the unadsusted attack
rates.
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2.3.3 Review of Critiques of the CAG Dose-Response Assessment

Criticism of the CAG risk assessments' has tended to
focus on three areas: the model and some of its assumptions, the ap-
propriateness of the data used to estimate parameters, 'and an inadequate
discussion of the uncertainty surrounding the leukemia risk conveyed by ben-
zene (Environ Corporation, 1983; Hattis and Mendez, 1980). The assumptions
of the mode‘l- which have been challenged are those of no-threshold and low-
dose linearity. The staff of DHS sees no reason to question these
assumptions. for the case of benzene. The model assumes that the benzene-
induced leukemia is independent of a-ge and that the risk associated with a

given dose is a function of the cumulative dose were also questioned.

Reviewers of the CAG document tended to accept these assumptions but noted

that they cannot readily be tested, and the direction of the bias on the es-

timate of risk, if the assumptions' are wrong, is not simple to determine.

Since there are other r‘easonab'le‘ assumptions which could be substituted in
the model, it is argued that the CAG risk asﬁessmen_t contains more uncer-
tainty than the document conveys. Most of the criticism of the CAG

document, however, focuses on the data used to estimate model parameters.

In addition to the c¢riticisms noted above for the Aksoy
and Ott studies, the use of the entire U.S. p0pﬁ1ation to calcutat the
background rate of leukemia was questioned in the Rinsky re-evaluation. The
point of contention is that the relative risk estimate comes from a popula-

tion of white working males while the expected number 1s based on the entire

U.S. population and the two are not compatible. It is argued, for example,




that since women experience a leukemia rate that is 57% of the male rate,
the background rate is too low. This will be ref'lecied in a slope parameter
' that fs also too low. Another criticism focuses on estinating the. slope
parameter from all types of leukemia rather than non-'lymphétic leukemia.

Had CAG consistently based the slope calculations on non-lymphatic

. 1eqkem1as; as many_of the epidemiologic studies sugggst is appropriate, th_é

slope would be slightly lower than CAG reported.

Much of the criticism of the CAG risk assessment related directly to the
quality of the benzene exposure data; specifically, the exposure period and
the exposure levels. For -example, the exposure period in the Rinsky study
is taken to be 35 years, an estimate 'sdme consider to be longer.than the ac-
tual exposure time. ‘The use of this exposure period has the effect of
increasing the cumulative exposure dose and henf:_e yields a slope that is
wlower than the actual. Further, since no routine monitoring'of the work
place was performed during the periods workers in this study were exposeld,
much controversy has arisen as to the level of benzene workers were.exposed‘ |
to. ‘Here it is argued that exposure level used for the assessment substan-
tially underestimated the true exposure level thereby resulting in an

overestimate of the slope.
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' 3 Animal Dose-Response Assessment

3.1 Introduction

In general, lack of opportunity, ethical considerations, c’on-
founding factors, sample size, measurement of exposure, and latency period

are among the problems related to conducting and using epidemiologic data to
quantify a dose-response relationship. Notwithstanding the difficulties of

extrapolating animal health effects to humans, bioassays can provide support
for epidemiologic studies or offer further insight into a chemical's poten-
tial human hea!tﬁ_effects because animals can be useful predictors of human
cancers. Review of data on carcinogenic effects in rodents demonstrate that
most chemicals which 1ncre§se the cancer incidence in one species also 1ﬁ-
crease the incidence in a second species (Ames et al, i975; Purchase, 198C;
Tomatis et al., 1973; Griesemer and Cueto, 1980; Chu et al., 1981). Thus,
in its review of all the data related to benzene's carcinogenicity, the DHS

will prov'lde dose-response assessments based on anima‘l data.

In this section we will first discuss the major assumptions
DHS has invoked to perform the dose-response assessment using animal data.
This will be followed by a brief description of the animal studies and the

results of the assessments.
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3.2 Aésumptions Used in the Animal Dose-Response Assessment

Yo © 3.2.1 Use of Most Sensitive Species and Site.

To reduce the inﬂuence of extraneous fa_ctors in the
bioassay, genetically homogeneous animals are used and external env{ronmen-
tal factors are minimized. This fs in direct contrast to the genetfcaﬂy
‘diverse human population which is eqused to numerous envi_ronmentﬂ con-
taminants some of which may greatly increase susceptibility to the
. incremental ‘action of carcinogens. DHS concurs with IARC (1978} and U.S.
Interagency Regu!ator& Liason Group (IRLG} (1979} in that it is appropriate
to use the most sensitive species, sex, and tumor sité in its assessments
because there is often little correlation betyceen tumor types or target or-
gans between species whi'ch may in part be due ‘to both physiologic
w_ifferences between species'and differences in the conditions of .the.bioas-
say and actual -human exposure. Additionally, if two or moré tumor sites
show a statistically significant increased tumor rate, DHS may combine the
number of animals with tumors at each of the specific sites under considera-

| tion and use this in the risk mode? .

3.2.2 Exposure and Dose

As with the human dose-response assessment, several as-

sumptions regarding the dose component of the assessment warrant discussion.




a) Use of Studies with High Dosage Schedules. Due to

b)

c)

the high cost of animal bioassays, studies are con-
ducted with relatively few animals (usually 50) per
dose group.. This results in a very low statistical
power to detect small increases in disease rates. To
compensate for this, high dose schedules are used.
This assumes that chemicaﬂy_ induced carcinogenic
responses at h;lgh doses will also result in similar

responses at low doses.

Use of Lifetime Cumulative Average Daily Dose. The
daily dose of. benzeqe averaged over the animals

Tifetime is used in the assessment. This assumes

that the cancer risks from short-term high dose

schedules are equivalent to cumulative lifetime
doses. As knowledge of the mechani;ms of car-
tinogenesis become known and specific biochemical,
intermediate métabo'lism, and pharmacokinetics are es-
tablished for both humans and test animals, this .
assumption will no longer be necessary. However, at
present this is the state-of-the-art in risk assess-
ment and DHS is consistent with major federal and

state agencies in mal ing this assumption.

Absorption. In the absence of evidence to the con-

trary, it is assumed that the test species absorbs

the same percentage of benzene as do humans.




d) Route of exposure. DHS may include assessments based
on routes of exposure other than inhalation recognize

— ing that the carcinogenic response may differ
| according to the mode of administration. DHS

believes this is less 1ikely to be a problem for

dosages providing systemic exposure (e.g. ingestion,

gavage, inhalation, and intravenous or in-

traperitoneal i.njection) and therefore some non-

jnhalation animal studies can provide information

applicable to human exposures. Moreover, unless

there is specific or compelling information that me-

tabotic and pharmacokinetic differences occur between
humans and rodents for either the same or different

routes of exposure, alternate systemic routes will ‘pe
considered equivaIent.‘

3.2.3 Thresholds

The assumptions regarding thresholds in animals are

jdentical to those presénted in the human dose-response ;assessment section.

3.2.4 Use of Benign Tumors

¥here both benign and malignant tumors are induced at
the same site and the malignant tumors are significantly 1néreased, DHS may
combine the data on both types of tumors as the basis for dose-response

agssessment. This is consistent with IARC (IARC, ‘1980a) and NTP (NTP, 1984).
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The ratfonale 1s that the induction of benign tumers in tﬁe experimental
animals reflects the biological activity of the carcinogen, which may well
be manifested as the induction of malignant tumors in other‘ species. In ad-
dition, berﬁgn tumors in several tissues may progress to malignancies
(Tomatis et at., 1973; Tomatis et al., 1978; Griesemer and Cueto, 1980; Chu
et al., 1981; Tomatis, 1979; IARC, 1980a; IARC, 1972-1983; IARC, 1980b).

3.2.5 Interspecies Scaling Factors

There are three generally used methods for relating
animal dosages' to humans: mg/kg-day, mg/surfaée area-day, and mg/lifetime.
To date no study has been explicitly undertaken with the objective of deter-
mining what unit best expresses equivalence of carcinogenic potency across

mammalian species. Studies which havé looked at this problem have shown

‘that the choice of scaling factor will directly affect risk'ca‘lcu‘lations

with the risk increasing in the following order: mg/kg-day < m'g/'surface
area-day < mg/lifetime. Followi;lg- the suggestioﬁ of Mantel and
Schneiderman, 1975; EPA, 1980; and Crump, 1981, the DHS believes tﬁe
mg/surface area-day‘ factor is most appropriate becahse it falls neaf the

middle of the range of measures that have been proposed.

3.2.6 Low Dose Extrapolation Models

Because dose levels in bio‘assa:}s are generally much
higher than the levels to which the human population is exposed it 1§ neces-

sary to extrapolate downward to estimate the health effects in the range of
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exposure that we are interested in. Several mathematical modé_is are avail-
able ar;d newer models continue to be devé'loped. The models fall into three
- Droad categories: 1) quantal or dichotomous response models which._ base their
risk estimate strictly on whether or not the animal acquired the tumor of -
‘fnterest by the end of its “natural" 1ifetime--they are not corrected for
competing risk or independent background cancer incidence, 2} time-to-tumor
models which are sensitive to the time of tumor onset (in practice, the time
to tumor detection is used), and pharmacokinetic models which relate the
carcinogenic response to biochemical interactions between the exposure sub-
stance and components of the body. Time-to-tumor and pharmacokinetic models
are believed to provide more valid estimates of risk but it is often not
possible to apply these models because the cancer onset data has not peen

reported in sufficient detail or metabolic pathways and rates are not known.

V_Mthough all models tend'to fit the dose-response data equally well in the

observable range of exposure, low dose estimates of risk can vary by orders

of magnitude. It is not possible to validate any of these models in the low
dﬁse range with either animal or epidemiologic data so selection of a par-
ticular model is somewhat arbitrary. However, in selecting‘a model, DHS ds
guided by the genera]ly accepted undehstanding of carcinogenesis in which it
is assumed that chemical carcinogens contribute to the already exi Sti ng car-
cinogenic mechanisms. This implies that an exposure will incrementa'l'ljr add

to the existing rate of cancer which in turn is consicstent . ith a linear
response at low doses {Crump et al., 1976). (If the carcinogen acts by an

independent mechanism, the response will not necessarily be linear). ¥With

this basis, a brief description the more salient features of the major

models and our reasons for either using the model or not recommending it '
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follows. 1t should alsoc be noted that here, as in the case with the
epidemiologic based assessment, the models yield a point estimate of risk .
based on.the data at hand. While this value may be intqrprefed as the

“best" estimate of risk, statistical theory tells us that the "true" es-
~timate of risk compatible with the data at hand is contained within the

range of a lower and upper confidence 1imit around the point esti‘ma-te.

Public health prudence dictates.that we be concerned with the highest amount

of risk a substance mays pose so in addition to the point es‘imate, the up-

per 95% confidence 1imit of this risk estimate will also be given.

a) Quantal or dichotomous response models.
i One-Hit or linear Model (Krewski et al., 1981) - The basis
: of this quantal model is the cancept that the response
i - (cancer) can be induced after & single susceﬁtime target .
has been hit by a single biologically eff'ect'ive unit of
dose. This model {is originally derived and received
: validation from radiation thedry. The form of this model-

{s:

Pd) = 1 - el ¥ B9

Where:
P(d) is the probability of response at a provided
dosage,

B is the slope of the dose response curve,
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d is the provided dose, and

do 1s the background rate, if one exists, when d=0.

At low doses (i.e., B¢ < 0.02) the dose f'esponse curve

becomes linear with dose.

ii Multistage Model (quantal) (Armitage and Doll, 1961) -
This model. assumes that the carcinogenic response is the
result of an ordered series of biolegical evenis and that
the occurrence of each event is dose related. This theory
was deriveb to account for the fact that in many types of
cancer, the logarithm of the cancer mortality rate in-
creases in direct proportion to the logarithm of"age.
This suggests that a cell may g.o through‘ 2 sequence of
specific chang'es (stages)A in order to become malignant.
The transition between stages (i) is dependent on two

constants: a constant term 2, which is related to the
background rate and a term I:i which indicates the potency

of the agent at the ith stage. The total response, P{d),

is an exponential prdduct of each stage:

k
P(d) =1 - exp-[( &I a; + bid)]

d=1

-71-



1

where a, > 0 and b1 > 0 and k is the number of stages or -

) i
events required before cancer is observed. More

generally,

k .
P{d) = 1 - exp-{ Io q;d") gy 20,
i= :

where the exponential term is a polynomial function of
dose with 2zero or nonnegative coefficients. The model is

fitted using maximum likelihood theory to estimate qy and

the number of stages that best fit the &ata. A restric-
tion is plated on k such that it is not greafer than the
numper of dose levels in the bioassay. DHS used a version
of the mu]i:istage model deve'lope'd by Crump and Watson
{1979). This procedure assumes the number of stages is
equal to the number of dose groups minus one. In estimat-
ing tﬁe upper confidence limit of risk, either a linear
term is forced into the model if one does not exist or the
existing linear term is maximized which assures that the

model will be l1inear at low doses.

Gamma Multi-hit Model (Rai and Yan Ryzin, 1981) - This
model can be derived from the assumption that there is a
discrete change, called a hit, which has to occur several

times in order to produce a response. The expected number
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oT ni1ts 1s proportional to dose and is bd. The probabil-
ity of k or more hits occurring is given by a Poisson

di strjibuti on:

P(d) = T (bd)* exp (-bd)
x=K x!

This can be shown to equal:

fbd x k=1

P(d) = exp (-x) dx

0 k-
More generally, for arbitrary k:

bd
Pld) = { x<L exp (-x) dx
rik)

where I{k) is the gamma function which satisfies
r{k) = {k - 1)!
for integer values of k > 1.

Probit Model Results of toxicity tests have often shown

that the proportion of responders monotonically increases

with dose and exhibits a sigmoid relationship with the
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logarithm of the exposure level. This led to the develop-
ment of the probit or log normal model. The dose-respanse

function is given by the cumulative normal probability:
P(D) = ¢[{10g(D) - w)/c]

where y and o represent the mean and standard deviation of

the distribution of the log tolerances {Bliss, 1935)

v Mantel-Bryan Model (1961)- This model assumes a log-normal

distribution of individual sensitivities to a carcinogen in
a population. That is, if a population is exposed to a
given dose rate d, then response to the log of the dose

will follow the normal (Gaussian) distribution function:
P(d) = ¢ (2 + b log d)*

where ¢ is the standard normal density evaluated at a + b
log d. In this formulation, a (& > 0) is the intercept

(background incidence) while the parameter, b (b > 0), is
the slope of log-probit distribution. The slope is assumed

to be 1.0 in the Mantel-Bryan model f.hough other values are

possible. Mantel and Bryan proposed this “conservative"

*The nor'ma'I:% density fs given by: ¢(x) = fi (211}'1

12 exp (-u2/2) du.

~Tb=




slope because it was less steep than slope estimates they
had observed in toxicity testing. The purpose of the model
was to estimate a safe dose for a given level of risk
rather than to estimate the true dose-reSpolns_e
re'lationship. However, susequent research has shown that

in the low-dose region the use of the lognormal -distribﬁ-

~ tion tends to produce relatively high "tafe dose" estimates

vi

(Crump et al., .1976).

Log Logistic (Logit)(Worcester and Wilson 1943, Berkson'
1944) - This model is also based on an assumed tolerance
distribution which is sigmoidal in shape. The dose-

':gSponse fpnct‘ion is given by:
P(D) = [1 + expla + blog, (D)1

where a and b are parameters estimated from the data. The
curve is symmetric about the 50% response level but ap-
proaches the extremes, 02 and 100% response, more slowly

than does the probit model.
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b} Time-to-Tumor Models

Many of the previously desér‘lbed dichotomous response
models can be modified to express cancer risk as a func-
tion of both dose and time {duration of exposure). A
simple model which considers risk only as a function of
time only is described here It can be shown that in many

situations the probability of occurrence of cancer by time

t can be given by:

P(t) = 1 - exp {- b(t - a)k}
fort>a, r>0,b>0, and X 21 (Pike, 1966).

The coefficient b represents the potency of the carcinogen; a
is related to the latency period of the carcinogen; and k in
some applications .refers to the number of stages of
carcinogenesis. This model has been shown to represent human
mortality data for certain cancers 'where t represents age.
(Armitage and Dol)l, 1961). Furthermore, this function has
been incorporated into mlt'i-event. models in order to describe

the relationship between cancer occurrence and both dose and

time.
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An empirical relationship between time and dose (bruckrey.

1967) and two time-to-tumor models which incorporate dose

(Weibull [Pike, 1966]; Hartley and Sielken, 1977) follow:

i

Druckery: An empirical relationship between dose {d) and
median time of tumor appearance (t) was found in data from _

animal cancer studies of the form

dt" = ¢onstant

where n is usually between 2 and 6 (Druckery, 1967). The
response times were assumed to be a lognormally distributed
in a manner analogous .to the pof)ulation tolerance models
discussed earlier. This re‘l&tionship has been applied to
several data sets from both animal experiments and

L]

epidemiologic studies (Albert and Altschu'ler_, '1973).

Use of this relationship for low dose extrapolation pur-
poses was proposed by Jones and Grendori {1975). After
examini‘ng data of their own and of Druﬁkrey, they prooo;ed
the generalization that the median time-to-tumor appearance
is proportional to the one-third power of the dose, and
suggested t!lat this relation reﬂe;ts the average time
needed for two affected cells to coalesce to form a
cancerous clone. However, several studies have indicated
that Jones and Grendon's model is not. appropriate for low-

dose extrapolation.
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11 Weibull Model (Pike, 1966) - In this model, response can be

related to both tine and dose by the expression .

P(t,d) =1 - exp {g(d)tk}

where g{d) is some function of dose {f.e., g{d) = a +
bd").

One study indicated that the Weibull model yielded a bet-
ter fit to various sets of animal cancer data than did
other models {Peto et al, 1872). Furthermore the
relationship observed by Druckrey can be derived from the .

Weibull model (Carlborg, 1981).

111 Hartiey and Sielken (1977) - A general model was developed

#hich has the expression:

k
P(t,d) = 1 - exp-[{] qjdj1 h(t)].

J=0

The Weibull model is a special case of the general product

. model in which

nit) = kto .




Although it is of theoretical interest, use of Athe general
product model would require prior selection of three of
" ~its parameters; therefore, the effect that. these essen-
tially arbitrary choices have on estimated risks needs to

be studied {(Crump, 1981).

3.2.7 Rationale fcr SéIection of a Low Dose Extrapolation

Model

The probit, Mantel-Bryan, and logit models are not based
on mechanisms of carcinogenesis. The first two models are based on the
cumulative distribution that arises assuming a 'iognormaI distribution of |
tolerances .in the exposed population. T'h‘e logit model 1is derived from

'\émica'l kinetic theory. Since these models a.re nb_t based on the generally

accepted current understanding of caréinogenic processes and noting that

these models are not linear at low doses, ‘the DHS does not recommend their

foutine application for dose-response assessment. The other models dis-

cussed in the previous section are based on mechanistic arguments but some

ha\?e Yimitations that are discussed below.

The one-hit model is a special case of rthe multi-hit and
multi-stage models. By itself, the one-hit model har only one .'paramet.ér to
estimate and 'therefore may not fit expe'r'il'nenta'l data as well as other
models. In additfon, since it assumes 'a I'Hnear response in the observed ex-
posure range, this model will produce very high estimates of risk for a

given exposure relative to other models.

.
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A major pi'ob1em with the gamma multi-hit model is the
1nterpret}ation of the parameter reflecting the number of hits, k. Since k
is determif}\ed by the data and is not restricted to {integer values, it is not

bio]ogicﬂlly interpretable. 'Moreover, depending 'on its value, the model is

_not necess.qiri'ly Yinear at low doses. Lastly, the DHS does not recommend

this modelﬂ because 1t has been demonstrated that the model will “produce"

background i!rates of cancer where none exist‘ (Haseman et al., 1981).

| The DHS will preferentially use time-to-tumor and phar-
macokinetic}! models given adequate data. Such data were not available for
the benzer;e assessment. 1In general, a constraint on the use of time-to-
tumor mode'ls‘i? is the difficulty of determining the actual response times in
an experin?ent. In most cases, internal tumors are difficult to observ.e in
live animawa and their presence 1is usugHy detecte'd only at necropsy. In
addition, 1%he application of these models frequently requires making a dis-
tinction beti}veen wheth-e-r the tumor was the cause of death or was found on) y

coincidentlany at necropsy where death was due to some other cause;

patho'log'istsii are reluctant to make such distinctions.

|

i Thus, of the models generally used today, the DHS agrees
with the EPA%\l(IISBO} in the use of the multistage model. This model is con-
sistent wi*h biologic theories of carcinogenesi§ and has been shown to fit
several sets1of experimental data for animals (Brown, 1978; Krewski, 1 )83)
and humans EI'(Peto, 1977). It is a flexible model in that the form of the
mode} is not ideterm‘ned apriori, thus it may take on some of the charac-
teristics of illthe other models depending on the number of stages used and the

corresponding parameter values.




Assessment

Additivity and linearity at low dose are assumed as part

of the mechanism of carcinogenesis.
Animal data are applicable to humans.

There need not be an exact corresgondant;_e between the
histiopathological distribution of animal and human cancer; the use of
most sensitive animal species, sex, and tumor site to predict human ef-

fects s justified.

High dose _b'loassays' are appropriate for determining low

- dose responses.

Lifetime cumulative average daily dose is the ap-

propriate dose to use for dose-response assessments.

The route of exposure need not be identical between
animal and man if the tumors of interest appear distally to the point of

exposure contact.

A threshold for benzene's carcinogenic effect is not es-

tablished.



| Benign and malignant tumors may be combined for dose-

response assessment.

Doses on & surface area basis are equivalent between

species.

The multistage theory most appropriately describes the

» phenomenoniiof carcinogenesis and the low dose extrapolation procedure
. \ .

deveIOped% by Crump based on the multistage theory is an appropriate method

for dose-response assessment.

3p Dose-Response Assessment Based on Animal Data

.‘ 3.3.1 Lorg-terin Animal Bioassays Available for Dose-Response

| - Assessment

a} Historical Experimental Data. The available ex-

perimental data prior to 1976 has been summarized by
Maltoni et al. (1983a) and is shown in Table VI-1.
P These earlier works did not provide evidence for car-
cinogenicity in animals. The IARC {1974) concluded,
“Benzene has been tested only in mice by subcutaneous
1nject'1on and skin application. The data reported do
not permit the conclusion that ca.cinogenic activity

{in anima) bioassays) has been demonstrated.” In an

updated version when Maltoni's early biocassays became
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available, IARC (1982) reported, "Benzene has been

tested in rats by intragastric administration and in-

halation exposure, and in mice by skin application, .-

inhalation exposure and subcutaneous injection. Oral

administration to rats resulted in an increase in the °

incidence of Zymbal gland carcinomas ... and an in-
creased incidence of lymphoid tumors occurred in male
mice exposed by inhalation to benzene ...." 1IARC
concluded, "There is limited evidence that benzene is
carcinogenic in experimental animals." (JARC 1982).
These were studies t-hat were available through 1981;
subsequently two significant serfies of bioassay
studies have been reported, those of Maltoni et al.
(1983a) and the National Toxicology Program (NTP,
1983).

Recent Bioassay Studies. Maltoni et al. (1983a) con-
ducted carcinogenesis bioéssa_ys of benzene (99.93%
pure, with 0.06%. par;-affin and 0.01% toluene) ad-
ministering the test chemicﬂ either by inhalation or
orally via stomach tube (gavage) using extra-virgin

olive of1 as the dose vehicle. Two different gavage
studies were done. In one study {Experimeit 1,

#BT901) groups of 35 male and 35 female Sprague-
Dawley rats were administered doses of 250 mg

benzene/kg body weight; groups of 30 male and 30

female Sprague-Dawley rats were administered doses of




50 mg benzene/kg body weight; and groups of 30 male
and 30 female Sprague-Da‘iey rats were administered
olive 0i1 alone {controls). Animals were dosed once
daily for 4-5 days |':er week for 52 weeks. Al
animals were to be kept under observation until spon-
taneous death. Mortality was higher in the benzene
treated groups and was correlated to dosage. Tﬁe
authors stated that the increase in mortality corre-
lated to the direct effects of the treatment in the
first period of the experiment, and later both to the
effects of treatment and to the ‘higher incidence of

malignant tumors caused by the compound. The body
weights of the test animals generally were lower than

the control group, and this appears to be 'dose
related. The results of the gavage study are shown

in Table V1-2.

In the second gavage studj {Experiment 3, #BT902-906)
the a_uthors 'studied benzene, toluene, xylene and,
ethylbenzene, also administered.in olive oil. Groups
of 40 male and 40 _fema'le_?-week.-old Sprague-Dawley
rats were give'n doses of 500 mg/kg for 4-5 days
weekly for 104 weeks. The control group consisted of
50 male and 50 .fema1e_rats that were given olive o1,
alone on the same dosing schedule. This study was
still in progress at the date of p_qb'lication (1983),

but the authors provided the 92-week interim results.
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Only benzene resulted in a statistically significant
increased number of tumors (Zymbal gland of the oral

- cavity; see Table YI-2). .

The authors also studied the effects of benzene in-
halation on Sprague-Dawley rats using 13-week-01d

female breeder rats and rats first exposed in utero

as 12-day embryos and then exposed immediately after

birth (Experiment 2, #874004 and #BT4006). The in-
halation studies used two different exposure periods
of 15 and 104 weeks. Groups of 140 12-day embryo
rats and 54 13-week-01d breeder rats were used for
the 104-week study. The animals were exposed to in-
halation by benzene at concentrations of 200-300 ppm,
4-7 hours daily. The 15-week.study used 129 rats ex- .
posed as embryos from the 12th day of pregnancy and
exp’osurés of 200 ppm benzene for 4-7 hours daily.
The control group f:onsisted of 218 12-day embryo-
-exposed rats and .60 breeder rats kept in inhalation
chambers with no benzene. All animals were to be
kKept under observation until spontaneous death. The
results of the inhalation studies are also shown: in
Table YI-2. This study begun in 197§ was still in

progress as of the date of publication (1983).

Although Zymbal gland carcinomas, "leukemias", oral

cavity carcinomas, and mammary gland carcinomas .
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(T Ts:.e vI-2 (_
Maltoni et al.Benzene Rat Bioassay Summary

Difference in Cancer

Tumor Route of . Cochran-Armi tage Fisher  Attack Rate per 10(
Organ (site) Type _Exposure Sex Dosage Linear Trend Test Exact Test (Dose - Control)
Zymbal Gland Carcinomas G_avage1 Female ' P < 0.001
13.9 ma/kg-day -—— P = 0.25 (NS) 6.7
66.7 ' —— P = 0.003 25.0
Hemolympho-  “Leukemias" Gavagel Male P = 0.005
reticutar :
13.9 mg/kg-da ——- P =1.0 (NS) 0.0
66.7 " " - P=0078 12.1
Mammary Carcinoma Gavage®  Female | P = 0.091 (NS)
| 13.9 mg/kg-day S P=0.50 (NS) 3.3
667 "~ " ° -——- P = 0.178 (NS} 11.9
Zymbél Gland Carcinomas Gavage2 Femalé N/A (single'dose Tevel)
| 321.4 mg/kg-day : P = 0.007 15.0
" " | " " M&F - N/A (single dose level)
| | 321.4 mg/kg-day P < 0.001 14.0
Oral Cavity Carcinomas Gavage2 Male | N/A (single dose level) '
' | 321 4 mg/kg-day P = 0.003 17.5
. " " " MEF N/A (single dose level)

321 4 mg/kg-day P < 0.001 13.7
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Table VI-2 (Continued)

Maltoni et al Benzene Rat Bioassay Summary

-~ Tmr  Route of T T Cochran-Armitage Fisher Attack Rate per 100
Oryan (site) - Type Exposure Sex Dosage Linear Trend Test Exact Test {Dose - Control)
Zymbal Carcinoma Iﬂhala‘tion3 Female ' N/A {single dose level)
Gland 17 mg/kg-day P = 0.27 (NS) 3.9
Z;ymbal Carcinoma Inhalation4 Male and A N/A (single dose level)
Gland Female 7 ‘
16.4 mg/kg-day P = 0.002 5.1
Liver Hepatomas Inhalation® Female a N/A (single dose level)
: ‘ 1.42 mg/kg-day P = 0.022 5.1

- n v mp e ok b oy B e G D b R Y Y A G S D A e ko S D o A Ak P R S i A S A N S SR A S S A N S Y S S AR SR A G AR S S A R A A e S S A A el A

NS - Not Statistically Significant, P > 0.05,
N/A - Not Applicable.

1 Experiment 1:(#BT901), animals dosed for 52 weeks.
Experiment 3:(#BT902), 92-week interim results, dosing to be carried out for 104 weeks, 118-week interim results.
Experiment 2.(#BTA004), inhalation exposure of 13-week 01d breeder rats for 104 weeks, 118-week interim results

Experiment 3:(#BT4004), inhalation exposure of 12-day old embryos for 104 weeks. Dose in utero not considered, 118
week interim results. -

Experiment 3:(#BT4006), inhalation exposure of 12-day old embryos for 15-weeks. Dose in utero not considered, 118
week interim results. ‘
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demonstrated positive trends with respect to dose,

only the Zymbal gland carcinomas (one-tafled p <

0 001), the "leukemias (one-tailed P = 0.005}, and

the oral cavity carcinomas (p = 0.028) reached

statistical significance by the Cochran-Armitage

Yinear trend test {see Table VI-2}.

The Zymbal glands {auditory sebaceous glands) are
large modified sebaceous glands which surround the
external ear canal of rats. MNeoplasms of the Zymbal
gland usually begin at the base of the giands then
often invade the ear canal. -Humans have no glands
homologous to the rodent's Zymbal gland (A'Itmaﬁ and
Goodman, 1979). |

Maitoni et al. (1983a) concluded that:

Ill)

2)

3)

Benzene is carcinogenic in rats when given by gavagé

and by ‘inhalation.

Benzene produces different types of tumors in dif-
ferent organs, and therefore it must be considered a

multipotential carcirogen.
Benzene is a potent carcinogen, since it not only

enhances the incidence of tumors frequently occur-

ring in untreated animals of the tested colony but
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also produces infrequent or unusual tumors in the

animals used.

4) There appears to be a direct relationship between
the dose of benzene {(concentration or length of

treatment) and tumor response."

" The National Toxicology Program (NTP) conducted a 2-year
toxicology and carcinogenesis gavage study of benzene on

50 rats {F344/N) and 50 mice (BSCBFI) of both sexes per

dose group (NTP, 1983). The NTP established dosages for
the chronic study based on a series of subchronic
(single-dose, 2-week, and 17-week) fox*icity studies.
Doses used for the 2-year studies were selected based on
clinical observations (tremors in higher dosed mice) and
on clinical pathology (1ymphoid depietion in rats and
leukopenia in mice). The study design used four dose
‘ieirels: a 2ero dose vehicle control, a low dose at 20-
30% of the maximum to]terated,dosagé (MTD), a middle
dosage of 50% of the MTD, and a high dosage at the MTD.
Male and female mice and femaie rats in the 2-year study
were adminisiered 0, 25, 50 or 100 mg/kg body weight of
benzene (purity of > 99.7%) in a corn oil vehicle by
gavage [ days ‘per week for 103 weeks. Male rats were

administered doses of 0, 50, 100, or 200 mg/kg body

wé‘ight of benzene by gavage in corn ofl for 5 days a




week for 103 weeks. Mean body weights of the 200mg/kg
male rats ivhich survived to the end of the study were
23% lower than those of the vehicle controls, the 100

mg/kg dose males were 17% lower, and fema'les; 14%. This
study established a statistically significant dose-

related increase (one-tailed P < 0.05) in the incidence
~of neoplasms at multiple sites .for_- male and female rats
and for male and female mice {see Table Vi-3). 0f pér-
ticular significance is the induction of Zymbal gland
squamous cell car.'c'lnomas in male and’ fema]é' mice and
rats and preputial gland carcinomas in male mice. Both
the Zymbal and preputial gland carcinpmgs are rare in
untreated mice 'an'd provirde convincing evidence for ben-

zene's carcinogenic effect (see Table VI-4).

The preputial glands in the male are §1endér, flattened
glands that 1ie just beneath the skin of the prepuce and
open into its cavity. In the female the preputia'l '
glands {bulbi vestibuli) are located in the prepuce of
the c¢litoris (Altman and Goodman.. 1979). The are both

believed to be lubricating glands.

NTP concluded, “Under the conditions of these studies,

there was ¢ ear evidence of carcinogenicity of benzene

for male F344/N rats, female F344/N rats, male B6C3F,

mice, and female 86C3F1 mice."
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Table VI-3

Summary of NYP Bioassay for Significant Neoplasms

' Difference in Cancer
Cochran-Armi tage Fisher Attack Rate per 100

_Organ (site) Tumor Type Species Sex ~ Trend Test - - Exact Test* (High Dose - Control)
Zymbal Gland Squamous Cell Rat Male P < 0.001 P < 0.001 30
" " Carcinoma * Female P < 0.001 P < 0.001 28
" " " Mouse Male P <0.001 - P < 0.001 43
" " h " Female P = 0.022 P = 0.121 (NS) 6
Skin Squamous Cell Rat Male P = 0.007 P = 0.003 16
Carcinoma Mouse Male P = 0.028 P = 0.121 (NS) 6
5. Lip Squamous Cell Rat Male P = 0.012 P = 0.003 16
) Carcinoma :
Tongue | Squamous Cell Rat . Male P = 0.078 P = 0.059 8
Carcinoma “ Female P = 0.078 P = 0.059 8
~ Oral Cavity Squamous Cell Rat Male P = 0.006 P = 0.006 14
' Carcinoma “ Female P = 0.011 P = 0.028 10
Hematopoietic Malignant Lymphomas Mouse Male P = 0.006 P = 0.005 23
System or Leukemia
Harderian Carcinoma Mouse female P-= 0.004 P = 0.059 8
Gland '
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Tabte VI-3 {Continued)

Summary of NTP Bfoassay for Significant Neoplasms

Difference in Cancer

or Carcinoma

Female -

Cochran-Armitage Fisher Attack Rate per 100

Organ (site) Tumor Type Species  Sex Trend Test Exact Test* (High Dose - Control)
Lung - Alveolar/Bronchiolar Mouse Male P =0.028 P = 0.020 19
carcinoma “ Female P = 0.021 P = 0.013 12
Preputial Gland All Carcinomas Mouse Male P < 0.001 P < 0.001 63
Mammary Gland Carcinomas ~ Mouse Female P < 0.001 P < 0.001 20
‘ " " Carcinosarcoma e " - P = 0.006 P = 0.059 (NS) 8
Harderian Gland Adenoma or Mouse Male P = 0.001 P < 0.001 27

Carcinoma .

" " Carcinoma " Female P = 0.004 P = 0.059 (NS) 8
Ovary Granutosa cell tumor Mouse P =0.003 P = 0.017 15

*

71.4 mg/kg-day, male rats dosed at 143 mg/kg-day.

Cohparison of nighest dose group with control, one-tailed test.

Mice of both sexes and female rats dosed at



Table VY]1-4. .

Rare Tumors

A. Historical Incidence of Preputial Gland Tumors in Male BGC::‘F1 Mice
Administered Corn 011 by Gavage: '
: "

1. Historical Incidence at Battelle Columbus Laboratories :

No tumors observed in 100 animals.
2. Overall Historical Incidence:

Number of | Number

Animals at Risk - of Tumors ] Type Percentage

1,090 ' 1 Adenoma, NOS 0.09 %

B. H'lstoricaI Incidence of Zymbal Gland Tumors in BGC3F1 Male Mice
Administered Corn 0i1 by Gavage:
1. Historical Incide?ce at Battelle Columbus Laboratoriesf:
No tumors observed in 100 animals.

- 2. Overall Historical Incidence.

Number of Number X
! Animals at Risk of Tumors Type Percentage
1,000 0 ——— < 0.09 %

* @
The Laboratory that conducted the benzene study for the NTP. .




3.3.2 Discussion of Bioassay Results

~ Benzene administered by gavage and by inhalation in the
Maltoni studies resulted in Zymbal giland cénc-ers in both sexes. Both the
Maltoni and the NTP studies demonstrated that the female rat is less sensi-
tive to benzene than the male for Zymbal gland carcinomas. In the Maltoni
inhalation studies a statistically significant increased incidence of Zymbal
gland cancers could only be demonstrated by combining results in male and
female rats that were first exposed as embryos on the twelfth’day of preg-
nancy and treated for 104 weeks after birth. The only gavage study
resulting in statistically significant female rat Zymbal gland carcinomas
was Maltoni's in the high dose experiment 3, #BT902. In this study the com-
bined male and fema"le attack rate was 14/100 at a dose of 321.4 mg/kg-day.
The attack rate for the combined male and female inhalation study was

5.8/100 at a dose of 15.7 mg/kg-day.

Both Maltoni studies are interim results of 1ifetime

bioassays. The inhalation study went for 118 weeks, while the gavage study

_for only 92 weeks. These studies will continue until spontaneous death of

all animals. The observed B-fold higher attack rate in the inhalation:

studies versus the gavage studies (response per mg/kg-day: inhalation =

0.369/100, gavage = 0.0436/100) may be an artifact of the shorter period of



follow-up and exposure for the gavage studies.1 Maltoni dbés not provide
data on the lifetime of the average rat; however, the literature value for

the average lifetime for rats is 2.5 to 3 years with a mean of 2.75 years .

(Baker et al., 1979).2

l Nonfatal, incidental tumors that may have already developed will not be-
~ come abparent until death and the early 1ncidencefrate will underestimate

the true risk.

See Table VII-1 for assumptions of rodents"lifetime for the purposes of

risk assessments.




It is possible to estimate the lifetime cancer rate

using the method in the EPA rebort (1983)1 which incorporates a factor into

the model to reflect the length of observation relative to the species

average lifetime:

i ' Let:
L, = the average rat lifetime, in weeks.
L, = the observational period, in weeks.
Then:
o le s
adjustment factor = (—=)
Lo :
Hence for these studies: Corrected
Attack Rates
. | | 143 .3 L,
— Facmrgavage = (—-—92 )Y = 3.76 ~ 0.16/100
143 3 '
Factor; . 1avion (—=) = 1.78 0..66./100
118 :
1 Since these were single-dose studies, the provided fates are essentially
Tow dose slopes and since if x < 0.1, values of (1 - e *) are equal to x.
Tr;us, these values are equivalent to the exponent q that CAG discusses
for adjustment for nonlifetime observational periods.
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The corrected rates suggest a possible 4~-fold higher

Zymbal gland carcinoma rate for benzene exposures by inhalation. Thus, it

would be fair to say that benzene exposure via inhalation is at least as, if

not more potent than gavage exposure.

The rat may provide an effective model for human breast
cancer. Mammary gland tumors, both benign and malignant, occur as spon-
taneous and induced lesions in both male and female rats. The incidence of
mammary tumors varies gréaﬂy within and among different strains. Female
Spfague-DaMey rats have been reported to quntaneouﬂy develop mamm‘ary
tumors at rates ranging from_ 147100 to 57/100. Eighty-eight percent of them
are benign fibroadenomas (Baker et al., 1979). The historical incidence of

mammary gland carcinomas or adenocarcinomas 1in female 86(:31"1 mice that were

administered corn oil by gavage at Battelle Columbus Laboratories (the in-
stitution that performed the bioassy for the NTP} is 1.3% with a standard
deviation of 1.56% (NTP, 1983).

The NTP and Maltoni studies both resulted in significant

noncarcinogenic adverse toxicological responses. Animals in both studies

had dose-related increased mortaiities and dose-re]ated weight losses.
Although it could be argued that these chronic toxicological insults from
high doses of benzene could be responsible for the carcinogenic response to
benzene, the staff'of DHS believe that the evidence suppor'ting this théory

{cytotoxicity) is insufficient and at present there does not appear to be

convincing scientific or public health grounds to justify incorporating the
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more detailed discussion of cytotoxicity.)

3.3.3 Dose-Response Assessment Based on Recent Bioass'ays

A summary of the calculated low-dose risk assessments is -
shown in Table VI-5. The table presents results for mouse and rat dats in-
¢luding several target sites and gavage andl'inha'!at'ion routes of exposure.
The results of the CAG epidemioiogic based assessments are also included in

the table for comparative purposes.

The excess risk of cancer associated with exposure to

6 for a lifetime ex-

benzene is estimated to be in the range of 20-340 X 10~
posure to 1 ppb benzene in air. These estimates are given in the last
column in the table, entitied "Multistage Model for Human Equivalent Cancer

1]

Risk/ppb Benzene," which may require some explanation. These values repre-

sent the lifetime (70-year} theoretical excess cancer risk to a human
popu'lai:ion, based on the incidence of specified animal cancer, from a
lifetime (continuous) exposure to a time-weighted average of on'e part per
bil1ion (ppb) of benzene in the ambient air. Thus, if a cohort of one mil-
Jion individuals were exposed to an average concentration of 1 ppb of
benzene in their respired air from birth to death, one might expect to see
the stated the cancer rate in excess of the "nonﬁa1 " backgr;ound rate. The
theoretical yearly risk from this lifetime exposure to 1 ppb is ap-

proximately 1/70 of'th'at number. Since the risk .mode) is linear at low

-G



doses, the theoretical risk is directly proportional to the benzene
concentration; e.g., a 10 ppb lifetime exposure to benzene would convey ten
times the risk listed in the last column. The risk estimates provided rep-
resent the maximum 1ikelihood estimate (MLE) of risk which is the best point
estimate and the 95% upper confidence level (95% UCL) for this point

estimate.

Two types of tumor rate analyses are presented for the
(NTP) studies, the attack rate {(unadjusted rate) and a life table adjusted
rate. The attack rate is the simple percentage of the number of animals
with the stated site-specific tumor divided by the number- of animals in
which that site was examined. The 1ife table adjusted rate attempts to cor-
rect for animals which die during the 2-year course of the experiment eithér
due to benzene toxicity or due to natural causes, and thus are not available
to dévelop cancer, Aécounting for this loss would increase the cancer. risk.

As can be seen from Table VI-5, the impilication of this correction is a 2-4

fold difference in the estimated risk from a 1 ppb exposure to benzene.

However, since DHS now only has an attack-rate-based Crump model, attack
rates will be used. Since the epidemiologic data were not adjusted for com-
peting causes -of death, the risk levels based' on these data would also be

underestimates.

It should be noted that although the male mice Zymbal
gland tumors provide the highest cancer attack rates in the experimental

studies, 'the Tow-dose extrapolation rates for both the male mice preputial

gland carcinomas and lymph_omas or leukemias are greater than the Zymbal
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| Table VI-5 - | '

Summary of Benzene Low Doée Risk Assessments

Multi-Stage Mode)

Route of Lifetime® - Type of ~ for Human Equivalent
__Study Exposure TWA Dosage Tumor Type ~ Species  Sex Analysis Cancer Risk/ppb benzene
- NTP {1983) Gavage 17.9 mglkg-dayb Iymbal gland Mouse M Crude Attack ME - 7.4X 10'6
Carcinomas _ ~ Rate 9% UucL - 34 X *
- - | Lifetable AdJ. ME - 6.9%10°
Rate 95% UWCL - 47 X °
NTP {1983) " w e . Preputial gland " M Crude Attack ME - 78 x10°°
' Carcinomas Rate 95T UCL - 170 X *
Lifetable Adj. ME - 140 X 10-6
Rate s . -
95% UCL -~ 340° X
NTP (1983) "o “ = & {ymphoma or " M Crude Attack ME - 49 x10°°
Leukemia ~ Rate 95z wcL - 81 x °
Lifetable Adj. ME - 170 X 10-6
Rate 98% UL - 230 X *
HTP (1914) " " " * Mammary K . F Crude Attack ME - 32 X 1of5
- Carcinomas . ~ Rate %L UL - 5 XxX-°
' Lifetable Adj. = ME - 61 X 10-6
Rate 95% uwCL - 92 X "

- A P e v e g g SR N A Ew e ek WGP W A MR ST SR SR e Am A A A e SR R D G b S e e e e o A e e W 8 e S S e e e S G e ey Sy v P al G e S e S A WS A G M A P MR S A B RS R M b mk e mm em W ah m E  wm e b R T o A AR



=01~

Study

Maltoni et al
{1983)

Route of

Exposure

Gavage

Lifetime?
TWA Dosage

Table VI-5 (Continued)

Tumor Type Species

Type of
Analysis

13.9 mg/kg-day®

Zymbal Gland . Rat
Carcinomas

Crude Attack
Rate

Multi-Stage Model

for Human Equivalent
Cancer Risk/ppb benzene

ME - 26
952 UCL - 42 x "

............... e o e Dt o O o o o R R o e i A S A A e 8 A e e o D B o o o 4

Maltoni et al

lﬂha] ati \nld

" 16.45 mglkg-daye

Zymbal Gland Rat

Crude Attack

(EPA, 1984 )

.......-....n..-a. .

(1983} Carcinomas Comb1ined Rate ST ucL - 12 x "
Infante et a1 Inhatlation . 2.81 ppnf Leukemia Human Fatal Tumor 15 X% 10°6
{1983) : (2.99 mg/kg-day) {Myelocytic or Life Table
Monocytic)
'Rinsky et al  Inhalation 2.81 ppnf - Leukemia Human Fatal Tumor 8 X 10"6
(1981) (2.99 mg/kg-day) (Myelocytic or Life Table ’
Monocytic) .
Aksoy et al Inhalation 4.22 ppnf ‘Leukemia Human Fatal Tumor 20 X 10'6
{1974,76,77) {4.49 mg/kg-day)
Ott et al Inhalation 0.171 ppnf- Leukemia Human Fatal Tumor a6 x 10°
{1977) (0.182 wg/kg-day)
CAG Inkialation Levkemia Human Fatal Tumor 22 X 10'6




TABLE 5 ASSUMPTIONS

c

Assumptions: 60 kg person, human inhalation at 20 malday

MLE - Maximum likelihood estimate
95% UCL - 95% upper confidence limit on risk for provided dose.
@ Dosages provided without scaling factors. o

b owest dose used in three dose risk assessment, Cochran-Armitage linear trend test for these tumors: Preputial glar

P < 0.001, Zymbal Gland, P < 0.001; Lymphoma or Leukemia, P = 0.035; Mammary Carcinoma, P < 0.001.

C Lowest dose used in two point risk assessment, Cochran-Armitage linear trend test for these tumors P < 0.001.

d Pregnant Sprague-Dawley rats from the twelfth day of pregnancy at a concentration of 200 ppm, 4 hr/day, 5 day/week
delivery, then offspring assumed to be exposed to 200-300 ppm 4-7 hr/day, 5 days/wk for 104 weeks. Exposure in ute

"not calculated for total lifetime dosage

® Provided for comparative purposes.
f Estimated lifetime dosage by the EPA-CAG (EPA, 1979).
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gland low-dose extrapolations. This is because the Zymbal gland dose-

response curve drops off more rapidily than those of the other tumors.

Hence the dose-response curves cross at moderate doses 0.1-2 mg/kg-days.

Figure VI-2 1llustrates that the MLE and the 95% UCL un-
adjusted leukemia incidence rates, based on the most sensitive species,
stfain, and sex, are of a similar magnitude as thése based on the observed
human occupationa) exposulr'e rates despite the numerl'ous d'ifferenf assumptions
made in the assessments from each source of data. This rough agreement be-
tween the human and animal bjoassay estimates suggest to the staff that it
would be inappropriate to choose an animal bioassay that was less sensitive

than the EPA leukemia estimate.

As noted previously, the results of animal bioassayé in-
dicate that benzene causes cancer at sites other than the hematopoietic
system. - The multistage model was applied to mouse data from the NTP bioas-
say and yielded the following human _equiva1ent excess cancer‘rfsks for a
lifetime exposure to 1 ppb benzene: |
6

1y 107

Data Used (Sex and Site) Risk
MLE 95% UCL

Male-Lung Cancer - 42 76
Female-
Mammary Carcinomas - 32 57

Male-Oral Cavity Tumors 100 130




Female-Qvarian Tumors 19 77

Female-Mammary or

Ovarian Tummors 63 92

) Dose-response curves are linear in the low dose range so risk es-
timates for different doses would be multiples of thé values

given for 1 ppb in air.

Thus, these assessments yield risk estimates which are
similar {i.e., differing by less than an order of magnitude) to the es-
timates derived from both the epidemiologic data for leukemia and the most

sensitive species, sex, and site animal data.

Table VI-6 shows the results of the assessments using
different extrapolation models. The re'sults are as expected: the multistage
i\ﬁ'/models provide a linear dose-response relationship in the low dose range and
risk estimates that are intermediate relative to the other models. The
Maﬁte'I-Bryan and the logistic models yield risk estim'atgs similar to that of
the multistage model though the Mantel-Bryan is slightly more conservative
while the logistic shows slightly less risk. The probit model is non-linear
and predicts a risk that drops off quite dramatically in the range of am-

bient air concentraiions.
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For 111ustf*at1ve purposes three different interspecies

scaﬂng factors were applied to the male mouse preputial gland data. The

estimates of human risk per exposure to 1 ppb benzene in air are as follows: .
-6
mg/k g-day 14 X 10
-6

mg/surface area-day 170 X 10

mg/11ifetime 580 X 1079




Table VI=6

BENZENE RISK ESTIMATES USING SEVERAL EXTRAPOLATION MODELS(”

4

Benzene Crump
oy 3?:499‘2) {3 i Logid® provit ")
0.1 ppp 1.7 x10°5 7.8x100 3.2x10° 47x10° -
0.5 ppb 8.5 x 1075 3.9 x 1075 4.8 x 1078 é.4_x 10°° -

Lo 17x107t 7.8x10° Lax10? e7x10f 1.3 x 1078
5.0 ppp 8.5 x 107  3:.9x10% 1.1x102 2.4x10" 2.9 x 108
100 ppp 1.7 x 100 7.8x1207% - 47 x 207" 21 x10°
50.0 ppb 8.5 x 10°0 3.9 x 107 - 2.4 x10° 3.4 x107

(1)

(2}

(3)
(4)

(5)

(6)

Lifetime excess cancer risk from a lifetime é_xposure to benzene at the
stated concentrations, based on NTP bicassay results for male mice
preputial gland cancers.

Crump estimate of 95% upper confidence level of risk for multistage
{M-S) model. .

Multistage model

Classical Mantel-Bryan model using 99% UCL for responsé for lowest dose
and assuming & probit slope of 1.0. This model was developed to find a

virtually safe dose (assmued to be a risk level of 1 X 10'8) The model

uses a plot of the log dose versus the normal equivalent deviate (NED)
to establish this level.

Log of the logistic model 'we'lghted by ‘the inverse 'of the variances:
' Incidence = 1 + exp-{a + bd)

Corrected for model generatéd background cancer incidence by use of
Abbott's correction.

Unweighted Probit model for log dose versus the NED

-107~-.
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Legend for Figure VI-3

Cancer Risk From Benzene Using Different Low-Dose Extrapolation Models

Animal data are based on the National Toxicity Program (NTP) gavage'study in

mice.

Line 1:

Line 2:

Line 6:

Line 7:

ManteI-Bnyan procedure applied to male preputial gland caﬁcers.
95% upper confidence 1imit {UCL) from the Crump procedure for the
multistage model also for male preputial cancers.

Maximum 1ikelihood estimate (MLE) using Crump procedu;e with mou;e
mammary and ovarian cancers.

MLE from Crumﬁ procedure with mouse leukemia and )ymphoma.

A linear extrapolation based on the Rinsky reevaluation of
Infénte's gpidemiologic study. This line has been cited by EPA-
CAG. ’ |

A linear extrapolation model using epidehiologic_data_from-three.

studies. This 1ine has also been cited by CAG.

The probit model applied to mouse preputial gland cancer.



4. Summary of Dose-Response Assessments »

tpidemiologic studies are intuitively the best source of information
. for use in establishing dose-response relationships since the species of
concern is being studied and, in this particular assesment where exposure
via inhalation is the parambunt concern, the route of exposdre is also the
route of concern. However, the studies reported to date are not without
problems. Exposure levels and exposure periods are poorly documented, mor-
tality rather than incidencé is réported. the number pf exposed individuals
tends to be small, appropriate control groups are not always used, results
are only directly applicable to white employed males--effects -in women and
children have not been sufficiently studied, and few confounding factors are
controlled for. However, using the ava'ﬂable data and making reasonable as-
sumptions with rega'rd to the unknown factors, a risk estimate of 22 X 10'6 '

per ppb benzene can be derived.

Animal studies alsc havé advantages and disadvantages for use in estimating
human dose-response re1a1t1onship.- Experiments tend to be performed under
controlled conditions and exposure levels are known. However, th§ dosage
used is typically very high, the route of exposure may not direct'l_y cor-
respond to that in humans, dnd. tp over simplify, animals used in bioassays
are different from human‘. Again, making reasonable as'sumpt'lons it is pos-
sibie to usé animal data to predict effects in man. The human\risk

associated with the most sensitive species, sex and site yielded a value of

170 X 10'6 per ppb.in air which is only 3.5-7 times as great as the risk es-

timateqg from human leukemia mortality data. Given that this risk value is




the expectation of the highest risk and is a surrogate for all cancers that
might result from exposure, the DHS considers this value to be comparable to
the risk estimate based on the epidemiologic data. Since womer{ and children
are exposed to benzene in ambient air and since there have not been adequate
epidemiological studies to estadblish if there are risks for mammary,
ovarian, or other cancers, the DHS recommends that the risk of benzene in-
duced cancer from ambient air exposure dbe taken as falling in the interval

with the current ep'idemio‘1og'ic studies as a lower bound and the animal es-

timate above as the upper bound.
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VII. Computations for Risk Assessment

.1. General Assumptions for Risk Assessments for Animal Bioassays

1.1 The average weight of a person from birth until death for both
sexes‘combined is assumed to be 60 kg.
| 1.2 The average human lifetime is assumed to be 70 years.

1.3 The average adult inhales 20 m> of air per day.

1.4 1t is assumed that all benzene given by gavage in the ‘animai
bioassays is absorbed. |
. 1.5 The absorption of inhaled benzene is assumed to be the same
for all species. o | |
1.6 It is assumed that the 1ifetimes of both rats and mice are 104
weeks. This is consistent with the terminal sacrifice period for lifetime studies
used by the NTP-and the EPA-CAG calculations. |
' 1.7 A scaling factor based on surface area provides the best
estimation of equivalent doses between spécies. Sirice thé surface area is ap-
proximately proportional to the two-thirds power of the weight, exposures

expressed in mg/kg-day in one species are assumed to be equal to exposures in

other species when expressed as mg/(kg)zl3

per day.
1.8 In experiments in which dosing is not given for the entire
'I'ifetime‘ of the animal, the total amoung given is averaged o\;er the 1ifetime of
the animal.
| 1.9 The Crump multistage risk mode) (-Cru;np'and Watson, 1979),

which assumes no practical threshold, is used. Dosages were entered using surface

area corrected doses for the gavage studies and mg/m3 for inhalation studies.
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Both the maximum 1ikelihood estimates and linearized 95% upper confidence limit of

risk for a specified dose are presented. .

2. Human Epidemiological Studies

The EPA (EPA, 1979) has updated their risk assessment of benzene
using the Rinsky et al. re-evaluation (1981) of the Infante et al. occupational
'study (1977). CAG provides a potency estimate rfor benzene as a low dose slope
(EPA, 1983, Ch 13, p 165):

slope = 5.2 X 10~ (mg/kg-day)"}

This slope can be converted into a lifetime risk from a 1ifetime exposure to

1 ppb benzene in air as follows: : | | .

1 ppb benzene = 3.195 X 1073 mg/m3

CAG used an average adult weight of 70 kg for workers and if the average

adult inhales 20 m3/day, the average dose is:

~ dose = (3.195 X 1077 mg/m>) X (20 m°/day) X (1/70 kg)

= 9.129 X 10°% mg/kg-day




Hence the lifetime human excess cancer risk from a 1ifetime exposure to 1 ppb

of benzene in the ambient'atmOSphere is:

Risk/ppb benzene = (9.129 X 10°%) X [5.2 X 1072 (mg/kg-day)™']

= 48 X 10-6

3. Animal Bioassays

3.1 Statistical Methods

3.1.1 Fisher Exact Test

a. NTP supplied values for the Fisher exact test, comparing

the number of tumors in each dose group with those in the vehicle control group .
b. The pairwise comparison of each dose group with the
controls to establish a one-tailed P value was calculated .by DHS for the Maltoni

et al study (Sokal and Rohlf, 1969).

3.1.2 Cochran-Armitage Linear Trend Test

a. NTP suppiied values for the Cochran-Armitage Linear Trend

Test for each tumor type for each target organ.

b. For the Maltoni studies the Cochran-Armitage Linear Trend

Test was calculated by DHS according to the procedure of Peto et al. (1980).
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3.2 Maltoni et al Bioassay Studies

These bioassay studies provide scant information on the .
e xperimental methods and protocol employed, and thus to quantitate this data
a number of assumptions must be made. These will be discussed in detaﬂl for

each route of benzene administration.

3.2.1  Dose Calculations

a. Gavage (Experiment 1, #BT 901) - female rats.

{1}. It is assumed that the animals were dosed 4.5

times/week .

(2). The authors only provide average weights ‘at 26

- and 52 weeks during the dosing perfod. The best estimate for the animal's .
average weight during this period should include the animai's initial (13-
week) weight so as not to overestimate the dosage. The weight of a 13-week
01d .Sprague-Dawley rat was estimated from the average weight of' rats supplied
by two separate laboratories (see Table VII-1). Sensitivity analysis of thi’s
method suggests that using only the 26-week average weight of the animals als

a best estimate will result in an approximate 1% difference in dose at a

specified risk level.




Table VII-1

Weights of Sprague-Dawley Rats

1. Simonsens Albino Rats Sprague-Dawley derived:

Week ' - Females
10 540 - 260 g
12 . 270 - 280 g
13 280 - 290 g

Simonsens Laboratories Inc.
1180-C Day Road
Gilroy, CA 95020

2. Outbred Sprague-Dawley Rats

Weeks Females
12 ' 250 - 275 g

13 o | 275 - 300 g
Hilltop Lab Animals Inc. |
Hi11top Drive
Scottdale, PA 15683

Average 13-week age:

Simonsens: 280 - 290 g av, 285 g
Hi1ltop: 275 - 300 g * 287.5
A overall average: "Z'B'E'Tj. g
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If: Wt, - The average weight for 13-week old female rat.
from two different laboratory anima
suppliers.

wtz - Average weight at 26 weeks.
Wt, - Average weight at 56 wéeks
" p - Dose rate (mg/kg).
Then:
(Wt1+ Ht3)

Total dose = 1/2[- + Wt2] XDX 4.5 times/week X 52 weeks

2

{3). The average lifetime weight for each dose group wa
calculated from the mean of the average weights for 26, 52, 78, and 104 weeks.

The average lifetime weights are:

Low Dose = 0.3584 kg
High Dose = 0,3689 kg

(4). The lifetime average daily dose was calculated by
dividing the total lifetime dose by 728 days/1ifetime and the lifetime average

weight:

Low Dose = 13.9 mg/kg-day
High Dose = 66.7 mg/kg-day




(5). The calculated lifetime surface area (SA) corrected

dosages are:

9.87 mg/SA-day
47.9 mg/SA-day

Low dose

High dose
" b. Inhalation (Experiment 2, #8T4004 and #BT4006)'

The risk assessment was based on male and female rats the
exposure of which began in utero on the twelfth day of pregnancy and continued
‘after birth for 104 weeks. It is assumed that the total exposure period does not

include the approximately 1.5 week§ of in utero exposure. -

(;). The dose in mg/kg of partially soluble vapors [the
octanol/water partition coefficient of benzene is 135 (Chiow et al, 1977}] is
2/3

proportional to oxygen consumption, which in turn is proportional to W and is
also proportional to the so1ub11ity of the gas in body fluids, which in 'turn can

be expressed as an absorption coefficient, r, ‘for the gas. Therefore, expressing
the 0, consumption as 0, = (k)(NZ/3), where k is a constant independent of

species, it follows that:

if:
| m'-_ the average dose/day in mg during admini.stration
of the agent.
v - the average lifetime concentration of benzene in

the inhalation chambers.
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Then: : .

2/3

m o= (k) X W3 X (mg/m) X r

dose =

23

In the absence of experimental information or a
sound theoretical argument to the contrary, the absorption fraction, r, is assumed

to be the same for all species. Therefore, for these substances a certain con—.

centration in ppm or in mg/n? in experimental animals is équiva]ent to the same

concentration in humans.(EPA, 1983)

{2) The calculated -time—we1ghted average dajly benzene

exposure 1s 26.24 mg/m3 (8.21 ppm}.

(3) The 1ifetime average body weight for each sex and

the lifetime average body weight for both sexes combined (weighti.ng by the initial

number of male and fumale animals) is shown below:




Males average lifetime weight 0.50780 kg

Female average lifetime weight = 0.32072 kg
Lifetime average body weight
for both sexes combined = 0.42094 kg

(4} The daily lifetime average dose for both sexes

combined is 15.73 mg/kg-day.

3.2.2  Attack Rate Calculations

The attack rate is the ratio of the number of those
animals with a specified tumor divided by the number of animals at risk. The
numerator of the .attack rate is the number of animals with the specified tumor.
The denominator {animals at ?isk), which Maltoni calls the corrected nuﬁber, was
providéd by the authors and is the surviving number of animals when the first

tumor of any type was observed. These times were:

a. Gavage (Experiment 1, #BT901) - Number of animals alive at

20 weeks (type of tumor not specified).

b. Gavage (Experimenf 3, #B8T902) - Mumber of animals alive at
‘82 weeks following first appearence of Zymbal gland tumor.

. Inhalation (Experiment 2, #8T4004 and BT4006) - Number of

animals alive at 22 weeks following first appearance of mammary tumor.



3.3 NTP Bicassay Studies .

3.3.1 - Dose Calculations.

a. The average 1ifetime weight of mice are

were calculated by summing the provided individual 34-35 weekly

for each dose group.

(1) Male mice.

Low Dose Group

Mid Dose Group

High Dose Group .

(2) Female mice.

Low Dose Group
Mid Dose Group
High Dose Group

37.1 g std. deviation =

37.2¢g "
3k.1g "

31.8 g std. deviation

33.8g "
32-2 g ' "

"

shown below and

average weights

5.8 ¢
5.3 ¢
3.9 9

7949

9.2 ¢
7.6 g

b. The average T1ifetime dafly dose was calculated by dividing

the lifetime average weight of the animals by the provided concentrations and then

by multiplying by 5/7 {the weekly dosing schedule). These values are siown below:




Male and Female
17.9 mg/kg-day

‘ Low Dose Group'
o’ . Mid Dose Group = 35.2" " "
71.4 % " n

High Dose Group

c. The average surface area corrected daily lifetime dosages

are shown below:

Male Female
Low Dose Group = 5.96 mg/SA-day 5.66 mg/SA-day
Mid Dose Group = 11.9 " * " 11.6 " v
Migh Dose Group = 23.4 " * * 22,7 4 oM

3.3.2 Calculation of Adjusted Lifetable Rates

The NTP provides the lifetable adjusted rate as a -

decimal fraction while the Crump Global 79 program that the staff of DHS uses to

calculate the low dose risk requires data input as a simpie tumor ratio, i.e. for

7 tumors out of 50 animals the Crump input is 7;50. In order to utilize the

program, the tota) animals in each dose group (50) were multiplied by the frac-

tional lifetable adjusted incidence rate and rounded to the closest whole number.

Confidence intervals thus derived by the Crump model will more directly reflect

the statistical ﬁncertainty for the number of animils per dose group.
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Essentially the Crump program is merely used to generate the maximum 1ikelihood
polynomial that best fits the data. Since the 95% UCL is linear, this use of th
program should correctly estimate the response. However this is not a standard
use of the program and thus the lifetable rates derived by this. method are in-

cluded for comparative, illustrative purposes only.

4. Multistage Model

The multistage theory of carcinogenesis was derived to account for
the fact that in many types of cancer, the logarithm of the cancer mortality rate
increases in direct proportion to the logarithm of age. This suggests that a cell

may go through a sequence of specific changes (stages} in order to become malig-

Multistage models assume that a carcinogen can act to increase any

nant (Brown, 1978; Peto, 1977).

of the event rates (the rate at which a cell passes from one stage to another).

Further, each transition (i) is dependent on two constants, a constant term a
dependent on the background rate, and a term bi , which indicates the potency of

the agent at the ith stage. The total response, P{d), is an exponential product

of each stage:

k
P(d) =1 - exp -(12131 + bid")-




where a,> 0 and bi’ 0 and k is the number of stages or events required before

¢cancer {s observed. More generally,

k .
P{d) =1 - exp -(_20 qidi), where: q; > 0.
. i=

Thus, the response, P(d), is a polynomial function of dose with
nonnegative coefficients. The model is fitted using maximum 1ikelihood theory and
the coefficients and k (number of stages) is established by the best fit to the
data. Alternatively, k can be assumed to be no more than the number of dose

levels.

The staff of DHS used a version @f the mu1ti$tage model developed
by Crump and Watson (1979). This version sets the number of stages, k, to one
1ess than the total number of dosage grodps used in the bioassay. 1t also forcés
2 linear term in the estimation of the upper confidence limits of the
coefficients. For most data sets, therefore, P(d). based on the upper confidence
1imits for the Crump multistage model will give approxirﬁate?y the same low dose
extrapolation as the one-hit model. In Crump's program, cbefficients for the
model and its upper confidence limits of risk are obtained using maximum
1ikelihood _estimat;ion. The presence of a linear ter in ﬁhe modei insurés near

1inearity for this confidence limit in ‘the low dose range.
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APPENDIX A

eeneric issues reiating to
Thresholds in the Action of

*Epigenetic" or "Cytotoxic" carcinogens

1. “Epigenetic" vs “Genetic" Carcinogens

The fact that some gafcinogens do not cause mutatfons or other evidence
of DNA damage in short-term tests has prompted some authors (Weissburger and
Nilliams, 1983) to suggest that they may be acting by an “epigenetic
mechanism®. Furthermore, it has been proposed that these substaﬁces would
_have "threshold” dose le,ve.‘*ls betow which no carcinogenic effect would occur.
As a consequence, safe Tevels could be derived for‘ these substances ‘by
dividing the no-effect level observed in a cancer bioassay by some safety

factor.

Epigenetic mechanisms are theoretically possib'ie.' An agent, for ex-
ample, which suppresses or enhances the -acti'vity of an o;\cogeﬁe_ by
interacting with DNA-methylating enzymes would not'directly act on genetic
material. Such an agent might, in theory, have a'thresho'l'd. Altgrnat'lv'e'ly,
changing the tertiary' (three dimensfonal) structure of the DNA may be

another example of an epigenetic mechanism of carcinogenesis {1ARC, 1983).

Tne methods that are used to detect "epigenetic" agents. "Epigenetic"
agents are operatfonally defined as substances that fail to produce a



response in a DNA-binding assay or in other short-term tests. To place con-
fidence in a method of identification that s based on negative evidence, we

must know the frequency of false negatives, and this frequency must be quite

Tow.

Unfortunately, negative results may be produced in many of these methods for
reasons other than the assumption that an agent is operating by an
“epigenetic" mechanism. For example, these methods gave false negative
response for genotoxic carcinogens before metabolfc activation was
{ntroduced. These carcinogens would have been incorrectly designated as
"epigenetic® agents. Improvements in test systems have demonstrated that
they are, in fact, mutagenic and are carcinogens which operate by genetic
mechanisms. False negative results may arise in a DNA-binding assay even
though thousands of molecules of a carcinogen are bound to the DMA because
of the 11m1_ts of sensitivity of this assay (i.e., limited specific activity
of the radivactive carcinogenic species). Because of the difficulty of con-
clusively identifying epigenetic agents, IARC has stated "...at present, no
- classification of carcinogens according .to' mechanism could be exhaustive or
definitive. On th~ other hand, classification of mechanisms has con-

siderable value for particular scientific purposes” (IARC, 1983).

Some authors (Weissburger and Williams, 1983) have alluded to dose-
response data for severa)l “epigenetic" substances, including saccharin and
phenobarbital, that they believe provide evidence for the presence of
biological thresholds. Relevant experiments include those of Nakanishi, et

al. (1980}; Peraino, et a1.(1977); 1to, et al. (1983); and Kunz, et al.

(1983). On examining the original data for these chemicals, the DHS staff




- concluded that the failure of these studies to produce a statisticaﬂy_ sig-
nificant increase in cancer iacidence in thé low-dose groups is a reflection
of the limited sensitivity of .the biocassay designs rather than an indication
of a “threshold” docse-level. The IaCk of response 1s what would be expected
for any study that used a small number of animals in the low-dose groups and
in which the carcinogen acted by a nonthreshold mechanism. As a general
principle, an apparent zero siope for the dose-reéponse curve is not neces-
sarily evidence for a biological threshold unless the size of the study

affords sufficient power to rule out the nonthreshold model.

In summary, because short-term tests and/or the shapes of dose-response
curves from animal bioassays cannot relfably distinguish between "genetic®
and "epigenetic® carcinogens, we are in agreement with IARC that. there is
not, at present, sufficient scientific basis to warrant the | separatid_n of
carcinogens into two distinct classes for which separate methods of risk as-

sessment are used.

2. Cytotoxicity ' ,

- The concept of cytotaxi&ity_ (chronic cellular damage and regeneration)_.
as a mechanism of carcinogenesis is one that, _ff supported in fact, would
have important implications for risk assessment. The theory particularly
suggests that ‘thresholds exist for agents that operate by a cytotoxic

mechanism.’

The theory states that high doses of a cytotoxic chemical can cause cell

death and stimulate cellular regeneration at a rate t‘hat outstrips the.



capacity of the cell to repair the DNA damage. The result is that errors in
the DNA go uncerrected and are incorporated into the replicating DNA., In
this fashion carcinogenesis {s promoted. A cytotoxic agent thys acts as a
promoter to enhance either 1ts own intrinsic 1nitiating activity or the in-
itiating activity of background carcinogens. Tumors that arise from chronic
exposure to a cytotoxic noncarcinogen would arise from the interaction be-
tween the cytotoxic agent and background carcinogens. In this case, the
theory would predict the existence of a threshold for the cytotoxic agent
below which neither cell death nor carcinogenic effect would be expected to
occur. 0On the other hand, a cytotoxic agent which 1s also a carcinogen
would promote 1ts own inftiating activity. As a consequence, its dose-
response curve would be expected to be disproportionately steep at high

doses but would not have a threshold.

Unfortunately, 1ittie evidence 1s available to support the notion that
cells exposed to cytotoxic substances experience a de;reased ef‘ficiency of
the DNA repair. Thus, there is little reason to assume that rapid cell
turnover would necessarily overload the cell's cipacity to repair the'DNA..
Furthermore, acc. rding to theory, low doses of a 'cytotoxic agen't that
produce no significant cellular damage should produce no tumors. However,
data available to support this assumption are not convincing, Reitz et al.
(1980) concluded that chloroform acts as a cytotoxic agent. This conclusion
was based on studies that demonstrated that tumors were produced only at the
high doses that produced ce11u1a'r damage. -However, this cancer bioassay had
Tittle statistical power to detect a carcinogenic' effecf, especially at low

doses, so the s.ignif'lcance of the negative result is open to gquestion. In

cbntrast, significant excesses of ki'dney and thyroid tumors were produced




both in rats and mice at dose levels that did not produce cellular damage in
an NCI bioassay on chloroform (NCI, 1976, Hooper et al., 1979). It appeérs
that if ch]ofoform does act by some cytotoxic mechanism at high doses, it
can also act as a carcinogen at lower doses. Therefore, 1f a carcin'ogen-r is
cytotoxic, its dose-response curve may climb steeply upward at high doses

but will not exhibit a threshold. .

To demonstrate the lack of carcinogenic activity of cytotoxic agents,
one must design a cancer bioassay such that the power of the test to detect

positive effects is maintained at successively lower doses by the inclusion

of larger numbers of animals as the dose decreases. If carcinogenic effects .

and cell death were found to occur in the high-dose groups but not in the

low-dose groups, it would provide evidence in support of the cytotoxit_

argument, Such experimental data, fs however, unfortunately absent, and the

argument for a cytotoxic mechanism for carcinogensis remains hypothetical.

At present there do not appear to be convincing scientific or public health
grounds to justify incorporating the cytotoxic theory into. the risk assess-

ment process.
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BENZENE

This substance was considered by a previous Working Group, In June 1974 (IARC,
1974). Since that time, new data have become availabie, and these have been incorpors-
tad Into the monograph and taken into consideration in the presant evaluation.

1. Chemical and Physical Data

1.1 Synonyms and trade names
Chem. Abstr. Services Reg. No.: -71-43-2
Chem. Abstr, and IUPAC Systsmatic Names: Bon:ene
Synonyms: (6)-Annulene; benzin'; benzine'; bonzol benzole; benzolene; bicarburet
of hydrogen: carbon of; coal naphtha; Cyciohexatriens; mineral naphu'n motor
benzol; phene; phenyl hydride; pyrcbenzol, pyrobenzole
Trade Name: Polystream

1.2 Structursl and molecular formulae and molecular weight

v O wwn

1.3 Chemical and physical properties of the pure substance
From Purcell (1978), unless otherwise specified
() Description: Colouriess liquid

'Thnemmmbcwuaodlormzm they were used for many years to
mt(bollb:;%?lﬁng petroleum fraction precominantly containing afiphatic hydrocar-
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{&) Boiing-point. 80.1C
(c) Meatting-point. §.5°C
(&) Density: di° 0.8787 (Weast, 1979)
() Refractive index: ng® 1.5011 (Weast, 1979)
() Spectroscopy data: \n,, 243, 249, 256 and 261 nm (In ethanol) (Weas?, 1879);
" mass spectra and carbon-13 nuciear magnetic resonance spactra have been
tabulated (NIH/EPA Chemical Inforrnation System, 1980).

© Kdentity and punity test: Conversion o meta-dinitrobenzene, which s recrystaii-
2ed and found to be identical with a standard sampie in meiting-point tests

(M) Soublty: Slightly soluble in water {1.8 g/ at 25°C); miscible with scetic acid,
acetone, chioroform, diethyl ether and ethanol (Weast, 1978)

() Viscosity: 0.6468 cP at 20°C

{) Voiatitty: Vepour prasaure, 100 mm at 26.1°C
(k) Stability: Stabis; combustible (Nash-point, -11.1°C)
(} Reactivity: Undergoes substitution, addition and cleavage of the ring

{m) Conversion factor: ppm = 0.313 x mg/m?

1.4 Technical products and impurities

Banzens is avaiisbie in the US In three gradas: refined, nitration grade end Industrial

grade, all of which must be free of hydrogen sulphide and sulphur dioxide. Only the
refined grade is rc juired to contain no more than 0.15% non-sromatics and 1 mg/kg
thiophene. Tha refined and nitration-grade products must have a distiliation range of not
more than 1°C including 80.1°C, a specific gravity of 0.8820-0.8860 (15.56/156.56°C), and
contain no trace of acidity. The minimum solidification points are 5.35°C (dry basis) for
the rafined grade and 4.85°C (anhydrous basis) for the nitration grade. The industrial
grade must have a distilation range of not more than 2°C including 80.1°C and & specific
gravity of 0.875-0.886 (Purceli, 1978). One manufacturer lists the following typical
composition for its nitration-grade benzene: 99.9+% purity, 0.03% nonaromatics, 0.02%
water, 0.01% toluene, 0.1-0.2 mg/kg thiophene and no xyiene {USS Chemicals, 1980).

Benzens available in Japan has the following specifications: boiling-rangs, 80.1 + 1°C;
t, & minimum of §.2eC, specific gravity, 0.882.0.8686 (15/4°C); a maximum of

freszing-poin
0.001 g thiophene per 100 mi; and & maximum of 0.0005 g carbon disuiphide per 100 mi.
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,US in 1978) converts the naphthenes and paraffins in naphtha to ‘a product
"fraction is reformed under severe conditions, and approximately half of the
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2. Production, Use, Occurrence and Analysis

. 2,1 Production and use

Receant raviews on benzens inciude those by Hancock (1975) and Purcell (1978).

(&) Production

Benzene was first isolated by Faraday in 1825 from a fiquid condensed by compreasing
ol gas; Mitscheriich first synthesized it in 1833 by distiling benzoic acd with ime.’
Benzene was first recoversd commercially from light oft derived from coal-tar in 1848,
and from petroleum in 1941 (Purcell, 1978).

it Is recoversd commercially from both petroleum and cos! sources; those of petroleum
wears the basis for an estimated 92% of US production in 1878. Petroleum sources inciude
refinery streams {primarily catalytic reformate), pyrclysis gasoiine (a by-product of the
manufactre of ethylene by cracking nsphtha or gas of), and tolusne hydrodealkytation.
mmnmmmwmm coke manufecture.

mmmmmmdmmam«%dmmmmu

g

aromatic hydrocarbons. When a high yield of benzene is desired, a suitable

35

containgd in the reformate is recoversd by soivent extraction {(e.g.. with suipholane
mmmummumnmmw.mum

tetrasthyiene
the production of gasoling.
hmmw.mmbpmduadhdmu quantities from uyuc

5Q

reformate, pyrolysis gasoline and tolusne hydradesikylation; coke-Oven operstions pro-

vide lees than 10%-of total production.

& significant percentage of the total capacity is based on the use of muitiple feeds.
mwuwmbmuaommmmw%mmm o

muumumusmmanmmmmsam
in 1880 totalled 1583 milion galions (5217 thousand tonnes) (US Intemational Trade
Commission, 1881). In 1979, 31 UScompannsuportedutotalpmducbonofﬂand?

(aﬂmmu.m)-mwuadt«hﬂm.
usmmmnw&owwsuma (316 thousand tonnes) (US

Department of Commerce, 1981a), and exports were 11.8 milion gafions (39.4 thousand

mag)(USDemmof Commerce, 1581b). ' . _
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An estimated 4800 thousand tonnes of benzéne ware produced in westem Europe in
1978. Annual production capecity in 1980 Is estimated to have been at least 8877
thousand tonnes, This compound is produced by 65 companies in 11 westemn European
countries, the major producers being the UK {nine producers), the Federal Fepublic of
Germany {16) and The Netherlands (four). Recent production of benzene in thousands of
tonnes by COMECON countries s estimated to have besn as follows: USSR, 1538 (1877}
Czechosiovakig, 195 (1979); Romania, 162 (1979); Bulgaria, 61 (1979); Hungary, 34 (1879)
and Poland, 15 (1979).

About 2170 thousand tonnes of benzene ware produced in Japan in 1879, spproxima.
tely 185 thousand tonmes of which were derived from coal. The combined annual
production capacity of the 22 Japanese producers in 1980 is estimated to have been 2882
thousand tonnes. Japanese exports of benzens in 1978 were about 173 thousand tonnes.

World production of benzene in 1877 Is estimated to have been over 12 milion tonnes,
making # the fourth or fikh largest volume organic chemical produced on a woridwide
basis. The areas with the largast production, spart from the US, Europe and Japan, are
Canada and South America.

(0) Use

The use pattern for recovarsd benzene in the US in 1978 was as follows: athylben.
zene/styrene, over 50%; cumena/phencl, close to 20%: cyciohexane, 15.18%; nitroben-
Zene/aniline, 4-5%: and maleic anhydride, mlorobonzenes detergent alkylate and other
uses, 2.5-3.0% each.

Over 87% of af US-productbn of ethylbenzene Is based on the alkylation of benzene
with ethylene; ali but minor amounts of the ethylbenzens produced are dehydrogenated
o styrene. The latter, an important monomer for & variaty of polymars (bath plastics and
elastomers), was the subject of an earlier JARC monograph (JARC, 1979a). Preiiminary
dats indicate that US production of styrene in 1980 totalled 3135 milion kg (US
Intemational Trags Cormmission, 1981). :

Benzene is alkylrted with propylene to produce cumens (isopropyibenzens), afi but
minor quantities of which are oxidized to cumens hydroperoxide, which is split into
phanol and acetone. Phendl, essentialy sli of which ia derived from cumene in the US,
is an intermediate in the manuiacturs of phenol-lormaidetivde resins (Ses monograph on
formaldshyde in this volums for further information), blsphanc! A (used in the manufac.
ture of epoxy resine), and caprolactam [the subject of an earier IARC monograph, IARC,
1976b]. Acetone (§0% of which was derived from cumene in the US In 1879) is an
important scivent anc chemical intermedciate. its most important derivative In the US s
methyl methacrylate, a monomer for aorylic resins, which was the subject of an earller
IARC manograph (IARC, 1978¢).

Approximately 85% of gl cyciohexane produced in the US is made by the catalytic
hydrogenation of benzene. Cycliohexane is a chemical intermediate for three chemicals

used in the manutacture of nylon fibres and mlna caprolactam [see IARC, 1878b], adipic
acid and hexamethylenediar.ine.

Of the other chemicals derived from benzens, the following have been the subjects of
IARC monographs: aniline {IARC, 1982s), ortho- and para-dichiorobenzenes (this volume),
hexachiorobenzene (IARC, 1979d), hexachiorocyciohexane (IARC, 157%), snd the two
dihydroxybenzenes, hydroquinone and rasorcingt (JARC, 1977),
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In the past, benzene was used widely as a solvent, but the amounts used now for this
purpose are beileved to be relatively small and decreasing.

Uss of an estimated 4864 thousand tonnes of recovered benzene in westem Europe
in 1979 was as follows: ethylbenzene/styrene, 48%; cumene, 20%; cycichexans, 14%;
nitrabenzena/aniiing, 7%; detergent a!kyiete 4%; maleic enhydrlde 3%, chiorobanzenes,
2%; and other uses, 2%.

The use pattem in Japan in 1980 for recoverad benzene was as follows:
zene/styrene, 51%, cyciohexane, 24%; cumene/phenol, 13%; detergent alkylate, 4%
maleic anhydride, 2%; and other uses, 6%. .

Fifteen countries have been reported to limit oocupettonal exposure to benzene by
regulation or recommended guideiine. Their standards are listed in Table 1. Benzens is

Table 1. National occupational expasure limits for benzene*

Country Yesar  Concentration interpratation® . Status
mg/m®  ppm

Australia 1978 30 . 10 TWAs : - @uidelinge

Beigium 1978 N 10 TWA* Regulation

Czechosiovakia 1976 50 - TWA : . Reguiation
80 - Calling (10 min)

Finiand 1976 32 10 TWAS . Reguistion

Hungary 1974 20 -— TWA? - Reguiation

Raly 1978 30 10 TWAS Guidefine

Japan 1978 &0 25 Celing - Chsidetine

The Netheriands 1978 30 10 . TWAs Guideline

Poland - 1976 30 - Celing® - Regulation

Romania 1975 50 -— Mul'num‘ - Reguiation -

Sweden _ 1878 15 5 TWAS Guideiine
30 10 Muitmmus mn)

a\gitzerland 1978 65 2 Regulation

AS

OSHA 1980 - 10 TWA Regulation

-— 25 Ceiling
‘ -_— 80 Peak®

ACGIH 1981 gg ;g TWA Guideline

NIOSH ‘ 1980 3.2 1 celmg (60min)  Guidefine

USSR 1980 § - Celting* Regulation

Yugosiavia 1971 50 15 ~ Cailing® Regulation

a4 From American Conference of Governmental Industrial Hyglenists (ACGIH) (1881);
international Labour Office {1980); National institute for Occupationai Safsty and Heaith
(NIOSH) (1880); US Cecupational Safaty and Health Administration (OSHA) (1930) _

& TWA, time-weighted average; STEL, short-term exposute limit ‘

© Skin iritant notation added '

ad Mnyuexmmsmwmaw”emdoeemtmwtn

¢ Paak fimit above celling - 10 minutes
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recognized as being carcinogenic by sin countries (Finiand, the Feceral Republic of
Germany, Italy, Japan, Sweden and Switzerianc) and is designated as being a suspected
carcinopen in two others (Australia and the USA) (International Labour Otfice, 1980),

A ban on all consumer products (excapt pasoiine and solvents or reagents for
laboratory use) contalning benzens as &n Intentional ingredient or as s contaminant
constituting 0.1% or more by volume was proposed by the US Consumer Products Safsty
Commission In 1978. In 1981, the Commission withdrew its proposed ban on the basis
ol information that benzene, as currently used in congumer products, did not present a
significant risk to consumers. Data from contacts in industry and information obtained
from manutacturers, importers and labellers of such products indicated that benzene is
not currently usaed intentionally in consumer products (US Consumer Product Satety
Commissgion, 1381). ’

The US Environmental Protection Agency (EPA) (1979) raquires that notification be
given whenever discharges containing 454 kg or more of benzene are made imo
weterways. In 1980, the EPA proposed a national standard for benzene emissions from

‘maleic anhydride plants that would prohibit detectable amissions from new sources and

kmit emissions from existing sources to 0.3 kg per 100 kg of benzene fed to the reactor
(US Environmental Protection Agency, 1980a).

The EPA has aiso identified benzene a3 a toxic waste and requires that persons who
generite, transport, treat, atore or dispose of it comply with the regulations of a Federal
hazardous waste managsment programme. Bottom sediment siudge from the treatment
of waste-waters from wood-preserving processes involving use of creosote and/or
pentachiorophencl, water or caustic cleaning wastes trom painting equipment, tank
cleaning from paint manufacturs, emidsion contro! dust or siudge from paint menufsc-
ture, and distiiation or fractionating column bottoms from the production of chioroben-
zZenos are included in a list of hazardous wastes in which benzene was icentifiad as one
of the hazardous constituents (US Environmental Protection Agency, 1980b.cl. However,
in-early 1981, the second and third of thase four wastas were removed from the list, and
the following wastes were added: the combined waste-water streams generated from
nitrobenzene/aniline production and the separated aqueous stream from the neactor
muct “5'3'”"91 stap in the production of chicrobenzenes (US Environmental Protection

ncy, 1 a) ’ ‘

The. EPA p xposed a national emission standard for ‘tugitive emissions’ (from
supposediy seaied installations) of benzene in early 1881, which would prohibit detectable
benzene emissions from processing equipment (e8.g. pumps, valves) that contains
materials which have a benzane concentration of 10% or more by weight (US Environ-
mental Protection Agency, 1881b). The EFA has aiso proposed a regulation to limit
effluent discharges into publicly owned treatmem works of benzene from beehive
cokemaking operations. The proposed limit (s 63.8 mg benzens per thousand kg of
product [0.0638 ppm] (US Environmental Protection Agency, 1881¢).

The Bureau of Alcohol, Tobacco and Firearms of the US Department of the Treasury
(1981) lists benzens among the approved denaturants for three of the prascribed formulas
for denaturing alcohel.

‘As part of the US Depsriment of Transportation (1980) Hazardous Materials Reguls--

tions, shipments of benzene ars subject to a varisty of labsling, packaging, quantity and
shipping restnctions consistent with its designation as & hazardous materiai,

The Commission of the Europsan Communities (1980) prohibits the use of benzene in
products intended for use as toys (e.g., childran's ballons).

i
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2.2 Occurrence

{#) Natursai occurrence
Benzene is a haturai constituent of crude oll (Brief ot al,, 1980).

(b) Occupational exposure

There is or has been occupations! exposure to benzene in numerous industries
because of its presence as a component of many fuels and 2s an impurity in organic
chemicals made ‘from it. For example, it is present in straight-un petroleum distilates
and in coaktar distilates (Ayers and Muder, 1964). It has been estimated that about two
million workers in the US are potentially exposed to benzene (Brief at &/,, 1980). '

Theeaﬂyusesofbonzene parﬁcutaﬂyasasolvant muhedreguaﬂyhm
tions in workplace air of about 1600 mg/m?® [500 ppm] and sometimes concentrations in
excess of 3200 mg/m? [1000 ppm). Tngmexmﬂesofmmum
reportad in workplace air in various industries since 1935, )

Concentrations of benzene found in the air around certain operations in various US
rubber tyre factories are given in Table 3. .

In four different central telephone offices in the US, benzene was present in the
workplace air in concentrations ranging from 1.3 to 28.8 ug/nv {0.41-9 ppb]. When levels
at three of the offices were 58, 16 and 2.6 ug/m?® {18, 5 and 0.8 ppb), cutside air contained
3, 9.6, and 0.6 ug/m® {1. 3 and 0.2 ppb] of benzene, respectively. InoneUStﬂmhom
business cffice, & level of 18 pglﬂr’[&ppb]wasfnundtomas et al., 1980).

(c) Ar

Hwﬁbmkgoundooncenmmdbenzomm“bmmtommo.}&
po/m? {0.1-17 ppbj]. It has been suggested that these leveis are reiated to biological

- sources; for exampie, ambient benzens concentrations increase after forest fires and of

seeps (Brief of al. 1980). The general urban atmosphere reportedly contains 0.05 mg

Table 3. Concentrations of benzene in the US tyre industry, 1873-1977

Operation Personal breathing sample Area sample
mg/m? ppm mg/m? ppm

Cement mixing . 06154 0248 0-52.8 0-16.5
Extrusion < 0.3-16.3 <0.15.1 1.3-14.7 0.4-4.6
Tyre building 0.3.7.7 . 0124 0.3-6.4 0.1-2.0
Curing preparation < 03189 < 0.1.5.9 1338 0412
Inspection and repair < 0.34.1 <0.1-19 0.03-7.0 0.01.2.2
Maintenance : 0.6-1.5 0.205 1.5-4.8 0.5-1.5
Warehouse - 00315 00105

" & From Van Ert et g, {1980)
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retention of 50%, humen beings would inhale 0.8 mg of benzene per cay {National
Research Councll, 1980). Table 4 is a summary of the results of several studies conducted |
since 1983 on concentrations of benzens in ambient air. Estimated annual emissions of
benzena to the air In the US from various sources are summarized in Table §.

-l

| Location (year) Concentration Source
Los Angeles Basin, USA (1965) 1670 5.2 (r:gv;:;u and Durkin
Cantral Los Angeles, USA (1963) 48192 1580 m;umoumm
Los Angeles Basin, USA (1968) 48 1682 Howard and Durkin
- 182 5P (1974)
. Los Angeles, USA (1977) .18 8 (h;l;g)l otal
2 I Riverside, California, USA (1973) 22 78 t:‘;';’:,“’ and Durkin
Datas, Texas, USA (1977) ; 18 (‘::amba ot
}g * Chicago, ilinols, USA (1877) 18 [ g ";’,.‘!’; otal
a 4 . 1
b3 \ Toronto, Ontario, Canads (1973) 42 13 Lawm and Duriin,
| 1] g> (1974)
g i Vancouver, B.C., Canada (1968) 3.32 110 Hc;’v:rd and Durkin
o . {1 .
5. Deift, The Netherlands 3 093  Criefotel
§ 26 » {1980)
g The Hague, The Netheriands 29 g Briaf ot &/,
$3 | 93 2~ (1980) ..
2 § Zurich, Switzerland 112 as Brief ot af
E g . 27 % (1980)
g E Zurich, Switzertand (1971) 173 54 (I-:g\?ﬂ:;d #nd Durkin
E % 2 Prague, Czechosiovekia 03 0.1 e% ot al.
“
s § London, UK s73 1790 wzuf.
§§ 2% ~ (1980)
Longon airport, UK 293 82 Thoroum and
g Colenutt (1975)
83 Uxbridge, Middiessx, UK 278358 $7-112  Colenutt and
2 g Thorbum (1980)
Rural location in UK 194 g1 Thorbum and
2 Colerutt (1979)
: 3
el g 9 & Aversge
Sw O b Maximum
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Table 5. Annuai emissions of benzene 10 air from various saurces?
Source Emiasion (thousand tonnes)
Component of gasciine® 40.0-80.0
Production of other chemicals 44.0-56.0
Indirect production of benzens® 23.0-79.0
Production of benzene from petroleumn 1.8.7.3
Solvents and miscellaneous sources 1.5
Imports of benzene 0.013

4 From JRB Associates, inc. (1980)

& Production, storage, transort, vending and combustion

¢ Coke ovens, oil spilis, nonferrous metais manufacturing, ore mining, wood processing,
coai mining, and textlle industry ‘

Concentrations of benzene in air at various locations in Texas, USA, were found to be as
foliows: in an oil-field, 9.8-512 ug/m® [3-160 ppb); near a crude-oil tank term, 12.8-41.6
pg/M° (4-13 ppb); near an ol refinery, 6.4-41.6 ug/m? [2-13 ppbj; in a remote, non-industrial
area, 9.6-12.8 ug/m? [3-4 ppb] (Oidham et al., 1879). in a survey of 17 US states, five milion
people were estimated to be exposed to 0.3-3.0 ug/m? [0.1.1.0 ppb] benzane from
petroleurn refineries, and 3000 people to 3-13 ug/m? [1.1-4.0 ppb] (Suta, 1980).

Average benzene concentrations in 24-hour air samples taken nesr coke-aven
Cperations at a steel plant in Pennsyivania, USA, were in the range of 4-19 ug/m® [1.6
pod] (Fentiman of g., 1979). In a survey of 12 US states, 300 000 people were estimated
to be exposed to benzene in the air from coke-oven cperations (Suta, 1980).

Teble 6 is a summary of concentrations af benzene found in air sampies taken near
US chemical factories where benzene was used. .

Table 8. Benzene cc .centrations in the air neer US chemicat manutacturing factories

Source Concentration Relerence
pg/m? PR

Nitrobenzene manutacturs 3-1 14 Fentiman et &l.

Cumens manufacture 25-51 819 | gez-;:tgﬁmn ot al. |

Maleic anhydride manufacture 2-32 1-10 Fentiman et a/.

Fmtp pyroiyala ges 8-35 2-15 : g%}g;’un gr al,

Detergent alkylate manufacture 27554 1-18 ;egn;igr;m otal

Other factories using benzena 19-108.8 0.6-34 Suta (1980)

@)

@)

@)
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in a survey of 22 US states, it was estimated that about six milion peopis were axnosed
to 0.3-3.0 ug/m? [0.1-1.0 ppb] benzene from chemical factories, about one milion to 3.0-
13.0 pg/m? [1.1-4.0 ppb]. about 200 000 to 13.0-32.0 pg/m? {4.1-10.0 ppb] and about 80
00C peopie to more than 32.0 pg/m?® {10.0 ppb] {Suta, 1980).

The benzene content of ambient air sampled in the vicinity of one soivent raciamation
plant was found to be 74 mg/m? {23 ppm] (Howard and Durkin, 1574).

US gasolines contain an average of 0.8% benzene and European gasolines contain an -
average of 5% (US Environmental Protection Agency, 1980d). Several studies that have

"been made of the levels of benzene in the air at gasoline service stations and loading

faciiities are. summarized in Table 7. Suta (1980} has estimatad that 37 milion peopls in
the US are exposed to benrene in the air from self-sarvice gasoline stations.

Benzene comprises about 2.15% of total hydrocarbon emissions from a
engina, or about 4% of automotive exhaust (US Environmental Protection Agency, 1980d).
Date on benzene found in ambient air in areas associated with sutomobile use sre
summarized in Tabie 8. Brief ot &l (1980) aiso reported that levels of benzene in the air
negr major roadways comelate with traffic levels. it has been reported that oider
automobiles 1975 and earlier modeis) emit larger quantities of benzene in exhaust than
do newer, catalyst-equipped automabiles (Briggs et al., 1577). :

(0) Water and sediments

Benzene has been detected in lske, river and well water, raw and finished drinking-
water, and in effiuents from ol and coal processing, chemical factories, raw sewage and
sewage treatment plants (Shackeiford and Keith, 1978; Hushon et &/., 1980).

Assuming an intake of 2 {day and a level of 1 ug benzene per | of US drinking-water,
the dose of benzene to humans from water would be 2 ug/day (National Research Council,

1880).

Annual emissions of benzene tO water in the US from various sources are summarized
in Table 9. ’ ' '

" Concentrations of benzene in waste-water from coal preparation plants have been
reported to be in the range of 0.3-48 ugi (Randoiph et &/, 1978). Goncentrations in
effivents from piants which manufacture or use benzene have been found to be in the
range of <1178 ugh; river and stream water near the plants contained <1-13 ugA, while
samples taken further downstream contained 2 ug/l or less (Fentiman et al., 1979),
mmﬂdnshmwhmmmwmmhnbbw.

(¢) Sok and plants

Benzens has been found at concentrations of <2 to 191 ugfkghsol'umpluﬁkm
near factories where benzene was used or produced (Fentiman ef &l., 1979).

(f Food, beverages, feed

Benzena has been reporied in several foods: eggs, 500-1900 uglkg:'m nm, 120
ug/ky: irradiated beef, 19 ug/kg: heat-treated or canned beef, 2 ug/kg (US Environmental
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Table 7. Banzene in the air near gasciine faciities and operations in the US and Europe

Sampiing site Average concentration Referance*
mg/m3 ppm
Service stations 04 0123 NRC (1980)
0.6-10.2 023.2 NIOSH {1980)
0.08-10 0.02-3.2 Brief ot &/,
{1980)
0.001.0.007 0.0003.0.0023 Fonugr;san ot al.
: : {197
‘Residential neighbourhood 0.004-0.008 - 0.0013-0.002 Fentiman et &/,
upwind of sarvice station ‘ {1978)
Downwind of sarvice 0.032-0.089 0.01.0.024 Fentiman et a/,
. 8tation during refusiling (1879)
of underground tanks ‘
Bulk-loading tacilities 0.3.24.6 0.1.7.7 NIOSH (1974)
4.5.31.7 1.4-0.9 Brief ot &/,
{1080)
. Loading and discharging 4.5-30.1 1.40.4 NIOSH (1974)
of road tankers o~
Loading of rail tankers 58 1.6.25 NIOSH (1974)
Distribution facility 0.003-0.032 0.001-0.01 (Oid;:)m otal ~
: 19

2 :E:m National Research Council; NIOSH, National Instituts for Occupational Safety and

Tma.ammhmusodamwn_hautunobueuu

parages, car repair snops,
inside automabiles,

and in a home abcve

4 parking garage

Sampiing site Concentration Reference
ug/md . pRb
Residantial neig bourhood 5 15 r‘qu.r;un ot al.
Central business district 12 as l:ugnumn otal, :
{1979)
Busy highway leading 9-28 388 Fentiman ot a/.
into business district (1979)
Roadway intersection 16-150 5-47 (s?;aom ot al.
1980)
Highway 480 153 Thorbum and
, Colenutt (1979)
Urban ares with much 393 123 Thorbumn and
traffic . Colenutt (1879)
- Urban streets, parking 25800 7.5-190 Jonsson and Berg

(1980)
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Table 9. Annuai benzene emissions to water in US*

Source Emissions {tonnes)
Indirect production of benizene® 200-11 000
Soivent and miscellaneous uses 1450

Production of chemicals other than benzene - 1000

Production of banzene from petroleum 630

imports of benzene 13

a From JRB Associates, inc. (1980)

b Coke ovens, oif spills, nonferrous metal manufscturé, ore mining, wood processing,
coal mining and textile manufacture

Table 10. Benzene concentrations in water sampies

Location ' Concentration (ugh) Raferénce'

Lake (UX) 6.5-8.9 _ Colenutt and
' : Thorburn (1980)
Stream (UK) - 18.8 - Colenutt and
Thorburn (1980)
River (UK} 6.8 and
‘Thorbum {1880)
Rainwater (UK) 87.2 Colanutt and
Thorburn (1980)
Drinking-water (Czechosiovakia) 0.1 EPA {1980d)
Drinking-water (US) 0.1:0.3 : EPA (1980d);
NCR (1977, 1980);
Coleman of af.
- _ (1978)
Groundwater (US) > 100 _ EPA (1980d)
Subsurtace brine ‘ 10000 Ochsner ot &/,
{1979}
Subsurface water® . 24 000 ’ Ochsner etal,
' {(1979)

& EPA, US Environmental Protection Agency; NCR, National Research Council
b Taken near extensive gas and oll deposits

Protection Agency, 1980d). In another study, levels in iradlated beef wers «0.1 mg/kg
{Federation of American Societies for Expemnentnl Blology, .1979). Benzene has aiso
been detected (no leveis were reporied) in the following foods: haddock, cod, red beans,
roasted filberts and peanuts, potato tubers, ‘blue and Cheddar chaese, cayenns pineapple,
strawberries, black currants, hothouse tomatoes, soya bean milk, cooked chicken, boied
Muﬁgmodwsww(mmm.w ; US Environmental Protection

Conventional cooking may produce an increase in the benzene content of food (Chang
and Peterson, 1977; meamsmme:pemmsuogy 1979).

- — -
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The National Research Counc (1980) estimated that the avermge US urban dwelier
may receiv@ about 850 ug of benzene daiy from food and air and that the dietary intake
of benzene may be as high as 250 pg/day. Leveis of 24 to 60 ug/m® benzene {8-20 ppb)
have been found in the breath of individuals without specific benzene exposura,
suggesting that the source May be the diet.

() Tobacco and tobacco smoke

Berizene has been identifisd in cigarette smoke at levels of 47-64 ppm [150-204 mg/mI]
(Lauwerys, 1979).

{n) Pyrolysis products

Benzene is one of the volatle components resulting from the buming of various
shipboard materiais; the following concentrations have been reported: wall insulation
materia, 60 mg/m? [18.8 ppm]; polyvinyl chioride cable jacket, § mg/m3 [28 ppm): and
hydraulic fluid, 800 mg/m® [250 ppm] (Zinn ot al., 1980).

Benzene has been reported to be a thermal degradation product of polyvinyl chloride
food-wrapping fim when It is cut with a hot wire; concentrations measured during this
operation ranged from 5 to 20 ng per cut (Bosttner and Ball, 1980).

2.3 Anaiysis

Severa! methods for the snalysis of benzens were dascrived in the esrlier monograph
(IARC, 1974). Typical mathods for the analysis of benzene in various matrices are
summarized in Table 11..

.3. Biological D-~ta Relevant to the Evaluation of Carcinogenic Risk to

Humans

3.1 Carcinogenicity studies in animals'
{a) Oral administration

" Rat: Three groups of 30 or 35 maie and 30 or 35 female Sprague-Oswiey rits, 13 weeks

oid, received S0 or 250 mg/g bw benzans [purity unspecified] dissolved in pure ofive ol
by a tube once daily on 4 or 5 days each week during 52 weeks. Groups of 30

and 30 fermale controls received olive ol only. The rats were allower to five until
“spontaneous death or were kiled &t 144 weeks, the end of the experiment; sverage
survivel times were unspecified. Of femaies of the control, fow- and high-dose groups,

ﬂ

'mwmmgemupmumdashﬂyhmudwummumof
benzene to rats and mice {IARC, 1981).

- o ."
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0/30, 2/30 and 8/32, respectively, devéloped Zymbal gland carcinomas [Cochran-Armitage
teat for positive trend. p = 0.001; Fisher exact test for control versus high-doss group:
p = 0.003); 3/30, 4/30 and 7/32 developed mammary gland carcinomas; and 1/30, 2/30
and 1/32 developed leukaemias (type unspecified]. No such tumours were found in males,
except that leukaemias occurred in 4/33 high-dose males [Cochrar-Armitage test for
positive trend: p = 0.008; Fisher axact test: p < 0.068). The background incidence of
Zymbal gland carcinomas in several thousand male and female rats of the same strain
was said by the authors to be about 0.7%. The avaerage latent period of the mammary
giand carcinomas was 88 weeks in each of the test groups versus 110 weeks in the control
group. in the high-dose group, two femaies had a skin carcinoma, one male had a
hepatoma, and one male had & subcutenecus angiosarcoma; no such tumour was seen
in the control or low-dose group {Maitoni and Scamato, 1979).

(b} Skin application

in many experiments in which a variety of chemicals were applied to the skin of mice
&8 solutions in benzene, & large number of control animals were freated with benzene
aione. In none has there been any indication that benzene hes induced skin tumours;
however, not all possible tumour sites were examined in ail of the experiments. Some of
the most pertinant studies were carried out by Burdette and Strong (1941), Kirschbaum
lnc.IJ Strggg {1942), Neukomm (1962}, Coombs and Croft (1966), Laerum (1973) and Fukuda
et gl (1981).

(c) inhaiation

Mouse: Ansemia, lymphocytopsnia and bore-marrow hypoplasia were found in 50
male AKR/J mice, § weeks of age at the start of the study, which were exposed to 300
rnglm’ [100 ppm] benzene for 6 hours/day, 5 days/week, for life. The exposure ended at

505 days with the death of the last tast animal. The incidence or -induction time of the
viraHnduced lymphomas commonly seen In this strain of mice was not influenced by
expoaure to benz ne, the incidences being 29/49 and 24/50 in the test and control group,
respectively (Snyder ot a/., 1980).

Two groups of 40 male CS7BL/EJ mice, 6 weeks old, wers axpassd to atmospheres
containing 0 or 800 mg/m? [300 ppm] benzene for 6 hours/day, 5 days/week, for Ke. The
exposure endad after 488 days with the death of the last test mouse. In addition to
anaemia, lymphocytopenia, .neutrophila and bone-marrow hyperplasia, & of 40 mice
exposed to benzene developed iymphocytic tymphoma with thymic involvement (p < 0.01
for lymphomas, according to Peto's log-rank method), 1 plasmacytoma and 1 hasmatocy-
toblastic leukaemia. The average survival time of the 8 tumour-bearing mice was 262 days.
Two of the 40 controi animals died from lymphocytic lymphoma with no thymic
involvement after 282 and G608 days, respectively. The differences in Incidence and

induction time of tumours betwesn the groups wera statistically significant (Snyder et l!

19380). [The Weorking Group noted that the thymus was not examined routinely.)

Male Charies River CD-1 mice [number unspecified] were axposed for 8 hours/day, 5§
days/week, for life to atmospheres containing benzene at ievels of O (control), 100 ppm
[320 mg/m3} or 300 ppm {958 mg/m3]. Two mice in the high-exposure group developed
mysiogencus (myeloid) ieukaemia (Snyder et al., 1978a).
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Rat: There was no evidence of a leukaemic response in 45 male B-week-old Sprague.
Dawiey rats exposed to an atmosphere containing $00 mg/m® [300 ppm] benzene for 6
hours/day, 5 days/week, for lfe. Exposure was terminated at week 99 when the last test
animal dhed. moontrotsmﬂmabsofmesamemainandage(SnyWotu. 1978b).

() Subcutaneous and/or intramuscuiar administration

Mouse: Lignac (1932) reported the occurrence of different types of leukaemia in 8/33
male and femaie albino mice injected subcutaneously with 0.001 ml benzene [0.88 mg/kg-
bw] (chemically pure, thiophene-free) in 0.1 mi olive oil weekly for 17-21 weeks (total
dose, about 1 mg/kg bw). The time between first injection and death of the 8 tumois-"
bearing mice ranged from 4 to 11 months. ['lheWorklngGroupmdmatnoconm_
were used and that the study could therefors not be evaiuated.}]

Otzonﬂco[soxumpodﬁod]ofﬂnﬂghm:kumhFMQImmklys.&hpcm
of 0.001 mi benzene [purity unspecified] in sesame oil {0.88 mg/kg bw], & (30%) developed
leukaemia at 200-300 days of age. Of 212 untreated mice, 29 (14%) developed leukaemia
before 300 days of age (Kirschbaum and Strong, 1942) [Fisher exact test: p = 0.06.]

Groups of 30 male AKR, DBN,.&H«CS?BLGMMM weelly 8.c.°
of 0.001 mi benzene (purity unspecified) in 0.1 mi dlive oit [0.88 mgkg bw] for kife.

§.

‘No
tumours other than those that occur normally in such ‘animals were found in mice of the
was

DBA/;, C3H or CS7BLS strains, the maximum iifespan beng 730 days. Leukaemia
seen In both treated and control AKR mice (Amiel, 1980).
com
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30% solution of henzene (99% pure) in com oil (B0 mice), Or were not: treated (20
The injections were given twice weekly for 44 weeks, and then once weekly
weeks, Mics given the 30% benzene solution received 0.05, 0.1,.0. 2 m
first 4 weeks, respactively, followed by 0.2 ml until the last injection (toial dose
benzene, ‘sbout 4.9 g/animal). Vehicle controis received 0.025, 0.05, 0.05 and 0.1 mi
the first 4 weeks, respectively, followed by 0.1 mi untl the last injection. At 104
after the first injection all surviving mice were killed. The numbers of )
mice wera 26/45, 10]18“12!20&\“!:0&“ vohicle control and untrea
respectively. The incidences of granulocytic lsuksemia were 8/45, 1/16
respectively; and of lymphomas, 6/45, 4/16 and 3/20. Tumours also occurred in
stomach and lungs, but there was no significant difference from controis in tumour
or muttiplicity of tumours (Ward et &/, 1875).

ih
il

i

3.2 Other relevant biological data

() Experimenta! systems

Toxic effects

The oral LDy, of reagent-grade benzem n mab Sprague-Dawiey rats was reported to
be 0.93 (071-1 .23) g/kg bw (Comish and Ryan, 1965); however, Kimura ot &. (1971)
npmadoralw.,slnmaloSprluue-Dawleymaof34gntgbwhymmmu(sodao
g) and 4.9 g/kg bw in older animals (300-470 g). An oral LDy, of 5.6 g/kg bw was reported
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in male Wistar rats (Wolf et al, 1956). Withey and Hall (1975} reported an oral LDy, in
male Sprague-Dawley rats of 5.96 g/kg bw {95% confidence limits, 5.08-7.00). The ip.
LDy of banzens in mice was 0.34 mi/kg bw (0.299 g/kg bw) (95% confidence kmits, 0.28-
0.42 mifkg bw [0.25-0.37 g/kg bw]) (Kocsis at al., 1868); the i.p. LDy in female Sprague-
Dawiey rats was 2.94 g/kg bw (95% confidence limits, 2.45.3.53) (Drew and Fouts, 1974).

In acute inhalation experiments, 3/8 maie Long Evans rats died within 24 hours after
exposure to 130 000 mg/m? (40 000 ppm) benzene for five 20-35-min periods, Death also
oceurred in 2/10 rats exposed to 33 000 mg/m?* (10 GO0 ppm) benzene for 12.5-30 min
dally for 1 or 12 days (Fumas and Hine, 1958). The LC,, in female Spragus-Dawiey rats
was 13 700 ppm (95% confidence limits, 13 050-14 380) {43 770; 41 69045 940 mg/m?)
following a single four-hour exposure (Drew and Fouts, -1974).

Decreases in circulating bicod cells of animals treated with benzens have been
reported frequently (Snyder and Kocsis, 1975): Decreased leucocyte levels have been seen
In rabbits (Santesson, 1897; Weiskotten ef al, 1915; Seling, 1916; Kissfing and Speck,
1972), rats {Latta and Davies, 1941; Nomiyama, 1862; Gerarde and Ahistrom, 1966) and
mice (Nomiyama and Minal, 1869) given benzene subcutaneously. Uptake of radioactive
iron Into red cells, as a measure of erythrocyte production, was a!so decreased following
s.c. administration of benzene (Lee et ai., 1974). '

Tha severity of mysictoxicity Is related to the dose, duration of treatment and test
species. Doses of 0.4-2.2 g/kg bw per day are effective from within a few days (higher
doses) to weeks {repeated lower doses). Rats are the most resistant species; rabbits and
mice are reiatively more sansitive (Lee ot al., 1974; Andraws et al., 1977 Snyder et al.,
1978b; Andrews et &/, 1979; Sammett et &, 1979; Longacre et al., 1980, 1981a). Longacre
'a;';!. (1880, 1581a,bj have shown that DBA/Z and CD-1 are more sensitive than C578L/8

Salling (1916) produced marrow aplasis in rabbits by giving benzene subcutanecusly,
in atudies that were instrumentat In initiating the concept of chemically induced aplastic

. anaemia. Later, Kissling and Speck (1972) succeeded in reproducing these resuits.

Weiskotten e: al. (1920) first demonstrated that inhalation of 240 ppm [767 mg/md]

. benzene for % hoursiday for. 2 weeks could induce lsucopenia in rabbits. Slight

jsucopeania was reported in rats, guinea-pigs and rabbits exposed to 280 mg/m? [88 ppm]
for 7 hours/day for up to 269 days. Leucopenia was aiso seen in rats given 132 daily oral

. goses of 10 mg/kg bw during 187 days (Wolf et al, 1956). No effect on the biood picture

was séen in rats, guinea-pigs and dogs exposed continuously to 56 mg/m?® [17.6 ppm])
for up to 127 days (Jenkins et al, 1970). Slight leucopenia has been reported in rats
exposed to 140 mg/m? [44 ppm] benzene for 5 hours/day on 4 days/week for 8 weeks
{Deichmann et al., 1963). Leucopenia has aiso been produced in rats exposed to 400 ppm
[1278 mg/m3] for 7 hours/day for 14 weeks (Boje et &l.. 1970) or to 1000 ppm (3195 mg/m?]

- for 2 weeks (Ikeda and Ohtsuji, 1971).

Sprague-Dawley rats and AKR mice exposad to benzene (300 ppm [958 mg/m?) for 6
hours/day, 5 days/week for e had lymphocytopenia, with little evidence of anaemia.
AKR mice were more sensitive to benzene-induced leucopenia than were rats (Snyder ef
al, 1978b). Lifetime exposure of CS7BL/G) mice to 100 or 300 ppm {320 or 958 mg/md]
benzene produces anaemia, lymphocytopenia and neutrophllia associated with a relative

_Increase in the number of immature leucocytes and a decrease in mature leucacytes in

circulation (Snyder et a., 1960). Subcutaneousty administered benzene led to a selective
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depression In B.ymphocytes in rabbits, whersas T ilymphocytes were rnore resistant
(lrons and Moore, 1980).

Several groups are studying the effects of benzene on bone-marrow cell cultures, In '

mammow cells taken from BDF, mice exposed to 4680 ppm [14 950 mg/m?] for 8 hours
there was ‘& significant depletion of colony-forming ceits of the CFU-C (colony-forming
units, leucocyte percursors) type one day after exposure, but recovery was noted by seven
days. The effect was enhanced by multiple expasures. There was alsc evidence of
depression of CFU-S (erythrold precursors) in the spleen colony-forming assay {Uyeki et

-al., 1977). In CD-1 mice exposed to 1.1-4862 ppm [3.3.15 534 mg/m?] benzene for 6

hours/day on 5 days a week, concentrations of 103 ppm (329 mg/m?) ang higher produced
a8 significant decrease in the cellulanty of the mamow and the spleen; splenic but not
marrow GM-CFU-C (granulocyte macrophage-colony-lorming  unit-committed macro-
phage precursors) were also depressed. When exposure was to 9.6 ppm [31 mg/m3} for
50 days, no change in marrow activity was seen; but splenic cellulanity and CFU.S were
elavated. When the dose was raised to 302 ppm [965 mg/m] for 26 weeks, mamow and
spleen celivlarity and CFU-S and marrow GM-CFU-C were decreased (Green of al,

In rabbits {Moeschiin and Speck, 1967; Kissling and Speck, 1972) and rats (Boje et al.,
1970)mwdmmbemm.ﬂuummupmkeofmmmynidimmm
marrow DNA, Co T

After repested s.c. .administration of s _

number of bone-marrow cefls in the G, and M phases of the cell cycle. No inhibition of
mAmmsmmmmmmmmmmInmmhaﬂ
zol:f;;lst)m activity, as measured by cytofluorometry ne

Effects on reproduction and.prenatal toxicity

Rats, guinea-pigs and rabbits exposed to 80-88 ppm [256-281 mg/m?)
day for 30-40 weeks had increased testicular weight and degeneration .of
tubules, as well as other signs of toxicity (Wolf et al, 1956). Altera of
has been reported in rats exposed to 1.6 or 9.4 ppm [5 or 30 mg/m?} for 4
and Ulanova, 1975), but there was no effect on their subsequent fertility
Gofmekler (1968) showed that continuous exposure of female rats to
mg/m?] for 10-15 days compietely prevented pregnancy; it was not stated
to faliure to mate or to other causes. Exposure to lower concentrations,
63.3 mg/m?) was without effect. In CIH{JAX) mice whose ovaries were _
with benzene and which were later mated, a high incidence of subcutaneous
m;esandtaildefectsquhmoﬂapmg.wthslstedm
genaerations (Sricharan e? al., 1963).

A single s.c. injection of 3 mikg bw benzene on one of days 11-15 of gestation to
mice caused cleft paiate, agnathia and micrognathia in the offspring (Watanabe
Yoshida, 1970). [No controls were used, and it is very likely that these i
produced by the stress of the injection.) Several other studies in pregnant mice e.
to benzene - 2 and 4 mikg bw subcutaneously (Matsumoto et al, 1975), 0.3-1.0
bw orally (Nawrot and Staples, 1979) or 500 ppm {1587 mg/m’] by inhalation
hours/day (Murray et al, 1978) - ai failed to show any teratogenic effect,
reduced feta! weight and occasional embryolethality were observed. Simiarty,
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inhalation studies in rats have shown embryoiethality and reduced fetal weight but only

occasional teratogenic effects: Sprague-Dawiey rats exposed to 10, 50 or 500 ppm [32,
160 or 1800 mg/m?) for 7 hours/day had a low incidence of brain and skeistal defects
but no embryolethality at 60 or 500 ppm, and no abnormality or embryoclethality at the
lower levels (Kuna and Kapp, 1981). No teratogenic affect was seen in pregnant rats
exposed to 10 or 40 ppm (32 or 128 mg/m?] for & hours/day (Murray et al., 1979), to 313
ppm [1000 mg/m?] for 24 hours/day (Hudak and Ungvary, 1978) or for 6 hours/day (Green
at al., 1978) or to 400 mg/m* (125 ppm| for 24 hours/day (Tatrai et a/., 1980).

No teratogenic effect has been reported in rabbits injected subcutaneousty with 0.25
mi/kg of a 40% benzene solution daily during pregnancy (Descille et al., 1963) or in
rabbits exposed by inhaiation to 500 ppm [160C mg/m?] for 7 hours/day on days 6-18 of
pregnancy (Murray ¢! al., 1979).

Absorption, distribution, excretion and metabolism

Lazarew et &l (1531) claimed that rabbits absorbed benzene through the skin.
Exhalation is a major route of excretion of unchanged benzene in dogs (Schrenk et al.,
1941), rabbits (Parke and Wiliams, 1953a), mice (Andrews &t al., 1977) and rats (Rickert
et al, 1979). In rats, excretion via the lung follows a biphasic pattern, suggesting & two-
compartment mode! for distribution, with an initiai ¥1/2 of 0.7 hour {Rickert e¢ al, 1975).
Simultaneous administration of benzen® with tolusne {(Andrews ef o/, 1977;. Slto and
Nakajima, 1879) or with piperonyl butoxide (Timbrefl and Mitchell, 1977) increases the

excretion of unchanged benzene in the breath, presumabdly because of interference with

benzene metaboiism.
Benzens metabolism was recently reviewod by Snyder et al. (1881)

Metabolism occurs most rapidly in the liver, where benzene is converted to benzene
oxide (Jerina and Daly, 1974) by mixed.function oxidasas (Gonasun et a/., 1873). Benzene
oxide then rearranges spontansously to form phencl, reacts enzymatically with giu-
tathione to vield a premercapturic acid (Jerina et &/, 1968), or is hydrated via epoxide
hydratase (Qaesch et al.. 1977) to the dihydrodiol (Sato et al, 1963), which is then oxidized
to catechol (Ayenga: et g/, 1959; Jerina et &/, 1988; Vogel e/ 2/, 1980). Another major
metabolite, hydroquinone {see |IARC, 1977), may be formed by further reaction of phenol
with the mixed-function oxidase; but that pathway has yet to be clarified. Other reported
metabolites, such as trihydroxylated benzene {Parke and Williams, 1953a; Greenloe et al,
1881) and muconic acid (Parke and w|lliams. 1953a), appsar to be formed by as yet
unresolved pathways.

Conjugated phenolic metabolites of benzene appear in the urine mainly as ethereal
suiphates and glucuronices (Parke and Wiilams, 1953b; Wiliams, 1859). in tfasted rats,
formation of ethereal sulphate conjugates is decreased (Comish and Ryan, 1985). Less
than 5% of metabolites are recovered in the urine as phanylmercaptunc acid (Parke and
Williams, 1953:. Longacre et &/, 19681b).

The meubohsm of ben.ene In liver homogenates can be atimulsted By traating animals
with enzyme-inducing agents. Eenzens, phenobarbital, 3-methyicholanthrena, dimathyl
suiphoxide, chiordiazepam, diazepam and oxazepam all induce benzene hydroxylase acti-
vity (Snyder and Remmer, 1979). Carbon monoxide. aniline, metyrapons, SKF-525A, ami-
nopyrine, cytochrome ¢ (Gonasun et al, 1973), aminotriazole (Hirokawa and Nomiyana,
1862} and toluene (Andrews et 8/, 1977) inhibit benzane matabolism in vitro,
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Myelotoxic effects of benzene were alleviated by pretreating rats with phenobarbital
(keda and Ohtsuji, 1971; Gill et al., 1979) or with either of two polychlorinated biphenyis:
2,4,5,2' 4 5-hexachiorobiphenyl or 3,434 fetrachiorobipheny! . . (Greenlee and lrons,
1881). The available evidence supports the concept that benzene toxicity is caused by
one or more metabolites of benzene (Snyder ef al, 1981,1982). Parmentier and Dustin
(1948) demonstrated that benzene metabolites containing two or three hydroxyl groups
inhibited mitosis. Toluene, which inhibits benzene metatolism {lkeda et al, 1972; Sato
and Nakajima, 1979), protected animals against benzene-induced myeiotoxicity (Andrews
ot al., 1977). Benzene. toxiclty couid be comelated with the appearance of benzene
metabolites in bone marrow (Andrews et al., 1977; Rickert et &/, 1879; Greeniee et &l.,
1981; Longacre et al., 1981ab). Although it is clear that benzene can be metabolized in

bone marrow (Andrews &f al, 1979; lrons et &/, 1980], the absarvation (Semmett et al., -

1978) that partiai hepatectomy protects against benzene toxicity suggests that a
matabolite formed in liver is essential for benzene toxicity. _ .

Irons and coworkers in a series of papers (see below) have stressad the importance
of polyhydroxylated derivatives of benzene and their semiquinones (irons et al., 1982).
They have shown that hydroquinone inhibits rat brain microtubule polymerization (rons
and Neptun, 1980); that hydroquinone and para-benzoquinone are the most potent
Inhibitors of T- and B-iymphocyte function, as measured-in mouse spleen cells in culture
{(Wierda et &/, 1981); that hydroquinone inhibits lectin-stimulated lymphocyte agglutina-
tion in rat spleen preperations in vitro (Pteifer end lrons, 1881). and that para-

is' the metabolite most likely to be responsibe for suppression of
transformation and microtubule assembly in rat spleen cefis in culture (lrons

mmmmmwhmmmwwmmmshmmwm.
using the ®Fe uptake technique of Lee ot al. (1974,1981). Goldsteln ot al. (1982) have

suggested that ning-opening products may play a role in benzene toxicity. Tunek et al.

{1881) reported that in mice benzene irsatment suppressed subssquent CFU.C formation
from bone-marrow celis in vitro. Treating the animals with phenol, hydroquinone. or
benzene dihydrodiol falled to suppress CFU.C. Thus, the toxic metabolites of benzene
have yet to be identified. R

e

Lutz and Schiatter (1977) demonstrated radioactivity in a nucieic acid fraction from ra
been

that benzene binds covalently to protein in liver, bone marrow, kidney, lung, spleen, blood

and muscie (Snyder et al, 1978¢; Longacre et a/., 1981a,b). Lass covaient binding was

obsarved to the protein of bone marrow, biood, and spieen of CS7BL/G mice, which are

more resistant to the benzene-induced effects on red cell production, than # '

0
sensitive DBA/2 mice (Longacre et /., 1981b). irons e 4. (1980} demonstrated covalent
binding of benzene 10 protein in perfused bone-marrow preparations. Tunek et &l {1978)

VRS = Ty P = =t v T >y T P PPy
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Mutagenicity and other short-term tests

Banzene is not mutagenic in bacterial systems. In a detailed study with Saimonella
typhimurium strains TAS8 and TA100, benzene was tested at concentrations of 0.1 to 1.0
! per plate, with and without microsomal fractions obtained from liver homogenates of 3-
methyicholanthrena or phanobarbital-treated rats. in some expafiments, 1,1,1-trichloro-
2,3.epoxypropane was added o the liver homogenate mixture in the activated bacterial
plate assay in an attempt to block the possible biodegradation of an epaxide metabolite.
Bone-marrow homogenates from 3-methylcholanthrene-treated rats were aiso tested in
place of liver homogenates. Finally, a host-mediated assay was performed with Saimo-
nefla strein TA1950, in which mice were given two s.c. injections of 0.1 mi/kg benzens.
in none of these studies was there an increase in the reversion rates (Lyon, 1976).

The lack of a mutagenic effect of benzene has since been confirmed with a large range
of tester strains. Benzene showed nC mutagenic aclivity in essays with Saimonasiia
typhimunum (Dean, 1978; Shahin and Fournier, 1978; Lebowitz e/ al., 197%8) or Bacilus
subtllis (Tanooka, 1977), no resistance to 8-azgguenine as a marker in S. typhimurium
(Kaden et a/, 1979), and no mutagenicity 0 Saccharomyces cerevisige (Cotruvo e! al.,
1877). It was aiso negative in the Escherichia coil pol A test (Rosenkranz and Leifer, 1980).
A preiiminary study suggests, however, that berzene oxide, a postulated intermediary
matabolite of benzene, may be mutagenic in S. fyphimunium (Kinoshita et a/., 1981). [The
Wor;ung c]irnup considared that the data of the last study are equivocal and must be
confirmed. :

No mutagenic effect of benzens was seen in Drosophila melanogaster in & sex.inked
Qenstically unstable test system involving & transposable genstic element, in which
mytagenicity was measured by the frequency of somatic mutations for eye pigmentation
{red sectors). Newly hatched larvae were placed in a medium containing 1.0% or 2.0%
benzene (Nylander et al., 1978).

Benzere wis not mutagenic in the mouse lymphoma forward mutation assay in LS17BY

(TK**) oetis (Lebowitz ef 2., 1879). Clastogenic effects of benzene on mammalian

chwomosomes have been observed in vitro. A statistically significant increase in chromo-

somal aberrations, mainly chromatid-type delations and gaps, has been reported in
human lymphocytes (Koizumi et ai, 1974; Morimoto, 1876) and in Hela celis (Koizumi et
al., 1974) exposed in vitro to 0.2-3.0 mM benzene. Gemer-Smidt and Friedrich (1678), who
andlysed only 60 ceils, couid detect no increase in chromosomal aberrations in human
lymphocytes treated in vitro with similer concentrations of benzene. .

in experiments parallel to those described above, Gerner-Smidt and Friedrich (1978)
found no enhancement in the frequency of sister chromatid exchange in benzene-treated
cultures. Diaz ef &/ (1979) reported that when benzene was present during the first 24
hours of cuiture, but not iater, the frequency of sister chromatid exchange was enhanced;
when benzene treatment was camiad out in the presence of metabolic activation by rat
iver microsomes, @ further increase in sister chromatid exchange/cell was observed.
Morimoto and Wolff (1980) found that & 72-hour incubation with up to § mM benzene did
not increase the frequency of sister chromatid exchange or affect cell cycie kinetics,
whereas its principal metabolites, catechol and hydroquinone, incduced high levels of
sister chromatid exchange at much lower concentrgtions, Phenol produced only a weak
effect. The sum of these results suggests that the apparent clastogenic effects of benzens
in vitro may result from its biclogically active metabolites rather than from benzene itself.

e
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Treatment with 0.2-1.0 mM benzene significantly enhanced the number of fings and
gicentrics induced in chromosomes of human lymphocytes by administration of 100 rads
(1 Gy) of y radiation (Morimoto, 1976).

in male rats, no dominant lethaiity was induced by a single ip. injection of 0.5 mikg
bw benzene (Lyon, 1976);, however, & positive effect was observed in mice given 3000
mg/kg bw (Pavienko et al., 1979). [Due to the axpenmarﬁaf design, the Working Group
found it difficult 0 interpret the latter resutt,]

An increase in polychromatic erythrocytes with micronuclei (micronucieus test) has .

been cbserved in benzene-treated animals in four separate investigations (Lyon, 1976;
et al., 1980; Hite ot al., 1980; Meyne and Legator,. 1880). Hite et a/. (1980) gave 0.0625
0 mikg bw per day of benzene in two daily oral doses to male and female Charles
(CD-1) mice. The mice were sacrificed at from & hours 1o 16 days after the second
, And bone marow was obtained. Animals sacrificed 6 hours to § days after treatment
increases in micronuciei with doses mllkgpertday and in
some cases with 0.125 mikg per day. A similar resuit was reported by Lyon (1976) in rats.
sacrificed € hours sfter a second doss of 0.05.05 mikg bw per day of benzene
administered intraperitoneally: and by Diaz et a. (1980) In m

cross CS. x £S5 No. 1) sacrificed 6 30hoursaﬂefs
per day. A significant dose-sffect eomlation

§ick

2
o
)
m

Male mice are more sensitive than females to the induction of micronuciel by benzene
sdministered either orally or intraperitoneally (Mayne and Legator, 1980; Siou of &, 1980).
Cammnofmmmummmmymmtoﬂomw(s:watdAm - ,

Nmsmmmmwmdwmm
bone-marrow ceils from mice (Meyne and Legator, 1978, 1980), rats (Dean, 1968; Philip
and Krogh Jensen, 1870; Lyapkalo, 1973; Lyon, 1976; Dobrokhotov and Enikeev, 1977;
mmmwmwmmnngmsm 1971) treated with
or multiple caily doses of benzens ranging from gbout 0.2 to 2.0 mikg per day
either subcutaneously or intraperitoneally. Most of the induced aberrations

i
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;
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drop
Speck, 1971). The persistance of these changes has varied: A significantly elevated
aberrations was seen up 0 & days after 8 single i.p. injection of 0.5 mikg bw in
1978).maasmua:smdgriﬁeanﬂymreasedmmm24hounbut
after recelving s similar dose (0.5 mikg bw) (Meyne and Legator, 1978). In
Lyon, 1 chromosormnal
to 70 days sfter benzene treatrment.

s
155,
§

i
s
:

The route of administration may influence some of the mutagenic effects of benzene.
Experiments done in paraliel to the micronucieus test described sbove revealed similar
frequercies of clvomosomal aberrations after oral and (p. treatment with benzens
{Meyne and Legator, 1980). Exposure of adult male and female DBA/2 mice to 3100 ppm
liommjmmbymuhnfu4Msagnmmuymmmm
of sister chromatid exchange but not of chromosomal aberrations in bone-marrow cels.

tment also inhibited marrow celular proliferation, but only in male mMmice.

breaks or deletions; but chromosome-lype - aberrations &iso occurred .
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Treatment with sodium phenobarbital prior to benzene exposure enhanced the

of sister chromatic exchange in female mice, and led to @ significant yield of chromatid-
type aberrations in animals of both saxes, The authors suggested that different
n'slatoaboutos of benzene might be involved in ditferent biologic endpoints (Tice et al.,
1980).

{b) Humans

Toxic affects

Single exposures to concentrations of 66 000 mg/m3 {20 000 ppm] commercial benzene
have been reported to be fatal in man within 5.10 minutes (Flury, 1928), At lower levais,
loss of consciousness, irregular heari-beat, dizziness, headache and nausea are observad
(Deutsche Forschungsgemeinschatt, 1974). In cases of acute poisoning, inflammation of
the respiratory tract, haemorrhages of the lungs, congestion of the kidneys and cerebral
cedema have been observed at autopsy; but even with lsveis in blcod of up to 2 mg/100
mi, no changes were cbserved in the blood picture (Winek and Collom, 1971).

R has been known since the earfiest reports, of Santesson (1897) and Seling (1916),
that benzene can cause aplastic anaemia; and the recent reports of Aksoy et al. (1972)
further suppart these observations. Early stages in the progression to pancytopenia have
been stated to be anaemia (Hunter, 1939; Goldwater, 1941; Helmer, 1944), leucopenia in
which lymphocytopenia predominated (Greenburg et al. 1939; Goldwater, 1941), leucope-
nlia In which neutropenia predominated (Hamilton-Paterson and Browning, 1944) and

thrombocytopenia (Savilahti, 1958).

Of 60 individuals (58 women and 2 men) who had dispiayed signs of benzene toxicity
and ware reevaluated 16 months after use of benzene in the factory where they worked
had Deen terminated, 46 had recovered, 12 stil exhibited signs of denzene toxicity and
2 had died (Helimer, 1944). in workers exposed to about 25 ppm (80 mg/m?) benzene over
Several years, increases in mean corpuscuisr volume and minimal decresses in mean
hasmogiobin and haematocrit levels wers seen, Thess values retumed to nhormal after
Cessation of exposure (Fishbeck et al, 1878). However, it has not besn possible to
establish with certcinty the degree of exposure beiow which no adverse hasmatological

. @ffects of benzens it umans would aocur.

Smollk and coworkers (Lange et &/, 1873a; Smollk ef &l., 1973) studied a large number
of workers sxposed 0 but not seriously intoxicated by benzene snd found that serum
complement levels, IgG and IgA, were decreased but that IgM levels did not drop and
were in fact slightly higher. immunotoxicological studies of benzene had not previously
concemed workers, since early reports on rabbits had described increased susceptibility
to tuberculosis (White and Gammon, 1914) and pneumonia (Hirschtelder and Winternitz,
1813; Wintemitz and Hirschieider, 1913), decreased production of red cell lysins,
aggiutining for killed typhoid bacili and opsonins (Simonds and Jones, 1915) and
reduction or abaence of antibacterial sntibodies (Camp and Baumgartner, 1915; Haktoen,
1918). Recently, Wierda et a. (1982) have demonsirated that agministration of benzene
to CS57BL/E mice in vivo inhidits the function ¢f B. and Tdiymphocytes studied in vitro.
Thesa observations, taken together with the wei-known ability of benzene to

depress
lsucocytes, which themssives play s significant role in protection against Infectious

agents, may explain why benzeng-intoxicated Individuais readily succumbd to Infection

and why the terminal event in severe benzene toxicity is often an acute, overwheiming™
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Lange ot &/ {1973b) also found thét levels of leucocyte aggiutining were elevated in

selected individuals exposed to benzene. They suggested that in some people benzene
toxicity may be accounted for in part Dy an allergic blocd dyscrasia.

Increases in red-csil s-anilnoiaevulimc acid were found in 16 of 27 workers exposed
to benzerne (Kahn and Muzyka, 1973). Similar results were cbserved in animals {(Kahn and
., 1973). Inhibition of reticulocyte haem was observed i vitro (Wikdman et &l., 1976;

Greenblatt et &l., 1977).

Effscts on raproduction and pranatal toxicity

Benzene crosses the human piacenta, and levels in cord blood are simiar to thosa in
matemal blood (Dowty st al.,. 1976). Menstrual disturbances have been reported more
fraquentty In women exposed -industrially t0 benzens snd other solvents than In
unexposed controis (Michon, 1865; Mikhailova et a/., 1971),

Swutmmmw'mmmémmorby&nr'hm.wm,u

chicramphenicol, may jead to death of mothers at parturition (Messerschmitt, 1972).
Absorption, distribution, excretion and metabolism ' o

The most frequent route by which humans are exposed to benzene is via inhalation.

Toxic effects In humans have often been attributed to combined exposure by both
respiration and through the skin: e.g., rotogravure workers wash ink from their hands in
open vats of benzens (Hunter, 1978). ‘ ' :

When benzene was piaced on the skin under a closed cup it was ahsorbed at a rate
of 0.4 mg/cm? per hour (Hanke ef &, 1961), a rate equal to 2% of that of ethyibenzene
{Dutkiewicz and Tyrus, 1967) and 2-3% of that of toluene (Dutklewicz and Tyras, 1968).

Foliowing exposure 1o benzens, It Is eiiminated unchanged in expired air (Srbova et
al,, 1850; Hunter, 1968; Sherwood end Carter, 1870; Nomiyama and Nomiyama, 1874a.b;
Sato and Nekajfima, 1979). in men and women exposed to 52-62 ppm [166-198 mg/m?]
for 4 hours, a mean of 48.9% was taken up, 30.2% was retained and the

|

women (Nomiyama and Nomiyama, 1974,ab). When humans were exposed to

back-axtrapolate to the benzene concentration in the inspired air
(Hunter, 1968). This interpretation has since been supported (Berlin et 8/, 1980).

of 340 mg/m® {106 ppm) benzene in air
ﬂ:mand1%uhyquuim-mmm.

hours (Teisinger et &/, 1852), A comelation has
shown in a small number of workers Detween the concentration oOf benzens in air
the excretion of phenol in urine (Rainsford and Uoyd

and
TNMQeofhommbaummhuNm-ab.mmedummam
exposure (Hammond and Hermann, 19860).

and
mpmmq;}mn.n.mmmammmmtamw

0
phenol and catechol was excreted within 24
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Mutagenicity and chromosomal effects

Numerous studies have been camied out on the chromcsomes of bone-marrow cells
and peripheral lymphocytes from people known to have been exposed to benzene {Dean,
1978). The populations included in these studies fall into two general categories: (1)
patients with either a cument or a past history of benzene-induced blood dyscrasias
{'benzene haemopathies’), often associated with extensive exposure to benzene; and (2)
workers with known current or past exposure to benzene but with no obvious clinical
eHects. In many of these studies, significant increases in chromosomal aberrations have
been seen, which in some cases have persisted for years after cessation of exposure.

Polini et al. (Polini and Colombl, 1964ab; Pollini- et al., 1964, 1969; Pollini and
Biscaldi, 1978, 1977) examined bone-marrow cells and peripheral lymphocytes from
workers with current severe blood dyscrasias, and followed several workers by repested
cytogenetic studies up to 12 years after recovery from benzens-induced pancytopenia.
Gross chromosomal abnormalities were chargcteristic of these cells; 70% of the bone.
marrow cells and lymphoGylas in patients with acute poisoning showed Kkaryotypic
abnormallties (Pollini and Colombi, 19584a,b). The guthors could not relate the frequency
or type of chromosomal alterations to the severity of the blood dyscrasia (Paliini er &,
1864). Five years after poisoning, all of five patients studied still showed stable (C,) and
unstable (C,) chromosomal aberrations in their lymphocytas, aithough only 40% of the
calls were now abnormal (Pollini et al, 1968). By 12 years (Pollini and Biscaldi, 1977), no
cytogenstic abnormalities remained in the four patients studiad. '

Fornl and coliaborators (Fomi et al, 1971a,b) examined two groups of workers with
chronic benzene poisoning; one group included 25 subjects who had recovered from
benzene haemopathy one to 18 years previously (plus four others showing acute toxicity
at the time of first chromosome examination); and the other group comprised 34 workers
in a rotogravure plant who had been exposed in 1852-1953 to concentrations of 125-832
ppm [400-1700 mg/m?] benzene in air, which had led to toxic effects. Lymphocytes from
both groups showed significantly higher lavels of C, and C, than those from age-matched
controis. Although in the first group C, and C, were present several years after cassation
of benzene exposurs, follow-up cytogenatic studies indicated a tendency toward a
decrease in C, and ¢ persistsnces or increase in C, (Forni at al., 1971a).

The finding of significant increases in chromosomal aberrations in blood and bone
mamow (Fomi and Moreo, 1967, 1869) and in iymphocytes from clinically symptomatic
subjects exposad to benzene has been confirmed in saveral other investigations (Hartwich
ot &l., 1969; Sellyel and Kelemen, 1871; Erdogan and Aksoy, 1973; Hudak and Gombosi,
1877, Van den Berghe ef a/, 1978). Forni and Morec {1967, 1969} hypothasized that such
aberrations are involved in the eveniual development.of leukaemia in banzene-axposed
individuals. . .

Tough and others (Tough and Court Brown, 1965; Tough et &l., 1970) studied workers
in three different factories who had been exposed to benzene in the atmosphere for
approximately one to 25 years, The workers were apparenily asymptomatic as far as
evidence of acute benzene toxiclty was concemed. The first two groups consisted of a
total of 38 workers who had been exposed to 25-150 ppm [B80-480 mg/m?®] benzene until
two to four years prior to sampling; the incidence of celis with unstable chromosomai
aberrations (C,) in these groups was higher than was expected from the general
population. Workers in the third factory had been exposed intermittently to approximately

12 ppm [38 mg/m?] benzene for 2.26 yeers; their lymphocytes showed no increase in

@)
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chromosomal abnormalities. The authors hesitated, however, to relate these effects to
benzene exposure alcne, since -there was evidence that age and other environmental
factors may aiso have been contributory. ‘ .

Funes-Cravicto et al. (1977) studied iymphocytes from 73 workers in several chemical
lsboratories and in the printing industry, and found a significantly increased frequency
of chromosomal. breaks, as compared with ceils from 49 contro! subjects. . in 12 subjects
studied, the frequency of sister chromatid exchange was also enhanced. Exposure to
organic solvents, including benzene, was common to all work- environments studied; and,
in 29 workers specifically, exposure to benzene had been heavy during the 1960s.
However, no particular solvent could be singled out as the direct clastogenic agent.
Picciano (1879) examined lymphocytes from 52 workers who ‘had been exposed to less
than 10 ppm [<32 mg/m7] benzene for periods of one month to 26 years. A statistically
significant increase in the rate of chromosomal aberrations was found, as compared with
44 people in a control group. Although these workers were aiso exposed to other
aromatic hydrocarbon solvents, the degree of contact with those soivents was less than
with benzene. . '

Three otiar studies also report increased levels of chromasoma! aberrations in
asymptomatic workers who had been exposed to benzene (Hartwich and Schwanitz, 1972;
Khan and Khan, 1973; Fredga et al, 1979). In one of these studies (Hartwich and
Schwanitz, 1972), the mean aberration rate of cells from .nine refinery workers exposed
to ‘relatively low' levels of benzene was significantly elevated when compared with that

-hcontrois.mtmomte-lnindivldualworkanwaatmemperﬁmitofnoml.lnastudy

of lymphocytes from 65 people (Fredga et al., 1978), a statisticaliy significant increase in
chromosomal aberrations was found in both petrok and milk-tanker drivers and in 12
mmmmmcwmm.mmhmmmmorm
station staff. As no ather ‘sticlogical factor could be identified, the increase in the 12

regarded as being due to benzene exposure (5-10 ppm: 16-
32 mg/m?), However, Watanabe et a/. (1980) found no evidence of an increased frequency
of chromosomal sberrations or of sister chromatid exchange among nine female workers
engaged in painting ceramics who had been exposed to <1-8 ppm [<3-29 mg/m¥] for 1-
20 years, or in seven female workers who had been exposed to 3-50 ppm [10-160 mg/m?)
benzene for 2.12 years, . _

3.3 Case reports and epidemiological studies of carcinogenicity in humans

® Caso raports

An association between long-term exposure to benzene ‘and- the occurrence of
leukaemia was suggested as esrly as 1928 by Delore and Borgomano {1928}, who
mdmww;mmmmtmwhoMMnemwm

“for five years.

The industriai exposurs to commercial benzene (benzol) of 89 workers Involved in the
manufacture either of artificiai ieather or of shoes (which involves the use of rubber
cements contsining benzens) and their short. and long-term health records were
investigated in a series of studies (Bowditch and Elkins, 1939; Munter, 1939; Mallory et
&/, 1839). One of the workers, a 28-year olkd male who had been axposed to commercial
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benzene for 10 years, died from acute myeloblastic leukasmia (Hunter, 1939). Mallory et
al (1939) reported on 19 cases of proionged exposure to commercial benzene. Two cases
of leukaemia were described: that reported by Hunter (1939) and a lymphoblastic
leukaemia in a 12-year oid boy who had ‘frequently used a paint remover known to
contain commercial benzene. ‘

DeGowin (1863) reported that an indoor house painter who had thinned his paints with
benzens for 13 yemrs developed aplastic anaemia; aithough he was not subsequently
exposed Yo benzene, he developed acute myeloid leukaemia 15 years later.

Taree!f of &l (1983) described 16 cases of leukaemia (6 acute and 10 chronic) In
workers in the USSR occupationally exposed to benzene for 4-27 ysars (average, 15
yoars). In 3/6 acute cases, a latent period of 2.5 years between the cessation of sxposure
and the developmaent of leukaemia was noted,

Viglisni and Saita (1964} reported 6 cases of leukasmia ssen at the Clinica de Lavorg,
Milan, between 1842 and 1963. The patients included a spreader and calender operator
at a leathercioth factory (9 years’' exposure), an assistant operator in a rotogravure firm
(5 years’ exposure), a spray vamisher (8 years’ exposure}, & rotogravure operator (11
years' exposurs) and two workers using gQlues contdining benzene (19 and 3 years’
exposure). At the institute of Occupational Health in Pavia, 5 casas of leukaemia were
seen between 1981 and 1963 in shoemakers exposed to glues containing benzene.

During the period 1950-1885, 50 cases of leukasmia were observed in workers with
confimed exposure 1o benzene in industries in the Paris region (Goguel et &, 1967),
Clnical data were given for 44 previously unpublished cases (37 men and 7 women),
which comprised 13 cases of chronic myeloid leuksemia, 8 cases of chronic lymphoid
loukasmiz and 23 cases of acute leukaemia, of which 2 were erythrolsukaemias.
Wﬁmmm«ofbonzmhmmodhrw of the cases: in 7 of these, the

was high. ‘

Four cases of acute leukaemia were reported in shoemakers in Istanbul exposed to
benzene for 6-14 years. Three of the cases were of the myelobiastic type and the fourth
4 monocytic tyoe (Aksoy et al, 15972). The concentration of benzene in the working
environment wa . reported to range between 15-30 ppm [48-86 mg/m?] ocutside working
hours and rose to & maximum of 210 ppm {670 mg/m’] when adhesives containing
benzene were being used (Aksoy et al., 1871).

Ludwig and Werthemann (1862) described one case of myeloid leukasmia and one of
a tumour-ike reticuicsis among 44 workers in two chemical factories exposed to benzene
and toluens batween 1940 and 1961,

Cases of erythromyelosis have aiso been described in workers with short- and long-
term exposure to benzene (Galavotti and Troisi, 1950; Nissen and Soeborg Ohisen, 1853;
Di Guplisimo and lannaccone, 1858; Rozman af al., 1988; Bryon ot al, 1969; Fomi and
Moreo, 1969), ' ‘

In a study carried out during 1966-1989 in two Lyon hospitals, 17/140 (12%) patients
with acute leukaemia, 8/61 (15%) with chronic lymphoid (eukaemia and 4/56 (7%) with
myeioid leukaamia wera found to have been exposed to benzene or toluene. Five cases
of exposure to benzene wers found among: 124 (4%) control patients without blood
disorders (Girard and Revol, 1970). :

@
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A number of additional case reports have been the subject of a review (Goidstein,
1977). Most cases of malignaricy in which an association with exposure to benzene was
reported have been leukaemias, particulary of the acute mysiogenous type. There have,
however, been a number of discrepant reports: in some, all of the cases were
' ' nonmysiogenous leukaemia; in others, cases of acute and chronic lymphatic leukeermia
! and of monocytic leukaemia were seen. There have been scaftered reports of an excess
of lymphomas both of the Hodgkin's and non-Hodgkin's variety. Aksoy (1980) summarized
83 cases - 42 leukaemias, 9 malignant lymphomas, 5 lung cancers, 2 myeloid metaplasias,
'2 paroxysmal noctumnal haemogiobinurias and 3 multiple myeiomas - all of which involved
chronic exposure to benzene in Turkey. The author suggested that ‘... the frequent finding
of this association suggests that benzene may not only cause leukaemia but also be
invoived in other types of malignancy’. [It is impossible to ascribe risk estimates to reports
of this type, since most do not describe appropriate control groups, i.e., they are based
on reports of case series. Most of the reports do not include inforration on environmental
measurements; i.e., putative axposure to benzens is based on historical information.)

(b} Epidemiological studies

A case.contrdl study of leukaemia was reported from Japan (ishimaru et &, 1971). At

Cases diagnosed as definite or probable leukaemia, resident in Hiroshima or Nagasakl

City at the time of the onsat of the disesse between 1945 and 1967 were inciuded. One

control per case was chosen from the Atomic Bomb Casualty Commission Leukemia

Registry sampling frame and matched on five characteristics: city, sex, date of birth + 30

1 months, distance from the atomic bombD explosion, and alive and resident in either
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posure to benzene, the authors arrived at ratio 5 |
the basis of 42 exposure-discordant pairs. Of these, 41 pairs could be used to investigate
md_egm to which the benzene-associated relgtive risk was modified by #

:

Aksoy of sl (1974, Aksoy, 1977) estimated the incidence of acute leukasmis .or
. . 'preleukaemia’ among 28 500 shoe-workers in Turkey on the basis of case ascertainment
: by contact with medical care. Thirty-four cases were identified. They estimated that the -
incidence of acute leukaemmia was significantly greater among workers
oxposed to benzene, which was used as a soivent by these workers, than in the general
poputation. Qccupational exposures were determined by work histories -and by environ-
mental measurements. There was said to be exposure only to benzene in small, poorty
ventilated work areas; peak exposures to benzene were reported to be 210-650 ppm [670-
2075 mg/m7). Duration of exposure was estimated to have Deen 1.15 ysars (mean, 9.7
yoars). The annual incidence was estimated to be 13/100 000, giving an spproximate
reiative risk of 2 when compared with the annual estimate for - poputation
8/100 000, (These estimates are Hmited the _ !
uncertainty about the way in which cases were ascertained and how many of the study
popuiation were exposed and how many unexposed.] _
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The distribution of ceil types among the lsukaemia cases with a history of exposure
to benzene was compared with that of patients with no such histpry (Table 12) (Akso_y.

1977).

Table 12. Comparison of types of leukaemia found in 40 individuals with chronic benzens
poisoning and in 50 nonexposed patients _

Type of leukaemia Exposed Nonexposed
_ Number % Number %

Acute myeloblastic leukaemia 15 T ars 8 16.0
Acute lymphoblastic leukaemia 4 10.0 13 20.0
Preleukaemia® 7 17.5 1 20
Acute erythroleukasmia 7 175 2 40
Acute monocytic or myelonomonocytic 3 7.5 3 6.0

leukaemia , ‘
Acute unidentified leukaemia 1 25 0 Q.0
Acute promyeiotytic leukaemia 1 25 4} 0.0
Chronic mysicid leukaemia 2 5.0 10 20.0
Chronke lymphoid leukaemia [+) 0.0 13 25.0

The ratio of acute nonJdymphocytic leukaemia to chronic leukaemis was 27:2 in the
exposed group and 13:23 in the non-exposed, suggesting a relative risk of about 24 for
acute nonlymphocytic leuksemia - an order of -magnitude higher than the value of 2,
which was based on the hypothetica! incidence rates. Indirect support for the higher
figure can be derived from a follow-up of patients with ankylosing spondyiitis (Court
Brown and Doll, 1957, 1865), in whom the distribution of leukaemia cell types is similar
to that reported by Aksoy, which gave & relative risk of about 12 of dying 3 to 9 years
after first coming under observation, .

[Aksov (1978 aiso followed 44 benzene-exposed patients with pancytopenia. Six cases
of leukasmia dev Jloped within 6 years of follow-up, giving a proportion of 14%.]

Vigliani (1976) summarized the experience at the inatitute of Occupationa! Health of
Milan from 1842 to 1975 with 66 cases of benzene haemopathy, 11 of which were
leukaemia, gnd the experience at the iInstitute of Occupational Health of Pavia from 1959
to 1974, in which 13 cases of leukaemia were ascertained among 135 instances of
benzene haemopathy. {The cumulative incidence of leukaemia among individuals with
clinically ascertained benzene haemopathy was about 17% in Milan and about 10% in
Pavia.] Occupationai exposures were identified in rotogravure plants and shoe factories.
Benzene ‘concentrations near rotogravure machines were 200-400 ppm [640-1280 mg/m?),
with peaks up to 1500 ppm [4800 mg/m?); benzene concentrations in alr near workers
handiing glue in shoe factories were 25-600 ppm [B0-1920 mg/m®), but were ‘mostly
around 200-500 ppm’ [640-1600 mg/m?). Estimated latency (years from start of exposure
to clinical diagnosis of leukaemia) ranged from 3.24 years (median, 9 years). Viglanl
estimated that the relative risk of acute leukaemia was at least 20:1 for workers heavily
exposed to benzene in the rotogravure and shoe industries in the provinces studied, when
compared with the general population. [The relative risk is based on a non.validated

estimate.]
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Fishbeck et al. (1978) reported on a small series of 10 chemical workers exposed to
benzene (at the same company reported on by QOtt et a/, see below). Data on exposure
to benzene and on periodic heaith surveillance were available for the period 1953-1963.
Benzene levels exceeded 8 time-weighted average of 25 ppm [80 mg/m?}; in the job with
the highest exposure (‘operator), the eight-hour time-weighted average exposure was 30-
35 ppm [96-112 mg/m®], with peaks of 937 ppm [2994 mg/m’. The total period of
exposure ranged from 3 years 7 months to 28 years 8 months, and averaged 14 years 6

‘months. All 10 workers had first been exposed more than 16 years before the study. In

1963, all of these workers showed laboratory evidence of changes in peripheral biood,
with slight recuction in haemoglobin and increased mean corpuscular volume. The

"Investigators reported that '... monitoring of their heaith status has shown no persisting,

significant adverse health effects’. [These data provide limited  information. Given the
of benzene-induced pancytopenia, the subsequent risk of leukasmia may be in

prasence
. the range of 10-15% in 10 years. The limited power of this study is such that subssquent

curnulative risks of up to 25% could not be excluded.)

Thorpe {1974) reported on mortaiity from leukasmia among workers in eight European
affiiates of a large US oil company. Eighteen cases (14 deaths and 4 incident cases

assumed to be dead) were reported for the period 1862 to 1971. Estimates of the number
of deaths expected in a combined population of 38 000 workers were based on rates for

the general populations in the countries represented by the affiliates. The overslii SMR
(O/E) of 77 was calcutated on the basis of a: total of 383 276 person-yeers. ‘No association

. no statistically significant excess
was observed within any geographic affilate (the highest SMR was 108 in one affiliate),
SMRs of 121 -and 60 were observed in all exposed and in all nonexposed workers,
respectively, The 95% confidence Interval was 37.205 for the exposed.. (The study suffers
_ and validity of diagnoses and the healthy

in the calculation of SMRs. Further, it was impossible to identify the
leukaemia type in the majority of instances (12 of the 18 cases). The population at risk
was constructed from personnel files, the compieteness of which, particularly for work
processes and their potential benzens exposure, was not valkiated. Cases were asoertai-
ned from periodic health examinations, absentesism records and iisurance cliaims by
methods idiosyncratic to each affiiste, not designed for research purposes, and of
indeterminate compieteness and sccuracy. Limited data were reported on potential
exposure to benzene, and no information was given on the induction-latent period. The
mo;ﬂswwmwm.mwmmmmmmmmm

@ Epicerniviogical studies of mixed exposures

A number of epidemiological studies of workers potentially exposed to benzene among
other agents have shown statistically significant excesses of leukaemia. As the actual
exposure to berzene in these studies is often not documented, the relevance of the:
to the issue of benzene carcinogenicity remamns undecided. The Working Group
inciude them not only becauss of ther possible reievance in respect to benzene
because they draw attention to the more general problem of the relationship
between exposure to ‘solvents’ and cancer. o _ _ _

McMichael ef al. (1975), Monson and Nakano.(1976) and Tyroler et al (1976) have
summarized studies on the US rubber industry which disciosed excesses of mortality from
chronic lymphatic leukaemia, myelogenous leukaemia and lymphosarcoma [see IARC,
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1882b]. [There was historical evidence that exposure was t0 a mixture of agents, including
benzene.]

Brandt ot g/ (1978) performed a case-control study of 50 male Swedish patients aged
20-85 seen at the University Hospital, Lung, in 1885-1977 with acute nonlymphocylic
leukaemia and reported an excess history of exposure to petroleum products among
cases. [No further details ware provided regarging potential exposure to benzene or other
environmental factors.]

Another Swedish case-control study (Flodin &¢ &, 1881), based on 42 cases of acute
myeiold leukasmia from the University Hospital of Linkoping and 244 other deaths from
the same grea as controls, indicated an approximately six-Joid, statistically significantly
increased risk from exposure to solvents of various types, including petroleurn products.
[This study seems to confirm the results obtained in the study by Brandt et a/] Estimated
background radiation from buiiding materials (stone, concrets, wood, ei} in homes and
workplace bulidings significantly increased the risk of acute myeloid leukaemia; in
particutar, there seemed to be a strong effect of the combination of solvent exposure and
high background radiation.

In & case-control study at the University Hospital of Umea, comprising 189 cases of
malignant lymphoma (80 of which were of the Hodgkin's type) and 338 controls, -

frequencies of exposure to & number of agents were. investigated, inciuding phenoxy
acids and organic solvents (Hardall et al., 1981). A risk ratio of 4.6 (85% confidence limits,
1.8-11.4) was reported with regard to combined, ‘high-grade’ exposure  to styrene,
trichioroathytene, perchiorethylene and benzens; only one of the cases was explicitly
reported to have been expoased to benzene. High-grade exposure to unspecified sclvents
resultad in & risk ratio of 2.8 (95% confidence Hmits, 1.6-4.8). [The Working Group noted
that the latter exposure might also have involved exposure to henzene in combination
with other agents; and it is unclear whether such exposure was associated with
development of lymphoma.]

Gresne ot al. (1979) reported that a proportionate cancer mortelity study among
employees of the US Government Printing Office showed a ‘significantty higher propor-
tion of deaths from muitiple myeloma, leukemia, Hodgkin's disease...! The excess deaths
‘from leukemia -ccumed primarily in bindery workers who may have had exposure to
benzens'. The wuthors noted the limitations in the methods used, including small
numbers, use of the proportionate mortality ratio technique and limitations of ascer-
tainment and diagnosis, but indicated the consistency of their study with the findings of
others.

Rushton and. Alderson (1961) reported the resuits of a case-control study nested in a
cohort study. Al death certificates with mention of leukaemia .in men employed over a
period of 25 years at eight petroleum refineries in the UK were studied. Potential
occupational exposure to benzene among these cases was contrasted with that of two
sets of controls selected from the total refinery population - one control was matchad for

refinery and year of birth, the other for refinery, year of birth and length of service. Job

history was used to classify potential benzene exposure into low, medium and high
categories. Although there was no overall excess of deaths from leukasmia in the refinery
workers, compared w.th expectations based on national rates (see Rushion and Alderson,
1980}, and there was no excaess of ‘cytological types of leukaemia which have been shown
to be particularly associated with benzene exposure’, the risk for men with medium or
high exposure relative to the risk for those with low benzene exposurs dki approach
statigtical significance when length of service was taken into account.

.)
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ott o &l {1978) reported the mortality experience of 584 individuals occupationally
exposed to benzene in chemical manufecture, using a retrospective .cohort analysis of
the pefiod 1940-1873. Three deaths due o leukaemia (one myelogenous aid one
myelobiastic) and one due to apiastic anaemia were noted; 0.8 death from leukasmia,
excluding lymphocytic or monocytic cell types. was expected on the basis of incidence
data from the Third Nationa! Cancer Survey [SMR = 375] (p < 0.05). Data darived from
work histories and Industrial hygiene records were used to estimate cumulative exposure
doses. [The authors couid find no association between the cases and work areas and
estimated exposure levels; however, the number of workers in any particular work area
was limited, and the power of the study to detect any asscciation between exposure levels

- -

and cases was correspondingly low.] IR .

Infante et &l (1977a) made a retrospective cohort analysis of 748 workers occupation.
ally exposed to benzene between 1940 and 19849 in two factorles engaged in the
menufacture of rubber hydrochioride. They achieved 75% vitat status ascertainment of
the cohort up to 1975. Rinsky et al. (1981) continued to follow up the same Cohort, aiso
to 1975, and ascertained vital status for 96%. Cases wers ascertained from diagnoses a3
given on death certificates, coded according to the ICD In effect at time of geath and
converted tc those of the 7th revision. Person.years of obsarvation and deaths from 1

January 1950 to 30 June 1975 were used. Expected rates were derived from US: white
=

male mortaiity statistics. The SMR for all causes of death in the more recent

(Rinsky- et al., 1981) was 111 (180 observed; 161.3 expected). A statistically significant
excess mortality from all leukaemias was seen (O/E - 7.0/1.25; SMR = 560)..Al of the
leukaemias were myelogenous or monocytic, constituting a 10-fold excess over expected
of deaths from- myeloid and monocytic leukaemias combined (O/E = 7/0.7). (Estimates:

of cefiitype distribution were derived from the Connecticut “Tamor Registry.) (infante et -- -

o., 1977a). Four additional cases of laukaernia, three of them myelogenous, occurred in

workers employed in the two plants, but were not included in the statistical analysis . .
the

because death occurred after 1975, because workers were salaried rather than hourly
and thus fell outside the cohort definition, or because of inaccuracies in death certificate

coding.. The median duration of empioyment for entire cohort in the two piants was

less than one year. : T

the
Expéiures to airbormne benzens vapour at the two
basis data that worker exposurés were

&l. (1977a). They concluded on the of moni

generally. within the recommended Emits in effect at the time of their employment: [The-
methoda. employed in the 1940s for . measuring -benzene - concentrations in air, while
reasonably accurate, were relatively less sensitive than those available today.] Recommen-

ded levels were as- follows:

EEEPEEECE L & L

!
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1941 lﬂop'pm[SZOH'iglm']rqaxhnmn aflowable concentration . - . e ememne o i
1947- S0 ppm [160 mg/m] 8-hour time-weighted average - - | VL
1948 35 ppm [112 mg/m?] B-hour time-weighted average ... .- ©- " : .- e Rl

tEIvat, zer g

Tabershaw and Lamm (1977) argued that the exposures Were' not 23 low a3 Infante et

plants. were avaluated'ij Infante ef *

&l 1977a) had stated. At plant B, workers manufactured rubber hydrochioride -only; at -

plant- A-they aiso manufactured tyres, hose, foams, rubber chermicals and metal products. -

Tabershaw .and Lamm argued that environmental exposure was therefore probably mixed -

and'ogtantiaﬂyhigheratplantﬁ_manatplant B. - - R
ifarts: of 8., (1977b) and Rinsky @t &, (1981), i reply 5 the critique: by Tabershaw
and Lamm, evaiuated past exposures in both plants in furthier detail, m:ﬁpuudﬁut.
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although other solvents were used in various areas of both plants, benzene was found
to be the only solvent used in the manufacture of rubber hydrochioride, except for
chioroform, which was used between 1936 and 1949 in one plant. Rinsky &t &l agreed
with Tabershaw and Lamm that occasional high excursions occurred in girbome benzene
levels (up to several hundred ppm). Thay found, however, that most such excursions
occurred in areas entered only Iinfrequently by weorkers, and they estimated that workers'’
actual eight-hour time-weighted average breathing-zone exposurs fell generally within
accepted limits. To evaluate possible differences between the two plants, Rinsky et al
specifically analysed leukaemia mortality in each. They found excess mortality in both
piants: in one, 2 cases were observed versus 0.58 expected (SMR = 345); and in the
other, 5§ cases were observed versus 0.67 expected (SMR = 748). [The Working Group
accepted the central conclusion of Infante et a/. and of Rinsky et a/, that excessive
mortality from myelogencus and monocytic leukaemia had occurred among workers with
octupationai exposure to benzens that was generally within accepted limits. However, the
possible. contribution of the occasional excursions in exposure and of the empioyment of
some workers in other areas of the plant must be noted; and in the opinion of the Working
Group those factors may have made some contribution to the observed excess in
mortality from leukaemia.) )

4. Summary of Data Reported and Evaluation
4.1 Experiments| data '

Benzene has been tested in rats by intragastric administration and inhalation exposure,
and In mice by skin application, inhalation exposure and subcutaneous injection. Oral
administration to rats resulted in an incresse in the incidence of Zymbal-giand carci-
nomas. Anaemia, lymphotytopenia and bone-marrow hyperplasia and an Iincreased

_incidence of lymphoid tumours occurred in male mice exposed by inhalation to benzene;

in similar inhalation studies with another strain of mice and with rats there was no
avidence of a lsukeemic rasponse. Experiments involving skin application or subcuta-
nequs injection of benzene did not produce evidence ¢f carcinogenicity, but most of
these experiments were inadequate,

Benzene ¢ 93 not induce specific gens mutations in bacteriel systems or In Drosophila
meianogaster. A single report showed no evidence for the induction of point mutation in
mammalian cells; howsver, benzene induced cytogenetic abnormalities (chromosomal
aberrations and sister chromatid exchanges) in mammalian cells /n vitro,

The micronucleus test in mice and rats has been consistently positive. Numerous
studies have shown that benzene exposure of experimental animals in vivo leads to the
induction of chromosomal aberrations in the bone-marrow cells.

Exposure to benzene may damage the testis. Evidence from mast studies in mice, rats,

guines-pigs and rabbits suggests that benzene is not teratogenic at doses that are
fetatoxic and embryolethal. .

4.2 Human dats

Workers and the general public are exposed to benzene as & result of a variety of
activities in which it is processed, generated or used. Major contributors to benzene

o)
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emissions into air include: (1) gasoline production, storage, transpont, vending and
combustion; (2) production of other chemicals from benzene; and (3) indirect production
of benzene (e.g.. in coke ovens). The last is the major source of benzene emissions into

water.

Chronic human exposure to benzene results in leucopenia, thrombocytopenia,
anaemia or combinations of these. Al early stages of such blood dyscrasias, these effects
appear 10 be reversible. Exposure to high doses for ionger periods of time may leed to
pancytopenia, which results from aplasia of the bone marmow and is considered to be an

#revarsible stage of the disease.

Benzene crosses the human placenta. Thare is a clear comeiation between exposure
to benzene and the appearance of chromosomal. aberrations in the bone mamow and
peripheral lymphocytes of individuals exposed to high levels of benzene {>100 pprm).
Such levels of exposure usually lead to clinical symptoms of benzene-induced blood

dyscrasias. These aberrations may persist for many years after exposure and after
manifestations of haematotoxicity. The results are not so clear with iower leveis (<100
ppm). Although abemations have been reported foliowing chronic exposures to as little
as 10 ppm, this has not been & consistent finding. Environmenial tectors and exposure
to other agents may have interacted with benzene in these studies of low exposure. .

Manycasereponsandcaseumhavedesmbadmeassmﬁonofleukamwnh
exposures to benzene, either alone or in combination with other chemicals. Most cases

were acute myeicgenous leukaemia, auboughmwemnmmmmmor
lymphocytic; and som¢ lymphomas have been noted.

Tmfdbw-upsmdiesshowedhlghmofhukuﬂHmmww;
ascertained s cases of benzene hasmopathy.

A series of epldemiological studies, both cohort and case-control, showed statistically
significant associations between leukaemia (predominantly myelogenous) and occupatio-
nal exposure to benzene and benzene-cortaining solverts. These results were replicatad
in a number of countries and different industries. in the epidemiciogical studies of people -
lxposod primarily to benzene, statistically significant excesses of leukaemia were
obsarved. [See aiso Arnnex. SmAmafOummﬂquthBumlhon]

4.3 Evaluation’
Mhmwmmmatumbwdmgmchupeﬁnmmmm.
nuummmmathmnexmsmmmmmmmabenzmm

mixtures can cause damage to the hsematopoietic system, including pancytopenia. The

ulaﬁonshipbetwaenbenzeneexposumandhedwﬂopmemofmﬂamyow

lnukauniahasbeenestabhshedhepidermologml smdles o

nmmummmmmmumndesmmmwu
inadequate for evaluation.

Mhmummmma'amwm.

8 'Thhwaluaﬂmshouldbeuadhcm]wncﬂonuﬁhucﬁon?(bxc)ofﬂupmmbb;




ceeim o R 4

Vel Ay - by

128 ' IARC MONOGRAPHS VOLUME 29

5. References

Aksoy, M. (1977) Leukemia in workers due to occupational exposure to benzene. New
istanbul Contrib. ciin. Sci., 12, 3-14

Aksoy, M. (1978) Benzene and leukasmia. Lancat, /, 441

Aksoy, M. (1980) Different types of malignancies due to occupational exposure to
benzene: A review of recent obdervations in Turkey. Environ. Res., 23, 181180

Aakoy. M., DinCal, K., Akgun, T., Erdem, S. and DinCol, G. (1971) Haematological effects
*~""of chronic benzene poisoning in 217 workers, Br. J. ind. Med 28, 296-302

Aksoy, M., DinCol, K., Erdem, S., Akgun, T. and DInCol, G, {1972) Detalls of blood changes
in 32 patients with pancytopenia associated with long-term exposure to benrene.
Br. J. ind. Med., 29, 56-64

Aksoy, M., Erdem, S. and DinCol, G. (1974) Leukemia in shoe-workers exposed chronicaily
* to banzena. Blood, 44, 837-841

Americah Conference of Govemment Incustrial Hygienists (1981) Threshold Limit Values
- for Chemical Substances and Physical Agents in the Workrcom Environment with
intended Changes for 1981, Cincinnatl, QH, p. 10

Amiel, JL. (1960) Negative test for the induction of leukaemia in mice by benzene (Fr.).
" Rev. frare. Etudes 2iin, biol., 5, 198.199

Anderson, D. and Richardson, C.R. (1979) Chromosome gaps are associated with
chemical mutagenesis (Abstract No. Ec-9). Environ. Mutagenesis, 1, 179 :

Andrews, LS., Lea, EW,, Witmer, C.M., Kocsis, J.J. and Snyder, R, (1977) Effects of
toluene on the metaboilsm, disposition and hemopolatic toxicity of PH)}benzene.
Biochen.. Pharmacol., 25, 293-300 :

Andrews, LS., Sasame, H.A. and Glllette, J.R. (1878) 3H-Benzens metaboiism in rabbit
bone marrow. Life Sci., 25, 567-572

Anon. (1980) Low levels of suspect carcincgens found in coal liquefaction faclities.
Ocoup. Saf. Health Rep., §, 1163-1184

Avilove, G.G. and Ulanove, |.P. (1975) Comparative characteristics of the affect of benzene
on the reproductive function of adult and young animals {Auss.). Gig. Tr. prof.
Zabol,, 2, 55-57

Ayengar, P.K., Hayaishi, O., Nakajimg, M. and Tomida, I. (1959) Enzymic aromatization of
3,5-cycichexadiene-1,2-diol. Siochem, biophys. Acta, 33, 111.119

Ayers, GW. and Muder, R.E. (1964) Benzense. In: Kirk, R.E. and Othmer, D.F., eda,
Encyciopedia of Chemical Technoiogy, 2nd ed., Vol. 3, New York, John Wiley and
Sons, pp. 36740

@,

@




;

3
g8

: 2

i § § 3%

e

af

[

—— b vt o

—.-

BENZENE o - 129

Baxter, H.G., Blakemore, R., Moore, J.P. and Coker, D.T. (1960) The measursment of
sirborne benizene vapour. Ann. occup. Hyg., 23, 117132 _

Bedin, M., Gagedc Gullberg, 8., Holm, S., Knudsen, P., Eng, C. and Tunek, A. (1980}
Bmmmntrahmasmm:ofﬂnmmwkofm:hdmmsm.L
Workanwron Health, 6104-111

Bosttner, E.A. and Ball, GL. (1980) Thermal degradaﬁon products from PVC fim in food

" wrapping operations. Am. ind. Hyg. Assoc. J., 41, §13-522 .

Eoie H Benkel, W. and Hainiger, H.J. (1970) smayofleuoopemlnbommlmofm
afterchronic benzens inhalation {Ger.). Biut, 21, 250-257

Bowditch, M.andE!kim H.B. {1939)01wmlcoxposuretobenzn(bm:ol).l.m
mmdaspectstHyy Tomoaf 21,321-330 . ' -

Brandt, L., Nusson. P.G. and Miteiman, F. (1978) chpaﬁonal exposm to petroleum
prnﬂuctsﬁmwmmammnqmprmyncmm Br. med. J., |, 553-554

Brief, R.S., Lynch, J., Bemath, T. and Scala, H.A (1980)Benmhmwkmm
mnygAstnm-eaa _

Briggs, T.. Bertke, J.T. 8nd Augensisin, D, (1m4mmamémm(sm
46313-?7-029) Prepared for US Enwomwﬂw Protection Agency cmumu OH,
PEDCo Enwironmental, Inc., p. 1-2 e )

Bryon, P.-A., Coeyr, P. Girard, :R., Gentithomime, O. lndﬂevol t.(19_es)m
mmwswimbenzmcﬂohqy(f-‘rwﬂed Lyon, 50, 7687.78¢ 7. C.. o

Burdetts, W.1. and Strong, L°C. (1941) Comparison of methyl salicylate and benzene e
odvmtsjormﬁnymm c.lnurms..t 9 -z '

Camp, W.E..and Baumgariner, E.A.(191S)mﬁmamma:m1nrabbltawm:m
MODOOI&J -axp. Megd., 22.174-196-_.. ) Sz iTe Meiger -
chlng 8.8. anc Peterson, R.J. (1977) Symposium: Thebnisofqumyhmmboda
Recent developments-in the flavor of meat. J. Food S¢i., 42,298-305 -° -

Coleman, ‘W.E.” Lingg, R.D.; Meitoh, R.G. and Kopfier, F.C. (1976) ‘The occurrence of
voistile ~organics:-in five drinking water .supplies. using gas chromatography/mass
spectrometry. -in: -identification arxd Analysis a!OryanlcPoﬂum:s h Water, Ann

muummsaumppaos-w

z —- -
2 . - 2z
- .

cmnt.u an'dDavios oN‘(mo;mmm crmntogmpﬂc
dmicupounmamm m.:.m.nucagnarmzzs

majmmswaoeasdwm unaiysl-softr W
bmpohnntshmurwnpis: Mt).lmv#msm 15, 25.32 ace

SR I <



el -

M i —— An e p———— e

——— . ———

130 IARC MONOGRAPHS VOLUME 29

Commission of the European Communities (1980) Proposal for a Councll Directive
amending for the sixth time Councll Directive 76/769/EEC on the approximation of
the laws, regulations and administrative provisions of the Member States relating
to restrictions on the marketing and use of certain dangerous substances and
preparations (benzens). Off. J. Eur. Communities, C 285, 2

Coombs, M.M. and Croft, C.J. (1966) Carcinogenic derivatives of cyciopenta(sjphenant-
hrene. Naturs, 210, 1281-1282

Comish, H.H. and Ryan, R.C. (1985) Metabolism of benzene in nonfasted, fasted, and aryi-
hydroxylass inhibited rats. Toxicol. appl. Pharmacol., 7, 767-T7T1

Cotruvo, J.A., Simmon, V.F. and Spanggord, R.J. (1977} Investigation of mutagenic effects
of products of ozonation reactions in water. Ann. N.Y. Acad. Sci., 298, 124-140

Court Brown, W.M. and Doll, R. (1957) Leukaemis and Apiastic Anaemia in Patients
irradiated for Ankylosing Sponayiitis (Medical Ressarch Council Special Report
Series No. 295), London, Her Majesty’s Stationery Office

Court Brown, W.M. and Doll, A. (1955} Mortality from cancer and other causes after
radiotherapy for ankylosing spondylitis. Br. med. J., i, 1327-1332

Dean, B.J. (1969) Chemicalinduced chromosome damage. Lab. Anim., 3, 57174

Dean, B.J. (1578) Genetic toxiculogy of benzena, toluene, xyienes and phenois.- Mutat.
Res., 47, 75-97

DeGowin, A.L. (1963) Benzene expasure and aplastic anemia followed by leukemia 15
years later. J. Am. med. Assoc., 185, 748-751 '

Deichmann, W.B., MacDonaki, W.E. anc Bemnal, E. (1963) The hemopoietic tissue toxicity
of benzene vapors. Toxicol. apgl. Pharmacol,, 5, 201-224

Delors, P. 2 ¢ Borgomano, C. (1928) Acute leukaemia following benzene poisoning. On
the toxic origin of certain acute leukaemias and their relation to serious anaemias

(Fr.). J. Med. Lyon, 9, 227-233

Desoille, H., Albahary, C. and Philbert, M. (1983) Hormonal effects on chronic benzena
toxicity in rabbits. IV. influence of gestation on levels of red and white blood cells
in female rabbits submitted or not to moderate benzene polsoning throughout
pregnancy (Fr.). Arch. Mal, prof. Med. Trav. Secwr. soc., 24, B67-879 '

Deutsche Forschungsgemeinschatt (1974) Benzol am Arbeitsplatz (Benzene in the Work
Piace), Weinheim, Veriag Chemie Gmbh

Diaz, M., Fijtman, N., .Caricarts, V., Braler, L.mdDiez.J(ﬁ?ﬂ)Eﬂnctofbenzmand

It;m;ztabohtmmSCEhhwmnlymphocyteswm {Abstract No. 23). /in Vo,
15,1

Diaz, M., Reiser, A., Braler, L. and Diez, J. (1980)smdinonunmrmw I. The
micronucieus test. Expenentia, 36, 297-299

L J




£ Livactve
sumaaon of
# relating
0noes and

¢ aphenant-

. and aryh

_ ‘omig 15

e e U T Y

BENZENE 131

Di Guglielmo, G. and lannaccone, A. (1858) inhibition of mitosis and regressive changes
of erythroblasts in acute erythropathy caused by occupational benzene poisoning.
Acts haematol,, 18, 144147

Dotrokhotov, V.B. and Enikeev, M.l (19771 Mutagenic effect of benzene, toluens and a
mixture of these hydrocarbons in a chronic experiment (Russ.). Gig. Sant., 1, 32.34

Dowly, B.J., Laseter, J.L. and Storer, J. (1976) The transplacental’ migration and .

accumuiation in blood of volatiie arganic constituents. Pediatr. Res., 10, 896-701

- Drow, A.T. and Fouts, J.R. (1974) The lack of effects of pretreatment with
ch

. and _ on the scute toxicity of benzene in rats. Toxicol appl.
Pharmacol,, 27, 183-193

Dutkiewicz, T. and Tyras, M. (1967) A study of the skin absorption of ethytbenzens in man.
Br. J. inc. Med., 24, 330-332

Outidewicz, T. and Tyras, H. (1868} The quantitative estimation of toluene skin abeorption
in man. 'nt. Arch. Gewerbepathol. Gewerbehyg., 24, 253-257

Engelsberg, 6. and Snyder, R. (1982) Effects of benzene and other chemicals on 72 hr
#Fe utiization In Swiss albino mice (Abstract). Toxkcologiet, 2, 121

Erdogan, G. and Aksoy, M. (1873) Cytogenstic studies in thirtsen patients with pancyto-
penia and leukaemis associsted with long-term exposure to benzenw. New stanbul
Contrib. ciin. Sdi., 10, 230-247

Evans, W.A. and Wilcox, T. (1979) Health Mazard Evaluation Determination Report HE 77-

73-810, Velsicol Chemical Comporation, St Louis MI, Guuma_ﬂ OH, National institute

for Occupational Sstety and Heaith

Federation of American Societiss for Experimental Bloiogy (1979) Evaluation of the Heeith
Aspects of Certain Compounds Found in irradiated Best, Suppl. |, Further Toxicolo
gical Considerations of Volatie Compounds (ADAD75388). Prspared for US Ammy
Madics! Research and Development Command, Setheads, MD, Ufs Sclences
Ressarch Office, pp. v, Wi, 1, 6.8

Fentiman, AF., Neher, M.B., Kinzer, G.W., Sticksel, P.R., Coutant, R.W., Jungeiaus, G.A.,
Edie, N.A., McNulty, J. and Townley, C.W. (1978) Environmental Monitoring Benzene
(PB-.?SS“&PmpaMhrUSEnvvmnwmmnwwsam
M‘ltmqw Springfield, VA, Nationa! Tectwnical information Service, pp.

Fishbeck, W.A,, Townsend, J.C. and Swank, M.G. (1978) Effects of chronic occupational
wwmmmmMJ.mm;zo.sawz

Flodin, U., Andersson, L., Anjou, C.-G., Paim, U..8., Vikrot, O. and Axsison, O. (1981) A
; ‘ |

study on acute myeloid jeukemia, background radistion and expo-
sures 10 solvents and other agents, Scand, J. Work environ. Health, 7, 169-178

, F. (1928) Modem industrial poisoning in respect to pharmacology end toxicology
M(@‘.().N;'&WSWIAMWPIM Pharmakol., 138, 65.82

S e ————

. . e .

. - Ly —_——




132 IARC MONOGRAPHS VOLUME 29

Fomi, A. and Moreo, L. {1967) Cytogenetic studies in a case of benzene leukaemis. Eur:
J. Cancer, 3, 251255

Fomi, A. and Moreo, L. (1968) Chromosome studies in a case of benzene-induced
srythroleukaemia. Eur. J. Cancer, §, 459-483

Fomi, AM., Cappelini, A., Pacifico, E, and Vigiani, EC. (1971a) Chromosome changes
© and their evolution in subjects with past exposure to benzene. Arch. environ. Health,
23, 385-391

Fornl, A, Pacifico, E. and Limonta, A, (1871b) Chromosome studles in workers exposad
tc benzene or toluene or both. Arch. environ. Heatth, 22, 373-378

Fredga, K., Reitaiu, J. and Beriin, M. (1979) Chromosome studies in workers exposed o
banzene. In: Genetic Damage in Man Caused by Environmenta Agents, New York,
Academic Press, pp. 187-203 :

FulR, T., Yokouchi, Y. and Ambe, Y. {1975) Survey and determination of trace components
in air by serial mass-fragmentographic runs over the entire mass range. J.
Chromatogr., 176, 1685-170 ‘

Fukuda, K., Matsushita, H., Sakabe, H. and Takemoto, K. (1981) Carcinogenicity of benzyl
- Chioride, benzal chioride, benzotrichioride and benzoyichioride in mice by skin
application, Gann, 72, 855-664 '

Funes-Cravioto, F., Koimodin-Hedman, B., Lindsten, J., Nordenskjold, M., Zapata-Gayon,
€., Lambert, B., Norberg, €, Ofin, R. and Swensson, A. (1877) Chromosome
aberrations and sister-chromatid exchange in workers in chemical laboratories and
;2 ;otoprlnﬁng factory and in children of women laboratory workers. Lancet, 4, 322.

* Fumnes, DW. and Hine, C.H, (1958) Neurotoxicity of some selected hydrocarbons. Arch,
ind. Healtt:, 18, 8-15 |

Gllivotﬁ. 8. and Troisl, FM (1850) Erythroleuksemin myelosis in banzene poisoning. Br.
Jind, Med., 7, 79-81 - :

Gerarde, HW. and Ahistrom, 0.B. (1966) Toxicologic studies on hydrocarbons. Xi.
- - influence of dose on the metabolism of mono-n-alkyl derivatives of benzene,

= Toxicol. appl. Pharmacel., 9, 185-180

Gemner-Smidt, P. and Friedrich, U. (1978) The mutagenic effect of banzene, toluens and
: xylene studied by the SCE technique. Mutat. Res., 58, 313-318

* * Ghimenti, G. Gali, M. end Gali, E. (1578) Extraction and determination of solvents in
| samples. Part . (Ital.) o Ann. ist Super. Sanita, 14, 583-587 [Chem. Abstr.,

8217 5235q]

Gil, D.P. and Ahmed, A.E. (1981) Covalent binding of [“Clbenzene to cefiuiar organelies
and bone marrow nucieic acids. Biochem. Pharmacol., 30, 1127-1131

@




7Y Mhawoe e g oy

BENZENE . 133

@Gin, D.P.. Kempen, R.R., Nash, J.B. and Ellis, S. (1979) Modﬁcatlonsofbmwa

myeiotondty and metabolism by phenoberbital, SKF-525A and 3-methyichok
anthwene. Life Sdi., 25, 1833-1640 -

Glard, R. and Revol, L. (1970) The incidence of exposure to banzano in savers
haemopathies. Nouv. Rav. fr, Hematol., 10, 477-484

Gofmekler, V.A. (1968} The embryotropic action of benzens gnd formakishyde in
experimental administration by inhalation (Russ.). Gig. Sanft., 33, 1216

Goguel, A., Cavigneaux, A. and Bernard, J. (1967) Benzene leukaemias (Fr.). Bull. inst.
natl Sante Rech, med., 22, 421-441

Goldstein, B.D. (1977) Hematotoxicity in humans. J. Toxicol. enviren. Heelth, Suppl. 2, 65-
108

Goldstein, B.D., Witz, G., Javid, J., Amoruso, M.A., Rossman, T. and Woider, B, (1982)

Muconsidehyde, & polentis! toxic intermediate of banzene metabolism. In: Parke,
. OV.. Kocsls, JJJ., Jollow, D, Gitison, G.G. and Witmer, C.M., eds, Blological
Reactive Interrnediates. ucrmmmsmsﬁm NowYork.
Mmppam-a-w

Goldwater, L.J. (1941)wa=uhﬂubloodblowmgwbbmﬂ J. iab. chin.
Med., 26, 957-973

Gonasun, LM., Witmer, C., MJJ“SWRm?a)Bemmm
mmmrmwwzsm

Gorman, R.W. and Siovin, D. (1980) Health Hazard Evaiuation ammmwn chmHE
75-28-574, Getty Refining and Marketing Company, Wasts Waler Treatment Plant,
Delaware Chy DE, ci'mmﬂ.OH National instittte for Occupationsl Safety and

Green, J.D., Lsong, B.X.J. and Laskin, 5. (197a)lnhabdbanznbtohxidtyhm
Taxbd.applﬂhamcd#i-s .

Green, J.0., Snyder, C.A., LoBue, J., Goldstein, B.D. and Abert, R.E. (1981a) Acute and

chronic dose/response effect of benzene inhalation on the peripheral blood, bone
marow, and spieen celis of CD-1 male mice. Toxicol. sppl. Pharmacol., 55, 204-214

Green, J.D., Snyder, C.A., LoBue, J., Goldstain, B.D. and Abert, RE(1981b)Acuhnd
dvoric dose/response effecis of inhaled benzens on muitipotential hematopoietic
stam {CFU.S) and _progenitor (GM-CFU-C) celis In CD-1
mice. Toxicol. appl, Pharmacol., 58, 492-503

Greenbiatt, D.R., Rosman, J. and Freedman, M.L. (1977) Benzene and sthanol additive
demmmmuynm&vmna.mm

Greenburg. L., Mayers, M.R., Goldwater, L. and Smith, A.R. (1639) Benzene (benzol)
mmmmmawwmthwYakchmm 21, 385-

Graene, M.H., Hoover, RN., Eck, R.L."and Fraumeni, J.F., Jr (1979) Cancer mortality
mpmtmpuntm &mmmes:zs

-

Ay e

T - = A S rY e A | Y V= BT Sl T S A, TR T Ay At WA e g

e L e

-



r—. ——— - .

P
wd

134 IARC MONOGRAPHS VOLUME 29

Greenies, W.F. and irons, R.D. (1981) Moduiation of benzene-induced tymphocytopenia
in the rat by 24,524 5nexachiorobiphenyt and 3,4,3 J-tou'achbrobiphanyl
Chem.-bioi. Interactions, 33, 345-380

Greenlee, W.F., Gross, E.A. and irons, R.D. (1981) Relationship between benzene toxicity:
and the disposition of “Cdabeied benzene metaboites in the rat. Chem.-bi,
interactions, 33, 285-299

Hamiton.Paterson, J.L. and Brownlng, E. (1944) Toxic effects in WOmen exposed to
incustriai rubber solutions. Br. mea. J., |, 349-352

Hammaond, J.W. and Hermann, E.R. (1880) industris! hygiene features of s petro-chemical
banzane plant design and operation. Am. ind, Hyg. Assoc. J., 21, 173-177

Hlneo:& gcs od., (1975) Benzene and its industrial Dertvativas, New York, John Wiy

Hanks, J., Dutkiswicz, T, and Platramkl J. (1861) The absorption of bonm through the
lkinhmon(Pol) Mecd. Pracy, 12, 413-428

Hardell, L., Eﬂkslon. M., Lenner, P. and Lundgren, E. (1981) Malignant lymphoma and
axposure o memicals especially organic scivents, chiorophenocls and phenoxy
acidy: A case-control smdy Br. J. Cancer, 43, 169-176

Hartwich, Q. and Schwanitz, Q. {1872) Chromosome studies after chronic benzene
exposure (Ger.). Disch. med. Wochensclr., 87, 45-49

Hartwich, G.. Schwanitz, G. and Becker, J. (1988) Chromosomai asberrations in a
mmwmm«) omm Wochenschr., 94, 1228.1229

l-loktnon.Luﬂts)mmummmmmmﬁm.dhm.Db..

Heimer, K.J. (1944) Accumuisted cases dmmwmmmm
industry. . 'cta med. scand., 118, 254-375

Hiokawa, T. and Nomiyama, K. (1962) Studies on the paisoning by benzene and s
homologues. 5. Oxidation rate of benzene in the rat lver homoganate. Mad, J,
Shinshu Univ., 7, 26-39

Hirachfeider, A.D. and Wintemnitz, M.C. (1913) Studies upon expeﬂrnental preurmnonia in
nbbihwlsmlpwwﬁsmmuypmodw pneumococcidal action
of drugs? J. axp. Med., 17, 666-678

Hite, M., Pecharo, M., Smith, I. and Thomton, S. (1980) Effect of benzane in the
micronucieus test. Mutat, Res,, 77, 148-155

Howard, P.H. and Durkin, P.R. (1974) Sowvces of Contamination, Ambient Levels, and Fate
of Banzene in the Environment (EPA §50/5-75-005). Prepared for US Environmental
gotscbon‘ Agency, Syrscuse, NY, Syracuse University Reesearch Corp., pp. 10-29,

55




=phocytopenia

‘m toxicity
~ Chem..biol.

etro-chemical
» John Wiey
through the

wphoma and

« Sone

dons in a

infact. Dis.,
the rubber

ne and is
?-MOd.J.

sumonia in
3dsl action

ns in the
-.and Fato
» 10-29,

i

BENZENE ' 135

Hudak. A. and Gombosi, K. (1977) Chromosome impairment of workers in research
laboratotias under mcommllad benzene exposurs (Hung.). Munkavedelem, 23, 50-

51
Mudak, A. and Ungvary, G. (1978) Embryotoxic effects of benzans and its methyt
carivatives: toluene, xylene. Toxicology, 171, 55-63_

Hunter, C.G. (1968) Solvents with reference to studies on the pharmacodynamics of -

benzene. Proc. R. Soc. Med,, 61, 913-915

Hunter, D. (1978) The Diseases of Occupations, 6th ed., London, Hodder and Stoughton,
p. 492

Hunter, F.T. (1939) Chronic exposure to benzene (banzol) il. The clinical effects. J. ind.
Hyg., 21, 331.354

Hushon, J.. Clerman, R., Small, R., Sood, S., Taylor, A. and Thoman, D. (1880) An

Assessment of Potentially Carcinogenic, -figlated Contaminants in Water.
for US Department of Energy and National Cancer institute, McLean, VA,

Prapared
The Mitre Corporation, p. 88

IARC (1674) IARC Monographs on the Evaiuation of Risk of Chemicals o
Man, Vol. 7, Some anti-thyroid and related substances, nitrofurans and industrisi
chemicals, Lyon, pp. 203-221

IARC (1977) IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals
to Man, Vol. 15, Some Fumigants, the Harbicides 2.4.D and 2.4,5-T, Chiorinated
Dibenzodioxins and Miscelienecus industrial Chemicals, Lyon, pp. 155-175,

IARC (18798} /ARC Monographs on the Evaluation of the Carcinogenic- Risk of Chemicals
to Humans, Vol. 19, Some Monomars, Plastics and Synthetic Esstomers and
Acrolein, Lyon, pp. 231-274 :

MCOQND)MCWM“EMW«WWR&“W

HumnsVol*lQSamMma,Phsﬂcs Synthetic Elastomers and -

Agrolein, Lyon, pp. 115-130

WARC (1979¢) IARC Monographs on the Evaiuation of the Carcinogenic Risk of Chemicals
to Humaens, Vol. 19, Some Monomers, Plastics and Synthetic Elastomers and
Acrolein, Lyon, pp. 187-211 '

IARC (1578d) /ARC Monographs on the Evaluation of the Risk of Gtm!s
to Humans, Vol. 20, Some Halogenated Hydrocarbons, Lyon, pp. 155-178

IARC (197%9e) /ARC mmmmofmammnudam
to Humans, Vol. 20, Some Halogenated Hydrocarbons, Lyon, pp. 195.238

nncum)mmubnsmu:mnmdmmmrsuuw
nictty, Lyon, No. 8, p. 130

IARC (19828) LARC Manographs on the Evaluation of the Carcinogenic Risk of Chemicals
fo Humans, Vol. 27, Some Aromatic Amines, Anthraguinones, Nitroso Compounds
mmmmumhmmpw:wmmwnmm Lyon, pp.

——————




b aBb e g ot byt

136 IARC MONOGRAPHS VOLUME 29

IARC (1982b) /ARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals
to Humans, Vol. 28, The Rubber industry, Lyon

lkeda, M. and Onhtsuji, H. {1871) Phencbarbitalinduced protection against toxicity of
toiusne and benzene in rats. Toxicol. appl. Pharmacol., 20, 30-43

lkeda, M., Ohtsuji, H. and imamura, |. (1972) In vivo suppression of benzene and styrene
Oxidation by co-administered toluene in rats and effects of phenobarbital, Xenobio-
fcs, 2, 101-106

Infants, P.F., Rinsky. R.A., Wagoner, J.K. and Young, R.J. (1977a) Leuksernia in benzene
workers. Lancet, ii, 76-78

Infante, P.F., Rinsky, R.A., Wagoner, J.K. and Yomé. R.J, (1977b) Benzene and leukaemia.
Lancet, ii, 868-869 .

Intemationa! Labour Office (1980} Occupationsi Exposure Limits for Alrbone Toxic
Substanoesg \ 2r:2d (rev.) ed. (Occupational Safety and Heaith Series No. 37), Genava,
Pp. 48-49, 271-290

frons, R.D. and Moore, B.J). (1980) Effect of short term benzene administration on
circulating fymphocyte subpopulations in the rabbit: Evidence of & selective B-
lymphocyte sensitivity. Res. Commun. chem. Pathol, Pharmacol., 27, 147.155

lrons, R.D. and Neptun, D.A. (1980) Effects of the principal of hydroxy-metabolites of
benzene on microtubule polymerization. Arch, Toxicol., 45, 297-305

irons, R.D., Heck, H.D.A., Moore, B.J. and Muirhead, KA. (1979) Effects of short-term
benzene administration on bone marrow ceil cycle kinetics In the rat. Toxicol. appl.
. Pharmacol., 51, 399-409 ,

irons, R.D., Dent, J.G., Baker, T.S. and Rickert, D.E. (1980) Benzene is metabolized and
covalently bound in bone marrow i situ. Chem..bicl, Interactions, 30, 241-245

Irons, R.D., Neptun, D.A. and Pfeiter, R.W. (1982) Inhibition of Tymphocyte transformation
and micrc ibule assembiy Dy quinone metabolites of benzens: Evidence for a
common mechanism. J. reticuloendothel, Soc. (in press)

ishimary, T., Okada, H., Tomiyasy, T., Tsuchimoto, T., Hoshino, T. and Ichimary, M. (1971)
Occupational factors in the epidemiology of leukemia in Hiroshima and Nagasaki.
Am. J, Epidemiol., 93, 157-165

Jenkins, LJ., Jr, Jones, R.A. and Siegel, J. (1970) Long-term Inhalation screening studies
of benzene, toluene, o-xylene, and cumene on experimental animais. Toxicol. appl,
Pharmacoi., 16, 816-823

Joring, O.M. and Daly, JW. (1974) Arene oxides: A rew aspect of_drug metabolism,
Sclence, 185, 573.582

Jering, D., Daly, J., Witkop, B., Zaltzman-Nirenberg, P. and Udsniriend, S. {1968) Role of
the arene oxide-oxepin system in the metabolism of aromatic substrates. |. in vitro
conversion of benzene oxida to a premercapturic acid and a dihydrodiol. Arch.
Biochem. Biophys., 128, 176-183




;oxi&tyof

and’ styrene
il. Xencbio-

in benzene

?

_Lasrum, 0.0, (1973) Reticuum cel

BENZENE . 137

Jonsson, A. and Berg, S, (1980) Determination of 1.2-dibromomethane, 1,2-dichiorosthane
and benzene in ambient air using porous polymer traps and gas chromatographic-
mass specirometric analysis with selected ion monitoring. J. Chromatogr.; 190, 97-
108

JRB Associates, inc. (1980) Masterials Balance for Benzene, Lavel | - Prekiminary (EPA-
560/13-80-014). Prepared for US Environmental Protection Agency, Mclean, VA, p.

xifi
Kaden, D.A., Hites, R.A. and Thily, WG {1979) Mutagenicity of soot and associated
sromatic hydrocarbons to Saimonedla typhimurium, Cancer Res., 39,
4152-4159

Kahn, H. and Muzyka, V. (1973)Thed1ronlceﬁoctofbmumonpa'ptmhmtaboﬂsm
Work-anviron, Health, 10, 140-143

Knan, H. and Khan, MH. (1973) Cytogenetic studies following chronic upooun to
benzons (Ger.). Arch. Toxikol, 31, 39-49

Kimura, ET., Ebert, D.M. and Dodge. P.W. (1871) Acute toxicity and limits of solvent
residue for sixteen organic solvents. Toxicol. appi. Pharmacol., 19, 699-704 .

MTWRWPWJMA.MGOMJMMM

toxicity. Mutat. Res., 91, 98-102

wwwnxmsmn.cuuz)lmm onﬁntgehddaneeof,
feukemia in the high leukemia F strain of mice. Cancer Res., 2, 841-845

‘lﬂuﬂnngndSpeckBﬂwﬂcmmahmthwm

mmuonmmmaass-es

Kissling, M. Il'ld Speck, B
mmmz&.w-m

Kocsls, JuJ., Hanmnys Santoyo, Mc and Snyder, R.
intergctions with mhy&owmsm 60.427-428

KommA.DobaﬁY Tachibana, Y., TmK.lndmmlm.H (1974)(:yudmtlc
and cytogenetic changes In cultured human leukocytes and Hela ces induced by
benzens, ind. Health, 12, 23-29
Koljkowsky, P
Andnt.u 918520

Kuna, R.A. and Kapp, RW., &0901)Tmmwxwmmmmﬂddm
vapor in rats. Toxicol, appl.thaaﬂ..S?J-

mmmmmtedhm
mics. Acta pathol. microblol. scand., Sect. A., 81, 57-83

Lange, A, Smoiik, R., zamuwmsmanusm)s«ummmm
mzm«:wwm toluene and xylene. int. Arch. Arbeitsmed.,

mm

(1972)FuWMuonwumw

¢1oesgmmmmwummummmhw‘

4 ———

s R - TR

B b T T T S N Uy S Sy ——

C rmram . g g § T T P e R



138 IARC MONOGRAPHS VOLUME 29

Lange, A., Smoik, R., Zatonski, W, and Giszman, H. (1873b) Leukocyta sgplutinins in
workers exposed to benzene, toluene and xylane. inf. Arch. Arbeitsmed,, 31, 45-50

Latte, J.S. and Daviss, L.T. (1541) Efiects on the bicod and hemopoiatic organs of the
albino rat of repeated administration of benzens. Arch. Fathol., 31, 56-67 :

Lauwerys, R. (1979) Industrial Heafth ant Safety. Human Biological Monitoring of
industrigi Chemicals. 1. Benzene, Luxembourg, Commission of the European
Communities

Lazarew, N.W., Brussiowskaja, A.., Lawrow, JN. and Lifschitz, F.B. (1831) Cutaneous
pozgmabmty far petroleum ether and benzene {Ger.). Arch. Hyg. Bakteriol., 105, 112-
1 .

Lebowitz, H., Brusick, D., Matheson, D., Jagannath, D.R., Reed, M., Goode, S. and Roy,
. @, {1879) Commonily usad fuels and solvents evaluated in a battery of short-termn
bioassays (Abstract No. Eb-8). Environ. Mutagens, 1, 172-173

Lee. EW.. Koesis, J.J. and Snyder, R. (1974} Acute effect of benzene on Fe incorporation
Into circuigting erythrocytes. Toxicol. appl. Pharmacol., 27, 431-436

Lee, EW., Kocsis, JJ. and Snyder, R. (1981) The use of ferrokinetics in the study of
sxperimenial anemia. Environ, Hum:Perspu:t 39, 29.37

- Lignac, G.O.E. (1932) Benzene leukasmia in humans and aibino mice (Ger.). Krankheits- -

forsch., 8, 403-453

Longacre, S.L., Kocsis, JJ. and Snyder, R. (1980) Banzene metabolism and toxicity in CD-

1, C57/B6 and DBA/2N mice. In: Coon, M.J., Conney, A.H., Estabrook, R.W., Gelbain,
H.V, Gilette, JR. and O'Brien, P.J., ods Micrasarm Drug Oxidations and
G‘lomml Carcinogenesis, New York, AudemicPrus po. 897-902

Longacre, S.L., K sis, JuJ., wnmer C.M., Les, EW,, Sammett, D. and Snyder, R. (1981:)
Toxicologica: and biochemical emcta of nputad administration of benzene
mice. Toxicol. environ. Health, 7, 223-237

Longacre, S.L., Kocsis, J.. and Snyder, A. (19811) Influence of strain differences in mice
on the metabolism and toxicity of banzenae. Toxicol. appi. Pharmacol., B0, 398409

Ludwig, H. and Werthemann, A. (1962) Benzens myelopathy (Ger). Schweiz. med.
Wochenschr., 13, 378-384

Lutz. W.K. and Schiatter, C. {1877} Mechanism of the carcinogenic action of benzene:
irmeversibie binding to rat iver DNA. Chemn.-Diol. intersctions, 18, 241-245

Lyapkal;. ‘:-;.8 {1973) Genetic activity of benzens and toluane (Russ.). Gig. Tr. prof, Zabal,,
, '] 2

Lyon, 5.5'7 {1978) Mutagenicity studies with benzene (Abstract). Diss. Abstr, int. B., 35,




dutinins in
15.50

ans of the
woring  of
Eurcpsan

sutaneocus
’w. 1 12'

and Roy,
sthort-term

wporation

BENZENE : 139

Matfett, P.A., Doherty, T.F. and Monkman, J.L. (1956) ‘A direct method for the coliec.un
nnddatarminauonofmiemamoumsofbenzmatolwnhw Am. ind. Hyg.
Assoc. J., 17, 186-188 .

, T.B., Gall, E.AA. and Brickiey, W.J). (1839) Chronic sxposum to benzens (banzd)
lIl 'l'l'iepaﬂ'lotogicresutl.J ind. Hyg. Toxicol., 21, 355377 -

Maktoni, C. and Scamato, ©. (1979) First experimental demonstration of the carcinogenic
effects of benzene. Long-term bioassays on Spragus-Dawiey ratsbyommra
tion. Med. Lav., 70, 362.357

Markel, H.L., Jr and Elesh, W.E. (1878) Health Hazard Evaluation Determination Report
No. 78.57.578, Amoco Texas Refining Company Texas City TX, Cincinnatt, OH,
National Institute for Occupational Safsty and Health

Martin, B.E., Clark, T., Bumgamer, J. anc Evans, G.F. (1980) Ambient Air Monitoring for

Benzene. 24-Mour integrated Sampling in Six Clties (EFA 800/4-830-027), Research
Triangia Park, NC, US Environmental Protection Agency

Matsumoto. N., lijima, S. snd Katsunuma, H. (1978) Eﬁectofbenzunmwmm
spodalmamwotoﬂndiﬂuunstaguofdwdopmm mice, Conperital
Anomalies, 15, 47-58

" McMichae!, AJ., Spirtas, R., Kupper, L.L and Gamble, J.F. (1975) Solvent expasure and

;l:m among' rubber workers: An epidemiciogic study. J. occup. Med., 17, 234

MeQuﬂk.h S.D. (1980) Heelth Hazarg Evaiustion Determination Report No, HE78-102-677,
Continental Columbus Corporation, Columbus, Wi, cmu OH, Nations! Institute

for Occupational Safety and Health

MMJ(lWMquMw(ﬁ).MM#
Hernatol,, 12, 15-28

MmJ.lndLegau'.M.s (1W8)Cywmmmmhw
expasure of mice t benzene. Mamvn. Chromosomes Newsl., 19, 38 :

Maeyne, J.lﬂdhgatoru.s (1980)80:«moddmmhcm\cﬂcmcuo!
_benzene in the bone mamow of Swiss mice. Environ, Mutagens, 2, 43-50

_Mbth(ISSS)Dumammuonhmwmhmm

poliuted with aromatic hydrocarbons (Pol.). Pol. Tyg. Lek., 20, 1648-1849

Mikhaiiova, LM., Kobysts, G.P., Lyubomudrov, V.E. anc Braga. G.F. (1971) The influence

of occupational factors on diseases of the female meproductive ans (Russ.).
Pudiatr. Akush. Ginekol., 33, 56-58 . o )

Moeschiin, S. and Spack, B. (1967) Experimental studies on the mechanism of action of
mu;ogsurummm(mw studies using H-thymidine), Acta’

~ Monson, R.R. and Nekano, KK. (1976) Mortality among rubber workers. 1. White male

ulonunployushmmo Am.JEddamlol 103 254-296




140 IARC MONOGRAPHS VOLUME 29

: Morimato, K. (1976) Analysis of combined efiects of benzene with radiation on chromo-
| somes in cultured humarf leukocytes. Jpn. J. ind. Health (Sangyo igaku), 18, 23-34

Morimoto, K. and Wolff, S. (1980) Increase of sister chromatid exchanges and perturba.
tions of cell division kinetics in human lymphocytes by benzene metabolites. Cancer
Res., 40, 1189-1193

Murray, F.J., John, J.A., Rampy, LW., Kuna, R.A. and Schwetz, B.A, (1979) Embryotoxicity
of lnhaied benzene in mice and rabbits Am. ind. Hyg. Assoc. J., 40, 993-998

Nagata, T., Kageura, M. and Totoki, K. {1978) Mass fragmentographic determination of
the kerosene components in biclogical materials - (Jpn) Koenshu-lyo Masu Kenkyu-
kal, 3, 77-82 [Chem. Absltr., 92, 192082X]

National Institute for Occupational Safety and Health (1974) Criteria for 8 Recommendad
Standard ... Occupational Exposure to Benzene (MEW Pubication No. (NIOSH) 74-
;?24 vg;_sgmngton DC, US Department of Heaith, Education and Wetlare, pp. 29-48,

3

National Inatitute for Occupationa! Safety and Health (1980) Summary of NIOSH Recom-
{ . mendations for Occupationsl Health Standards, Rockvilie, MD

A amlngmls  dhedn e e e SRy el tmaem b

National Research Councll (1977) Orinking Water and Health, Washington DC. National ' ‘
Acadamy of Sciences, pp. 686.891, 830

i Nations! Research Councl (1960) Drinking Water and Heelth, Vol. 3, Wlwngton be,
1 Nationa! Academy Press, pp. 80-88, 261-262

Nawrot, P.S. and Staples, R.E. (1879) Embryofetal toxicity and teratogenicity of benzene
and toluene In the mouse (Abstract), Terstalogy, 19, 41A

. Neukomm, S. (1862) Co-carcinogenic action of various fractions of tobacco smoke. Acte
i unio int. cancrum, 18, 33-38

NIH/EPA Chemical information System (1880) C.13 NMA Spectrs! Search Systemn and
Mass Spectral Search System, Washington DC, CIS Project, information Sciences

. Corporation

f Nssen, NI and Sosborg Chisen, A, (1853) Erythromyeiosis (morbus di Gugiieimo).
: n:?i:wlndmportofnuuhlbonm(bomd)m« ‘Acta med, scand., 145,
; 5

Nomiyama, K. (1962) Shuies on the poaisoning by benzens and its homologues. (6)
Oxidation rate of benzene and banzene poisoning. Med. J. Shinshu Univ., 7, 4148

o Nomiyama, K. and Minal, M. (1989} Studies on poisonlng by benzene and its homoiogues.
{11) Strain difference in susceptibility to benzene in mice. Ind. Heaith, 7, 54-65

Nomiyarna, K. and Nomiyama, H. (1974a) Respiratory retention, uptake and excretion of
organic soivents in man. Benzene, toluene, n-hexane, trichioroethylene, szcetons,
ethyl acetate and ethyl alcohol. int. Arch. Arbeitsmed., 32, 75-83




i

oryotoxicty

nination of
v Kenkyw.

ymmended
(OSH) 74-

i

H

g‘ (

BENZENE - 141

Nomiyama, K. .and Nomiyama, H. (1974b) Raspiratory ellmmation of organic solvents in
man. Benzene, toluene, n-hexanse, trichioroethyiene, acetone, ethyl acetate and ethyi
alconhol. int. Arch,. Arbeitsmed., 32, 85-91

Nyiander, P.-O., Olofsson, H., Rasmuson, B. and Svahlin, H. (1978) Mutagenic effects of
petrol in Drosophia melanogaster. |. Effects of benzene and 1.2<lichioroethane.
Mutat. Res., 57, 163-167

Oblas, D.W., Dugger, D.L.. and Lieberman, S.1. (1980) The determination of organic species
in the telaphone central office ambient. institute of Electrical and Electronics
Engineers Transactions on Canponenta, Hmas and Manufacarmg Technoiogy,
3,17-20

Ochsner, J.C., Blackwood, T.R. and Zesgler, L.D. (1979) Status Assessment of Toxic -
Chemicals

: Benzene (EPAS00/2.-78-210d). Prepared for US Environmental Protec-
tion Agency, Dayton, OH, Monsanto Research Corp., Austin, TX, Radian Corp.

Oesch, F., Bentley, P. and Glatt, H.R. (1977) Epoxide hydratase: Purification to apparent
mmqasammfwmmmmmofmam
other reactive metaboiites. In: Jollow, D.J., Kocsis, JJJ., Snyder, R. and Vainio, H.,
eds, Rjological Reactive intermediates: Fa'maﬁm. Taxldfy Inacﬂvaﬁan New
York, Plenum, pp. 180-208

Oxtham, R.G.. Spraggins, R.L, Pam, J.L. and Lee, KW. (1979) Analysis of organics in
ambient a&ir. in: Frederick, E.R., ed., Proceedings of a Special Confersnce on Control
Spaci (Towc) Pollaton, PAtsburgh, PA, Ar Poltion Control Association, pp. 130-

ou.ue Townsend, J.C., Fishbeck, W.A. and Langner, R.A. (1978)Mortamum
. muumocwplﬁonanyoxpoudhbmzm Arch. snviron. Heaith, 33, 3.9

Parke, D.V. and Wiiams, ar.nssaqmmmmm en-
2008, Blochem. J., 54, 231-238 MG

Parke, D.V. and Wiliams, R.T. (1953b) The metabolismn of benzens. (a) The formation of

and phenyisuiphuric acid from penzens. The metabolism
of [“Clphenol. Biochem. J., 55, 337-340 e ®

Parmentier, R. and Dustin, P., x(immdmawmmnmmm
181, 527.528

Plvlonko. G..., Domshlak, M.G., Chirkova, EM. and Katosova, L.D. {1979) Results of

studying the mutagenic activity of benzens (Russ.). Toksikol. Nov. Prom. Khim.
Veshchesty, 15, 30-33, 145-150 :

Peceirs, W.E. and Hughes, B.A. (1980) Determination of selected volatile organic priority
poliutants in water by computerized gas chromatography-quadrupoie mass Speciro-
mwaAm Water Works Asscc., 72, 220-230

Pleifer, R.W. and irons, R.D. (1981) Inhibition of lectin-stimulated Iymphocym aggiuting-

ton and mitogenesis hydroguinone: Reectivity with intruceliviar  sulfhydryl
mmmnm%u&m .

-

- g e

- 1S Y




s % o it ol e sl R —— st Ol I St | .

142 IARC MONOGRAPHS VOLUME 29

Philip, P. and Krogh Jensen, M. (1970) Benzene induced chromosome abnormaiities in
rat bone marrow calis. Acta pathol. microbiol. scand. Sact, A, 78, 488-480

Picciano, D. (1979) Cytogenetic study of workers exposed to benzene. Environ. Res., 19,
3338

Pinigina, L.A. and Mattseva, N.M. {1978) Determination of benzene in the blood (Russ.).
Gig. Sanit., 12, 67-71 [Cham. Abstr., 80, §7238c]

Poliin, Q. and Biscaldl, G.P. (1976) Persistence of karyotype alterations in
10 years after banzene poisoning (ltal.). Med. Lav., 67 {Suppl. 5), 465-472

Pollni, G. and Bicaid,, G.P. (1§77) lnvesﬂgatlm of karyotype in the Iymphocym of
;uab};gga ;wzith benzens hssmopathy twelive years aﬂer poisoning (ital.). Med. Lav.

Pollinl, G. and Colombi, R. (1964a) Damage to bone-mammow chromosomes in benzolic
aplastic anaemia (Ital.). Mad. Lav., 55, 241255

Poltini, G. ang Colombl, R. (1964b)Chmmosoandnmmhlymphocytuduﬂngmm '
haemopathy (Ital.). Med. Lav., 55, 841.655 :

Polinl, G., Stroaselli, E. and Colombi, R. (1984) The rllationshtp between chromasomal
mag;;mmmmmmmmmmwumm. ‘

Polini, G., Biscali, G.P. and Robustelii defia Cuna, G . {1869) Chromosome changes in
Wncymnvomnwmnhammy(M)Madm 80, 7T43-758

Purcell, W.P. (1978) Benzene. In: Kirk, R.E. and Othmer, D.F., eds, Encyciopedis of
Chemical Technoiogy, 3rd ed., Vol. a.NewYork JomwneyundSom pp. 744-771

Rainsford, 5.G. and Lioyd Davies, T.A. (1965)Urlmry.xwaﬂonofpmnolbymupoad
to vapour of benzens: Amust Br. J. ind. Med., 22, 21-26

Randoiph, K.B., Kay, L.B. and Smith, R.C.. Jr (1879) Characterization ofpuplm plant
mmmlnnogmse.mdunmmAw..erP Symposium
on Coal Cleaning to Achieve Energy and Environmental Goals (EPA 800/7- 79-058b).
Prepared for US Environmental Protection Agency, Columbus, OH, Battatie Colum.

~ bus Laboratories, pp. 824-855

Rickert, D.E. Baker, T.S. Bus, J.5.. Bamow, C.8. and Irons, R.D. (1679) Berizene
e in the rat after exposure by inhalation. Toxicol. appl. Pharmacol., 49,
1

Rinsky, R.A., Young, R.J. and Smith, A.B. (1981) Laukemia in benzens workers. Am. J.
ind. Med., 2, 217-245

Rossnikranz, H.S. and Leifer, 2. {1980) Determining the DNA-modiying actvity of
chemicals using DNA-polymerase-deficient Escherichia coii. In: de Serres, F.J. and
Holiaender, A., eds, Chemical Mutagens. Principies and Methods for their Detaction,
Vol, 6, New York, Plenum, pp. 108-147




mafties In

Rse., 18,

¢ {Rusa.).

4
3

i

3
Q

il |

o

=3
gia E

Laves

BENZENE 143

Rozman, C., Woessner, S. and Saez-Serrania, J. (1968} Acute eryﬂmnydods after
benzene poisoning. Acta haematol., 40, 234-237

Rushton, L. and Alderson, M. (1880) the infiuence of occupation on health - some results
from a study in the UK oil industry. Carunogenesls. 1, 739-743

Rushton, L. and Alderson, M.R. (1981) A case-comrol study to Investigate the association
botweenexposuretobanzamanddeaﬂ:sfromleukunﬂainoﬂreﬂmrywut«s

Br. J. Cancer, 43, 77-84

Sammett, D.. Lee, EW., Kocsis, J.J. and Snyder, R. (1978) Partini hepatectomy reduces
both mtaboksmandwxidtyofbenzm J. Toxicol. environ. Heaith, 5, 785.792

Santesson, C.G. (1597)0hronlcpolsoﬂngwitheoa“arbmzom four deaths. Clinical and
pathological-anatomical observations of several colleges and llustrating animal
experiments (Ger.). Arch. Hyg. (Munchen), 31, 336-378

Sato, A. and Nakajima, T (1979) Dose-dapendent metaboiic interaction between bermne
and toluene in vivo and in vitro. Toxicol. appl. Pharmacol., 48, 249-256

Sato, T., Fukuylma T.. Suzuki, T. and Yoshikawa, H. (1963) 1.2-Dihydro-1.2-d'|y¢roxy
mmmmmhmm
{Tokyc), 53, 23-27

Savilaht, M. (1956) More than 100 cases of benzene intoxication in a shoe hctory
Obumﬂomonhamutologica!sympmmwumofmmh year
(Ger.). Arch. Gewerbapathol. Gewerbehyg., 15, 147-157

Schvenk, H.H., Yant, W.P., Pearce, S.., Patty, F.A. and Sayers, R.R. (1941) Absorption,
mmmamwmmmmmmmw
to benzene vapor. J. ind. Hyg. Toxicol., 23, 20-34 |

Seling, L. (1918) Benzol as a leucotoxin, Studies on the degeneration and regeneration
©of the biood and hematopoletic organs. Johns Hopking Hosp. Rep., 17, 83-142 :

Seilyel, M. and Kelemen, E. (1971) Chromosome study in & case of loukamis
with ‘peigerisation’ 7 years after benzene pancytopenia. Eur. J. Olmlr. 7

Shackelford, W.M. and Keith, LLH. (1976) Fraquency of Organic Compounds identified in
Water (EPA-600/4-76-062), Athens, GA, US Environmental -Protection Agency, pp.

37,63.85

Shahin, MM, andFomior F. (19N)$mprmbnotmnaﬂoniﬂucﬁm“hﬂmb
mmmmtymmumwwmmm Mutat. Ras..582$34

Sherwood, R.J. and Carter, F.W.G. (1570) The measurement of occupational sxposure to
benzene vapour. Ann. occup. Myg., 13, 125-146

Simonds, J.P. and Jones, H.M. (1915) The effect of injections of benzol upon the
production of antibodies. J. med, Res., 33, 197-209




144 |ARC MONOGRAPHS VOLUME 29

Slou, G., Sourdeix, D. and Doinel, A. (1980) Mutagenic effects of benzene. 2. infiuence of

castration on mal® mouse susceplibitity t0 the mutagenic effects of benzene (Fr.).

Cah. Notes doc., 101, 531-534

Smollk, R., Grzybek-Hryncewicz, K., Lenge, A. and Zatonski, W. (1873) Serum compiament
lavel in workers exposed to benzene, toiuene and xylene. Int. Arch. Arbeitsmed., 31,
243-.247

Snyder, C.A., Goidstein, B.D,, Selakumar, A, Albert, R.E. and Laskin, S. (1878a) The
toxicity of inhaled benzene (Abstract No. 108). Toxicol. appl. Pharmacol., 45, 265

Snyder, C.A., Goldstein, B.D., Sellakumar, A, Woiman, S.R., Bromberg, ., Erfichman, M.N.
and Laskin, S. (1978b) Hematotoxicity of inhaied benzene to Sprague-Dawiey rats
and AKR mica at 300 ppm. J. Toxicol. environ. Heaith, 4, 605-818 = .

Snyder, C.A., Goldstein, B.D., Sellakumar, A., Bromberg, ., Laskin, S. and Albert, R.E.
(1980) Tha inhalation toxicoiogy of benzene: Incidence of hematopoietic -neoplasms
g hematotoxicity In AKRAJ art CSTBLIE) mice. Toxicol. appl. Pharmacol., 54, 323-

Snyder, R. and Kocsls, JuJ. (1875) Current concepts of chronic benzene toxicity, Crit. Rev.
Toxicol., 3, 265-288

Snyder, R. and Remmer, H. (1979) Classes of hepatic microsoma! mixad function oxidase
inducers. Pharmacol. Ther., 7, 203-244

Snyder, R., Lee, EW, and Kocsia, J.J. {1878¢) Binding of labeled benzene metsbolites to
mouse liver and bone marrow. Res, Commun. chem. Pathol. Pharmacal,, 20, 191-194

Snyder, R.. Longacre, S.L, Witmer, C.M., Kocsis, J.J., Andrews, LS. and Lee, EW. {1581)
Biochemical toxicology of benzene. in: Hodgson, E., Bend, J.R. and Phipot, R.M.,
«ds, Revi. 43 in Biochemics! Toxicology, Vol.- 3, New York, Elsevier/North-Holtand
Publishing Co., pp. 123-153 -

Snyder, R., Sammett, D., Witmer, C. and Kocsis, J.J. (1982) An overview of the problem
of benzene toxicity and some recent data on the relationship of benzene metabolism
to benzene toxicity. in: Tics, R., Costa, D. and Schakh, K., eds, The Genotoxic
Effects of Airborne Agents, New York, Plenum, pp. 225-240

Stdove, J., Teisinger, J. and Skramoveky, S. (1950) Absorption and siimination of inhaled
banzena in man. Arch. ind, Hyg., 2, 1-8 :

Srdharen, B.N., Batra, B.K. and Savkur, L.D. (1983) The effect of s carcinogen on the
progeny of treated mice. indign J. Pathol. Bacteniol,, 8, 26-33

Suta, B.E. (1980) Desinition of Popuiation-at-Risk to Environmental Toxic Poliutant
Exposures, Vol. I, Appendix C, Hurman Populstion Exposures fto Atmospheric
Benzene. l;raepnred for US Envionmental Protection Agency, Washington DC, pp.
22,34, 55, : '

C_




ftes to
91-194

1sey)

i i b HE I

B

BENZENE 145 .

Suyama, Y., Katagiri, Y. and Salkl, Y. {1880) Photochemical poilution (2-2). Measurements
of aromatic hydrocarbons near intersections and nonmethane hydrocarbons on’
hi.’gzh;r-,azg (Jpn.). Kanogawa-ken Kogal Senta Nempa, 11, 25 [Chem. Abstr., 83,
1

Tabershaw, |.R. and Lamm, S.H. (1977) Benzene and leukaemnia. Lancet, §, 887-868

Tamoka; M. (1977) Development and &ppiications of Baclius subtilis test systems for
mutagens, mvolvig?az ONA-repair deficiency and suppressibie auxotrophic mutations.
Mutat. Res., 42, 1 _

Tareef!, E.M., Kontchslovskaya, N.M. and zom.. L.A.- (1963) Benzene lsukemias. Acta
unio int, Clnarum 18, 751.755

Tatrai, E., Rodics, K,lndUngw'y.G (1930)Enbtyotoxhcﬂmofm.nly
appliad exposure of benzens and toluene. Fols morphol., 28, 286-288

Tluhger J., Bergerova.Fisercva, V. and Kudma, J. (1952)Themubolamclbmmh
man(ﬂol) Pracov. Lek., 4, 175-188 .

Thorbum, S. andCdenun.B.A.(wMAgudlrummcheompaﬂsondvdaﬂb
mmhmmmm int J. environ, Stud,, 13, 265-

Thorpe, J.uJ. (1974) Epidemiologic survey dum-hpummﬁnymﬁtn
mn..:oaapmmsrs-asz

M.J.J.('ls?s) umwmm.umwmnuumm.:,
occup. Med., 17, 56

Tice, R.R;, Costa, D.L. and Drew, R.T. (1samcywmamubumh
mbommarrow'm chromatid exchanges, chrumosomal

aberrations, mmmnmwmhnmm Proc. natl Acad, Sd.
USA, 77, 2148.2152

'lfm. JA. and Mitchel, J.a. (1977) Toxicity-related changes in benzane metaboksm
in vivo. Xenoblotica, 7, 415-423 .

Tough LM, and Court Brown, W.M, mss)cmnmmmmmmmw
ambient benzene. Lancet, /, 884

Tough, i.M., Smith, P.G.,, Court Brown, W.M. and Hamden, D.G. (1970)Gum
ammmmbmmmmmmum

Tl.uk.A. Platt, K.L., Bentiey, P, and Oesch, F. {1978) Microsomal metaboksm of benzene
to species kreversibly binding to microsomal protein and effects of modification of
ﬂsmt.boﬂsdePhlm 14, 920-829

Tunek, A., Scheiin, c mwe.usmumwwwmam
uﬂvatndmaﬂchymm -bicl, interactions, 27, 133-144 '

-

p—n

1 s

e —— — = ———

L



146 IARC MONOGRAPHS VOLUME 29

Tunek, A., Olofsson, T. and Berlin, M. (1981) Toxic effects of banzene and benzene
matabolites on anulopoieﬂcstemoauamdbommmoweauwnyhm
Toxicol. appl. Pharmacol,, 59, 149-166

Tyroler, H.A., Andjeikovic, D., Harris, R., Ladnar, W., McMichael, A. and Symons, M. (1976)
Chrmlcdiseasaslnﬂumbbermdustry Enviren. Health Perspect., 17, 13-20

US Consumer Product Satety COl'l'ImiSSid'l (1881) Benzene-containing consumer pro-
cucts; withdrawal of proposed rule. US Code Fed, Regul, Title 18, Parts 1145, 1307,
1500, 1700; Fec'. Regist., 45, (No. 89), pp. 27910-27911

us Doparmm ot Commertce (19&13) US General imports, Schedule A Commadity by
'Qountry, FT135/Decernber 1980, Bureau of the Cansus, Washington DC, US
Govemment Printing Office, p. 2-48

US Department of Commerce (1981b} US Exports, Schedule E Comnndlry Country,
FT410/December 1980, Bureau of the Census, Washington DC, US Govemment
Printing Office, p. 2.73

US Department of the Treasury (1981) Formulas for denatured alcohol and rum. US Code
Fed. Regul., Title 27, Parts 21, 212; Fed. Regist., 46 (No. 19), pp. 9644.9658; Buroau
ot Aicohol, Tobawomthm

US Department of Transportation (1980) identification numbers, hazardous wastas,
hazardous substinces, internations! descriptions, improved descriptions, forbidden
materiais, and organic peroxides. US Code Fad. Regul., Titie 49, Parts 171-174, 178,
177; Fed. Reygist., 45 (No. 101), pp. 34580, 34598

US Environmental Protection Agency (1979) Water programs; determination of reportatie
quantities for hazardous substances. US Code Fed. Regul, Title 40, Part 117; Fed.
Regist., 44, (No. 168), pp. 50786-50779

usmmhmmw(mm)nmmswmmm

air poliutant:: benzene emissions from maleic anhydride piants. US Cods Fed.
Regul, Title < , Part 81; Fed. Regist., 45 (No. 77), pp. 26860-26504

US Environmental Protection Agency (1980D) Hazardous waste management system:
identification and lsting of hazardous waste. [JS Code Fad, Regul., Tile 40, Pant
281; Fod Regast 45 {No. 88), pp. 33084, 33122-33127, 3313133133

us Ermmmmntal Protection Agency (1980¢) Hazardous wasts managament system:
identification and listing of hazardous waste. US Code Fed. Regul., Title 40, Pan
261; Fed. Regist., 45 (No. 138).pp 4783247834 L oo

US Environmental Protection Agtncy 19806) Ambient Water Quality Cniteria for Benzene
(EPAWS-BD-O!S). Washington oc.pp cma cw-cas C67-C100

US Environments) Prot-cﬂon Agency (1951.) Hazardous waste
identification and listing of hazardous waste. US Code Fed. Ragul., 'ntlo 40, Pm
261; Fao. nog/sa.a(uo m.pp 4614.4820 _




benzene
in mice.

. (1976)

pro-
S, 1307,

8
74

i

;

(i

LI S I

4]

4

[ T——

BENZENE - 147

US Environmental Protection Agency (1981b) National emission standard for hazardous
air poilutants; benzene fugitive emissions. US Code Fed. Regul., Title 40, Part 81;
Fed. Regist., 46 (No. 2), pp. 1165-1193

US Environmental Protection Agency (1981c) iron and stee! manufactuning point eouru
category effluent lmitations guideiines, pretreatment standards and new source
studies. US Code Fed. Regul., Titie 40, Part 420; Fed. Regist., 48 (No.

4), pp. 1858-1907

US Intemational Trade Commission (1980) Synthetic Orpanic Chemicals, US Production
and Sales, 1979 (USITC Fublication 1098), Washington DC, US Govermment Printing
Oftfice, pp. 15, 17 )

US Intemational Trade Commission (1981} Preliminary Report on US Production of
Selected Synihetic Organic Chemicals (Including Synthetic FPiastics - and Resin
rl‘r.m; Pretiminary Totals, 1980 (SOC Series G/P 81.1), Washington DC, pp. 1,

US Occupational Safety and Health Administration (1980) Benzene. US Code Fed. Reg.,
Title 29, Parts 1910.19, 1910.1000, 1910.1028 :

USS Chemicals (1980) Clairton Benzene - Typical Analysis, Pittsburgh, PA, United States
Steel Corporation

Uyeki, EM., Ashkar, A.E., Shoeman, D.W. and Bisel, T.U. (1977) Acute toxiity of benzene
inhalation to hemopoietic precursor cells. Toxicel. appl. Pharmacol., 40, 49-57

Vlﬂ M Wr H-o me.gur A-' me’v.n o‘l‘!m. A-' M G- .M VM'
ghen, R. {1979) Chromosome In two unusual malignant blood disorders
presumably induced by benzene. Bbod 53, §58.588

Van Et. M.D.. A, EW., Hamis, R.L., Symons, M.J. and Wiliams, T.M. (1980) Worker

exposures 10 chemica! agents in the manufacture of rubber tires: Solvent vapor
studies. Am. ind. Hyg. Assoc. J., 41, 212-219

Vighu, EC. (1876) Leukemia associated with benzene exposurs. Ann. N.Y. Acad. Sg.,

Vighart, E.C. and Salta, G. (1984) Benzens and leukemia. New Engl. J. Med., 271, 872878
Vogel, K., Bentiey, P., Piatt, KL and Ossch, F. (1980) Rat liver cytopiasmic
homogeneity i

- A !
. . Purification to apparent and properties. J. biol, Chem,,
255, 9621.9625 .

 Ward, J.M., Weisburger, J.H., Yamamoto, R.S., Benjamin, T., Brown, C.A. and Weisburger,

-gan 2&9;5) Long-term efiect of banzene in C57BL/EN mice. Arch. environ. Heeith,
Wamer, '.l.s. and Kenan, R.P. (1979) Analytical Techniques for Aromatic Components in
Alrcraft Fuels (Rleport No. AFAPL-TR-78-2093). Prepared for US Alr Force
MWJl ‘ummwaumcoumum.mm.m.pp.

4]

* —p—— b — b= . 8




148 IARC MONOGRAPHS VOLUME 29

Watanade, G.-l. and Yoshida, S. (1970) The terstogenic effect of Denzene in pregnant
mice. Acta med. biol., 17, 285-291

Watanabe, T., Endo, A., Kato, Y., Shima, S., Watanzbe, T. and (keda, M. (1980)
tics and cytokinstics of cultured lymphocytes from benzene-exposed
warkers. int. Arch. oceup. snviron.-Health, 46, 31-41

Weast, A.C., ed. (1879) CAC Handbook of Chemistry and Physics, 80th ed., Cleveiand, OH,
Chemical Rubber Co., p. C-146

Waiskotten, H.G., Schwartz, 5.C. and Steersland, H.S. (1915) The action of benzol. [. On
the significance of myeloid metaplasia of the spleen. J. med. Res., 33, 127-140

‘Weiskotten, H.G., Gibbs, C.B.F., Boggs, E.O. and Templeton, E.R. (1920) The action of

benxol. VI. Benzsl vapor leucopenia (rabbit). J. med. Res., 41, 425-438

Whits, W.C. and Gammon, A.M. {1914) The influence of benzol inhalations on axperimen-
tal puimonary tuberculosis in rabbits. Trans. Assoc. Am. Phys., 29, 332-337

Werds, D., Irons, R.D. and Greenies, W.F. (1981} Immumotoxicity in CS7BL/6 mice
sxposed to benzens and Arccior 1254, Toxicol. apgy. Pharmacoi., 80, 410417

Widman, J.M., Fresdman, M.L., Rosman, J. and Gokistein, B. (1978) Benzene and lead
inhibition of rabbit reticulocyte heme and protein synthesis: Evidence for additive
toxicity of these two components of commercial gasoline. Res. Commun. chem.
Pathol, Pharmacol., 13, 473488

mu?.shg; (1959) Detaxication Mechenisms, 2nd ‘ed., London, Chapman and Hal, pp.

Winek, c.l.omdcm w.D. (1W1)MWMWW-.JWM 13,
250-2081

Wintemitz, VM.C. and th!foldor. AD (1913) Stucies upon experimentsl pneumonia in
rabbita: Parts LIl J. exp. Mead., 17, 857-885

Withey, R.J. and Hall, JW. (1975)mphn|wmdmwimbumor
tolusne in rats. Toxicology, 4, 5-15

Wolt, M.A., Rowe, V.K, McCollister, D.D,, Holingsworth, R.L. and Oyln F. (1956)
Toxslego-g;c;l studies of certain ﬂkmmmmm ind, Heaith,
14 .

Zinn, B.T., Browner, A.F., Powsll, E.A., Pastemnak, M. and Gardner, R.O. (1880) The Smoke
Hazards Resulting From the Buming of Shipboard Materiais Used by the US Navy
(NRL Report 8414). Prepared for the Naval Reesarch Laboratory, Atlanta, GA,
Georgia Institute of Technology '




wEFPA

APPENDIX C

Office of Air Quaihty ) EPA-4505-830-004
January 10, 1979

United States
Envircnmental Protection Ptanning and Standar

Agency Research Triangle Pa k NC 27711
Air -

Carcinogen Assessment
Group’s Final Report
on Population Risk

to Ambient Benzene-

Exposures




EPA-450/5-80-004

Carcinogen Assessment Group’s
~ Final Report on Population
Risk to Ambient Benzene Exposures

by

Dr. Roy E. Albert, Chairman
Carcinogen Assessment Group

U.S. ENVIRONMENTAL PROTECTION AGENCY
Office of Air, Noise, and Radiation
Office of Air Quality Planning and Standards
Research Triangle Park, North Carolina 27711

January 10, 1979




A e A o M e e o

DISCLAIMER

This report has been reviewed by the Strategies and Air Standards
Division of the Office of Air Quality Planning and Standards, EPA,
and approved for publication. Mention of trade names or commz:.ial
products is not intended to constitute endorsement or recommen- .
dation for use. Copies of this report are available through the
Library Services Office (MD-35), U.S. Environmental Protection
Agency, Research Triangle Park, N.C. 27711, or from National.
Technical Information Services, 5285 Port Royal Road, Springfield,
Virginia 22161. |




11
II11

v

VI
VII

CONTENTS

SUMMAPLY .+ « ¢« o = o o o o o o o o s o o o s s s o s 1
Introduction . . . . . . . . . e e e e e e e e e e 3
General Approach to Utilizing Epidemiological Studies
to Predict Lifetime Probability of Cancer Deaths Due
toBenzene . . . 4 4 c s 0 e e s « e s e e o s s .. 4
A. Mathematical Model Employed . . . . . . . . . .. 4
B. Estimation of Lifetime Probabi?ity'of Death Due to
Various Forms of Leukemia for a Member of the U.S.
Population . . . . . &+ ¢« ¢« 4 ¢ ¢« ¢ o s & & . e . 6

Epidemiological Studies Utilized . . . ... . ... 7
A. Infante (1977) . . . « ¢« ¢ v 4 v ¢ o o . « s+ . 8
B. Askoy (1974, 1976, 1977) . . ... .. .. ... 13
C. Ott, et al. (1977) ... .. ... ... ... 17

Estimation of Expected Number'of Leukemia Deiths-Due
to Environmental Exposure to Benzene . . . . . . .. 21

Bibliography . . . & ¢ & ¢ ¢ ¢ ¢ 4 6 4 ¢ 4 e v . e 30
APPENDIX - Mutagenic Risks of Benzene Exposure . . . 31

fit



TABLES

Data Utilized to Estimate Lifetime Probability of
Death Due to Various Forms of Leukemia . . . . . . . . 24

Lifetime Probability of Death in U.S. Population
Due to Leukemia Type Upon Which Relative Risk in
Each of the Epidemiological Studies is Based . . . . . 25

.. Summary of Data Used to Estimate Lifetime

Probability of a Leukemia Death Per ppm Benzene
Lifetime Exposure . . . . ¢ ¢« ¢ ¢« v ¢ 0 v 4 0 0 e .. 26

Source Specific Benzene Caused Leukemia Deaths/Year
Based on Table I-1 of 'SRl Benzene Exposure Document. . 27

Total Exposure of People Residing in Various

Locations, and Resulting Estimated Benzene Caused-
Leukemia Deaths/Year - Based on Table [-2 of SRI

Benzene Exposure Document . . . . + & ¢ o o 0 o o . o 27

Confidence Limits on Total Benzene Caused Leukemia
Deaths/Year {Assumes “One-Hit" Model 1s the True
Dose Response Relationship) . ... . . « o . o+ .. . 29

iv




CARCINNGEN ASSESSMENT GROUP*S FIMAL REPORT ON POPULATION RISK
TO AMBIENT BEMZENE EXPOSURES

1. Summary

There is substantial epidemioiogicai evidence that '
benzene is a human leukemogen. However, no va]i&ated anfmaT
' model has yet been deveioped for benzene as a carcinogen.
There are several large series of case reports 1nd1cat1ng 2
high risk of Teukemia 1n 1ndividuals who developed aplaszic
| anemia consequent to benzene exposure. In add1t10n.theré.'
are a number of epzdemioiogical studies in the rubber,
chemica] and shoe industries that demonstrate an excess risk
of leukemia associated with benzene exposure.

Three of these epidemiological studies provide enoﬁgh.
"{nformation about éxposuré to benzeﬁe and.the occurrence of
leukemia to aliow us to make érude quantitative Estimates of
'ipe Jeukemia r1§k ;ssociated w1¥h current general population
exposufes to benzene 1ﬁ'the United s;afes. ~These stuqieé
were conducted By'Infante et al, (1977),:0tt, et al., (1977)
and Askoy et al., (1977, 1976, 1974). '

The Infante study, which showed an excess incidence of
leu?emia.'is not yét complietely analyzed by'the authors.
Hence, some assumptions mgqe about the average duration an&
magnitude of exposures are necessary. The 0tt study

indicatea a marginal excess myelogenous leukemia risk with




relatively we11-do;umen;ed expﬁsures. The Askcy studies
indicated a marked increase in 'Inon-lymphatic leukemia to .
individuals using benzene based adhesives in small shoe
making shops, however, the exposure data in this situation :
was difficult td evaluate. _

A linear non-threshold model was used to estimate the
leukemia risk to the low average levels of about one part
per billi{on to which the general population is exposed. The
slope parameter of this mode1 was taken as thg geometric
mean of the s?dpe parameter estimates cbtained from the-
three epjdemiological studies..Using this extrapolation
model, we estimated that the number of cases of lTeukemia per
year in the general population due to ambjent atmospheric
benzene is aboui 90 with a 95% confidence interval from 34 ‘l'
to 235 asshming 2 precision of wi?hin two fold in the
exposure estimate. This 1s from .233 to 1.62% of the total
leukemia deaths -i{n the United States based upﬁn 1973 vital
statistics. . |

The purpose of this calculation fq to obtain a rougﬁ

estimate of the caréinogenic hazard to benzene in the entire
-United States ponh1ation. To do thi; 1ifetime averages af
beniene eprsure were éstimate& and these were combine. with
the non-threshold 1inear model of risk as a function of .
Tifetime average exposure., 1In this report no attempt has
been made to estimate the risks to seI?cted sub-populations
who_may have greater or less than average eiposure or |
sensitivity to-benzene although it is certain that such .

groups exist.

-2a




Il. Introduction

The Carcinogen Assessment G}oup {(CAG) has been asked by
" the 0ffice of Air Quality Planning and'Standards'(OAQPS) to
estimate the carcinogenic -risk to the United States |
'popuiation of ambfent benzene concentrations._'Th{s type of
. information is useful in judging the overall contribution of
benzene emissions to the national rates of cancer mortality,
and will bé.useﬁ by 0AQPS in the decisfion whether to
regulate benzene. : | . |

© As the basis fof this estimatioc, the CAGiis'using three
epidéﬁiofegtca]_stuai?s that show a re]atianshiﬁ between
_excess mortality due to leukemia and benzene.exposure. Each
of these studies havé strengths and weaknesses ‘that will be
discussed, but taken together they represent convincing
evidence-tﬁat benzene 1s 2 -human carcinogen. '

To aate, no clear evidence exists 1mp11c5ting benzene as

a qarcinpgen from animal eﬁperiments. A'study is in
progress at New ;;rk University that appears to sugggat that
inhaled benzene is causing leukemia in rats. At the presént
time i1t is felt that it would be premature to base a risk
extrapolation on this preliminary dafa.' However, at the
completion of this study the CAG will update the present

risk analysis to take account of this new information.
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III. General Approach to Utilizing Epidemialogfcal Studies

to Predict Lifetime Probability "of Cancer Deaths Due

to Benzene . | ' oo

As was noted {n the benzéne heaith document (Goldstein,
et al., 1977}, very.11ttle information exists that can be
utilized to obtain a dose response relationship between

- benzene and leukemia in humans or animals.

' However, {f a number of simp11fy1ng adssumptions are
made, 1t 1s possibie to construct crude dose response madeIs
whose paramesers can be estimatea using vital statistics.
epidemioloeical studies, historical- warkplaca benzene

}standards.and.uonitorjng data, anda a recent enyféonmental

' bgazene exﬁosﬁre‘study (Mara and Lee, 1978).

"A. Mathematical Modal Employed

) We assume that for Ibﬁ exposures the 1ifetime
probability of death from Iehkemia‘may be represented by'the.
1{inear equaticn

P = A+Bx
where A is the rate 1in the absence of benzene exposure and x
1s the average lifetime exposure to atmospheric benzene
expressed in ppm. The term B is the change in the leukemia

rate for each increase of one ppm. ¢f benzene in the air.




I1f we make the assumption that, "R", the relative risk
of leukemia for benzene exposed waorkers compared to the
general population is independent éf the length or age of
exposure but depends only upon the total exposure, 1t

follows that

Re P, A+ B (x7 + x2)

Pl A+ Bx3
or RP1 = A + B (x3 + x2)
Py = A + Bxj

so that B = Py(R-1)/x2
where: X1 = ambient level exposure to benzene
x2 = 1ndﬁstria1 level éxposyre to_bénzene

.Pl = the 1ifetime probability of dying of

leukemia with no or negligible benzene

exposure
To use this model éstimates of R and x2 must be obtained
from the epidemiological studies. The exposure values xj
are derived 1in the exposure study conducted by SR1 agated May
1978 and will be discussed where they are utilized.
The estiméte of the lifetime probability of death due to
different types of 1eukemia, P1, is discussed in detail in

the next sect1on.



B. Estimation of Lifetime Probability of Death Due to

Various Forms of Leukemia for a Member of the U.S.

Population

The data utili2ed to estimate the lifetime probability
of death due‘to various forms of leukemia is shown in Table
1, which was takeh from "Vital Statistics of the Unitea
States 1973 Yolume Il - Mortality Part A." The second and
third columns (total deaths and total death rate in 1373)
were taken from pa§e 1-184 and 1-8, respectively and
utilized to derive column four, total U.S. population in .
each of the age classes.

The total number of deaths in 1973 due to each of the
types of leukemia 1isted by the gth ICD code

204 - lymphat1c
205
206

myeloid

monacytic
207 - other and unspe;{;ikd )
are shown in columns five through efight.
The age specific death ra;es for each type of leukemia

are estimated‘by dividing the total number of deaths due to

thdt type by the tota1 number of people in that age class.

AN .




In the ippendix of 2 1978 CAG document on population

. =" pisk due to coke ovens a method referread to as the “constant
segmented model” is derived that allows one to estimate the
1ifetime probability of death due'tb a disease given the
aggfspeéffic incidence rates for the disease and all sources

..of .death. .This.model was employed using'the data in Table 1
to obtain the "1ifetime probabfTities of leukemia that
approximate as closely as possible the type of leukemia tha;
the relative risk éstima;es were based upon in each
epidemiological study.' These lifetime proﬁab11it1es-are
shown in Table 2, aﬁﬁuﬁﬁﬁlfbe used subsequently to estimafe
1ifet1me-prohéb11it1es of 1eﬁk§mia.deatn for each unit of-
exéosure'to tite génera? population for each of the |

‘« epidemiological studies.

IV. Epidemiological Studies Utilized

~ Each of the epidemiological studies 1s discussed in
general. The relative risks are modified in each of the
studies to represent 2 most Tikely ratﬁer than a
conservative Jower 1imit as usually is ihe case where the
primary aip of epidemiological workers 1s to establish with
11ttle doubt a “"statistically significant® elevated'réIat1§e
riﬁk. Estimates of the average lifetime exposure are also
made using as much data as 1s available. Thfs information
is then utilized employing the previously discussed
" mathematicaj model to estimate the 1{fetime probability of
leukemia for each unit of exposure.

-7-




A. Infante (1977)
1. Description of Infante Study (1977}

In a retrospective study of mortality in a cohort of 748
white male workers in two Ohio plants manufacturing a
natural rubber cast fiIm product, Infante et al., (1977)
obsefvg¢ 2 statistically significant higher rate of leukemia
~than in either of two control groups. The leukemia
mortality rate was 5.06 times higher than the general U.S.

‘ white male population stéhdardized for age and time period
of the éohort'exposure. and 4.74 times h1gher than & cohort
of 1447 white males employed at an Ohfo fibrous-glass
'construcﬂon'products factory. These.resuns were based on . .
a 75% follow- up of the vital status of the workers. A total

of 160 deaths were observed and of these there were 7

leukemia deaths, four of which uére acute myelogenous, one

. chronic mye'ogenous, and ‘#' monocytic leukemia.

| As with virtually all epidemiological studies, the.

Infante study has various strengths and shortcomings. Among

{ts s:rengths are; (1) the worke? éxposures are sa1d to have

been almost exclusively restricted to benzene, since it is

" used throughout the plant as thg principal.s01vent'1n ai]

major processes; {2) the inaividuals in the cohort &1}

worked before 1950 and were followed until 1975, thus

alTowing long 'Iaténcy diseases to be observed, and (3) acute .




myelogencus leukemia was observed, which is the same cell
type oflleukemia observed in other studies where workers
have had known benzene exposu;es. " The disadvantages of
reiying on this study for determining general poPUIation.
risks are: (1) the authors essentially give no estimate of
worker expasures except to say that the Tevels were Jess
than the pfevailing recommended occupational Timits at the
time various monitoring surveys were made; (2) the members
of the cohert study actually worked at two séparate plants
(Akron and St. Mary's, Ohig). Air monitoring information in
the former plant is almost non-existent (Baijer, 1977), and
therefore the exposure to half of the members of the cohort.
i1s 2lmost completely unknown. However, it iﬁ knowa (Young |
1977) that the crude rates (leukemia cases/total people in
the cohort) are similar in the two locat1ons; (a} Warren et
al., (1977) claimed that over 400 workers known to be
exposed to low ggnzene levels were_deTiberater excluded
from the cohort. In spite of these problems, it fs felt
that this study is the least flawed of the three utilized.
2. Estimation of the Relative Risk

In an update, published as a letter to the editor in

Lancet (Benzene and Leukemia, October 14, 1977} Infante et

al., note that:



(1) Sakol (1977) has supplied additional
information that at least two more cases of leukemia
known to exist, but not reported on death
certificétes.'were probably in Infante's cohort;
{2) Due to a more complete follow-up, the expectéd
number of‘deaths dug t0 leukemia fn their cohort was
reduced from 1.38 to 1.25.

Using thiﬁ supplemental information, the new relative risk

due to total leuykemia is estimafed to be
Ro= (7+2)/1.25 = 7.20 o : .

3. Estimation'of Average Occupational Exgosdre

Information about the plant benzene levels is contained
in the Append1¥ to the testimony'of ﬁaier at the (QSHA .
benzene-hearings {Bafer, 1977). From the opening of the
factory in 1940 untif 1946, uo;poniyor1ng records were
available. Fol1o€ing the installation of new ventilation
equipment 1n 1946, a survey showed that levels in “most
arezs” in the plant ranged from 0 to 15 ppm anda that all
areas had less than the maximum safe l1imit éf 100.ppm which
prevailed at that time. From this information, ome can
guess that the average exposure to all people in the plant. .
.before 1946 1s probably not much more than 10C ppm, and net

less than 15 ppm.




Benzene levels were monitored after 1946 at various
ptant locations but they were all {instantaneous samples and
no relfable 1qformation is avaiIable about how many
man-hours were spent at those 1ocatiqns or whether
protective ﬁasks were worn. These are case reports of
exposures to 1000 ppﬁ for short time intervals. Sincé the |
average levels ﬁefe generally close to the occupafiona?
standard, we will make the assumption that the average
worker exposure was the same as the prevaiiing recommended
occupational 1imits. These are tabulated below alang with
the time weighted average for the 36 years of the total

exposure period.

Time Ko. of  Average | Time-Weighted
Interval _Cases Exposure (ppm) Average (ppm)

1940-46 {7) 100-15

1947 (1) . 50 '39.9-23.3

1948-56 (9) - 35 o

1957-68 . (12) 25

1669-75 (7) 10
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The actual levels to which the workers Qere exposed was
a sybject of heated debate at the OSHA benzene hearings.
The CAG would like to see a realistic astimate of the
population weightead average expoéure and its uncertainty
1imits. The time-weighted averages for occdpatfonal
exposure must de converted to a continuous expaosure lifetime
basis. It will be assumed that the maximum Iikely 11fet1me
exposure would resu!t 1f a worker entered the factory in
1940'and was exposed fot 35lyears‘to“the occupational 1imit
of beniene. This exposure would result in a time—weighted
average of 40.36 ppm for 35 years. The least Iikeiy
~ exposure ifs assumed to occur i1f a worker started in 1950 .
! and was exposed to the qccupational limit, which results 1in
. a time-wefghted average of 23.7 ppm for 25 }ears. _The

equivalent continuous'Iifetime exposures corresponding to

these woik p1acé exposure estimates. are:

High estimate: '40.36 x 24 1 '
'3'6'5 3 70
Low estimate: 23.7 x 240 x 1

365 3 70

The geometric mean of the high-low eiposures.
V 4.4x1.8 = 2.81, is taken to be the best estimate of the
lifetime average for workers in the cohort. .

]2




4. Estimation of Lifetime Probadility of Leukemia

Per Unit of Exposure

The change in the leukemia_rate-per lifetime average ppm‘
in the atmosphere 1s derived from the previously discussed
equation: '

| B = P] (R-1)/x2
which gives us an estimate
B = .006732 x (7.20-1)/2.81 = .014854
B. Askovy (1974, 1976, 1977)

1. Description of Askoy Studies
Askoy (1977, 1976, 1974) has reported his observations

of the occurrence of Jeukemia anq aplastic anemia cases at
t;o med{cal {nstituticns ia Istaanbul over 2 period from 1967
to 1975. He has'compared the types of leukemia seen in shoe
warkers, who work with henzene solvents in small
unventilated shops, with the types of leukemia observed in
people with no known exposure to benzene. ‘He has also
tabulated the &xposure duration of patients with different
types of leukemia. He found that in snoe'wdrkers there were
34 cases of leukemia observed in the nine years from 1967 to
1975. Based on "official records¥ which show that in
Istanbul .there are 28,500 workers in the shoe, slipper and

handbag industry, he calculates that the annual incidence

=13-




rate of leukemia is 13 per 100,000, which is significantly
higher than 6 per 100,000, the rate in the general
population. The-céTcuTation 1s based on crude rates with no
age adjustment. | |

He also found th&t the types 6f leukemias occurring in
people exposed to benzene are different than for those with
no known expoﬁure. In a sampje of 50 non-exposed 1eﬁkem1a
patients, approximately 50 pgrcent.had chronic leukemia, but
in 40 benzene-exposed patients only 5 percent had chronic’
leukemia. Also, in the exposed group preleukemia and'acute
erythroleukemia accoqﬁted'for 34 percent of the cases,
whereas in the non-exposed group only 6% bf the cases were .
of those types. |

The concentration of beniene to which the workers were
exposed was estimated only in térms»of the maximum |
conéentrations existing at the time; when benzZene was béing
used in the shops. At the OSHA benzene hearings in 1977 -
Dr. Askoy stated that the concentrations outsidg working
hours ranged between 15 and 30 ppm and re&ched a maximum of

between 150 and 210 ppm when adhesives containing benzene

were being useaed.




2. Estimation of Relative Risk.

A total of 26 patients with 1eukemia were observed 1n
the 6 2/3 year period from 1966 to September 1973 in a group
of 28,500 Instanbul shoe workers exposed chronfcally to
benzene. This was felt to be an underestimate of the true
number of leukemia cases among the shoe workers duffng the
period with Askoy subsequently being aware of two additional
cases. However, three of the twenty-eight total cases were .
lymphoblastic or lymphoid 1eukem1a, not thought to be as-
sociated with benzene expos&re. Eliminating these three
cases, an estimate of the yearly incidence rate 1s

I = {26+2-3) x 105_= 13.15 per 100,000 per year
28,500 x 6.67

The tnt;i incidence rate of leukemia in Turkey fs
thought to be about 2.5 to 3.0 per 100,000 Asko} (1877).
However from Askoy's non-exposed patient group Qe estimate
that 48% based on 24 out of 50 are Ron-lymphoblastic or
lymphoid leukemia. In addition, the national rate which is
based on the total‘population was felt by Cooke (1954) to be
‘about twice that experienced for the relatively young group
of benzene-exposed shoe workers who had a average age at
diagquts of 34.2 years. Using this information we estimate
that tﬁe yeariy incidence rate of non-lymphoblastic or |
lymphoid leukemia in the,Turkish population of the same age

structure as the benzene exposed shoe workers is

-15-




] = (2.5+3.0) x 24 x 1 = .66 per 100,000
Z 50 2

An estimate of the relative risk for benzene exposed

shoe workers is thus
R=13.15 = 19.92

3. Estimation of Lifetime Average Exposure

It was noted that the benzene levels were 15 to 30 ppm
cutside working hours and 150 to 210 ppm during working
hours when benzene was in use in the typical small shoe

manufacturing shop. We will assume that the average working

hour expesure to benzene was the geometric mean of the .
midpoint of the two intervals or '

x» = (15 % 30) x (150 + 210) = 63.5 ppm
- JEpETT I

In addition we will assume:
1) 2 ten hour uork1n§ day
(2) A 300 day working year
(3) An average age at the end of the observation
- period of 50 years ~ TS
{4) An average of 9.7 years of exposure; fhis is
the average 1engfh of exposure fot.the

leukemia cases in Askoy's series.

=16-
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These assumptions lead to 2 1ifetime average exposure

estimate of ‘ |
x2 = 63.6 x (10) x (300) x (9.7) = 4.22 ppm
2w Ty

‘4. Estimation of Lifetime ProbabiIitz of Leukemia

Per Unit of Einosure

The change in the leukemia rate per lifetime average ppm
in the atmosphere is derived from the previousl& discussed
equatfon: | '

B = Py(R=-1)/x2

"which gives us an estimate

B = 004517 x (19.92-1)/4.22 = .020252
C. 0tt, et al., {(1977)

1. Description of 0tt Study
The'10ng-term morta]jty patterns and associated exposure

estimation of a cohort of 5§94 workers exposed to benzene
were reported by 0tt, et al., (1977)3' The workers were.-
empioyed in three production areas.of the company, which had
been in operation for varying times since 1920.

Each job category was assigned an axerége exposure range

- as accurately as the historical air monitoring data

permitted. The concentrations ranged from less than 2 ppm

(8-hour time weighted average) to greater than 25 ppm. The

analysis covered employees with known benzene exposure who

-17




worked from January 1, 1940 through 1973. A total of 53

empioyees with known exposure to arsenicals, vinyl chloride

and asbestos 1n addition to their benzene exposure waslomit-

ted from tﬁe formal cohort of people exposed to benzene. .
The benzene exposﬁre of each'persdn was evaluated and

ex-pressed as the product of parts per million times months

of exposure. For the 91 deceased people with exposure to

benzene alone, 45% of them had exposures between O-and 499

ppm-months and 35% had exposures greater than 1000 ppm=-

months. The results of the analysis of mortality by cause

of death showed no statist‘l'cany significant excess of .

mortality compared to the U.S. white male age-specific

mortazliity rates. Three cases of ]eukemia were observed

where 0.8 cases were expected, a situation of borderline

statistical significance (p<0.047). -All1 three were my-

'e1ocyt1c leukemia, two of them acute, which latter 1s the

type aséociated with benzene exposure of shoe workersi-

(Askoy, 1976) and other occupations‘(V1911ani. .978).

2. Estimation of Relative Risk

In Ott's cohort 3 deaths due to non=-lymphocytic non-
monocytic leukemia were observed with only .8 expected. An

estimation of the relative risk of non-iymphocytic =

monocytic leukemia is thus : | .
R = 3/.8 = 3.75




3. Estimation of Lifetime Average Exposure

Oti estimated the ppm-months of exposure of each
individual in his cohort from work history data and pfant
hygiene benzene measurement surveyé. The most complete
presentation of this data s given in Ott's (1977) table 7
which 1s used ﬁo e;timate the average level of exposure.

It 1s assumedlthat the average exposure in each of the
exposure intarvals is equal to the midpoint of the first two
1ntgrvais and s equal to the lower limit p?ﬁs 1/2 of the
{nterval width for the open or third classification. The
total average ppm-months is obtained by taking the average
. of the'three classifications ueighted by the expected value
of the numbar of deaths in each classification giving the

value ;
{250 x 6.1 + 750 x 16.2 + 1250 x 32.8)/(65.1 + 16.2 + 32.8)

= 508.46 ppm x months '
The average Lifetime exposure is obtained by using the
folToying assumptions:

(1) An eight hour working day

(2) A 240 day working year

(3) An average age at the end of the observation

period of 65 years |

which gives the lifetiﬁe.estimate of

(608.46) x (8 ) x (24Q0) x

(1) = 1N ppﬁ
(T 12 ) (24) (365) (65)
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4., Estimation of Lifetime Probability of Leukem,

Per Unit of Exposuré

The change in the leukemia rate per lifetime average ppm.
in the atmosphere 1s derived from the previous]y'discussep
equation: | |

B = P1{R=-1}/x2
which gives us an estimate .

B = .002884 x (3.75-1.)/.77 = .04638
D. Summary of Results

The total leukemic response has been based on different

classifications of leukemia for the three studies. A

summary of the type of response utilized is given in Table

3. 1t would have been preferable to have applied a unifor.
method of classification for 211 the studies. However, duec
to ﬁhe lack of specific detail in the presented papers thiﬁ
was not possible.

Even with this added ;oufce of variability. the resulting
slope estimates B, which have the physical meaning of the
total probability of deaths due to 1 ppm. of benzene {n the '
air breathed over an individual l1ifetime, were remarkably |
consistent between stﬁdies; The geometric mean of the three

estimates 1c¢ |
B -3J.014854x.'020252x.046380 « .024074




The estimated log mean {s
logygB = -1.618453, with the estimated varfance

of this mean being CTjgg B = 021785 |
Y. Estimation of Expected Number of Leukemia Deaths Due to

Environmental Exposure to Benzene

The SRI in their exposure docuyment expressed expoéure to

the U.S: population in two ways. |

The first method'assqmed a static population living
around the point sources and gave tbta1 ppb-person years for
each of the point source classifications in Table I-1,

1f expo;ﬁre urnits in 106 ppb-person. years are denoted
as D, the expected number of leukemia deaths per year may be
estimated approximately by the relationship

Np = .024074 x Dx103/70.96 = .339262D

where .024074 fs the geometric mean of the s]oﬁe parameter
taken from the” three studies, and 70.96 is the average
expected 1ife of a rindomly drawn person living in the
United States based on 1973 vital statistics.

Using Table 1-1 and the above equation the number_of.

leukemia deaths per year are estimated for the various point'

sources and are shown in Table 4.
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The second method employed to estimate exposure did not
make the over—simplified assumption that'the human
population was static. Instead an attempt was mﬁde to
follow a typical individual through a typical day in order
to obtain his average exﬁosure. The exposure estimates
derived on this basis are shown in Table -2 of the SRI
document and were utilized in conjunctien with the above
equation to derive tﬁe estimated number of leukemia deaths
per year'shown‘in Table 5.

We note that approximatgly a total of 90 cases of
leukemia per year could be expeéted due %o benzene exposure
- In a recent CAG document on POM's, a method was developed to.
obtain confidence intervals for estimates based upon the
assumptions that each epidemiclogical study gave an unbiased
estimate of the true slope parameter and the estimates were |
distributed log normally. Add1ng the additional assumption
that the exposure estimates are also log-normally
distributed we derive the relationship that the 95%
confidence ihtgrval for the 1og of the number of leukemia

deaths per year is

1.953289 + ] .083689 + 1ogu




where we are 95% confident that the true exposure fs between
(u-1) x 100% and (u-1)-1 x 100% of the exposure estimate.
The confidence 1imits derived from this relationship for

various assumed values of u are shown in Table 6.
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TABLE 1 - Data Utilized to Lstimate Lifetime.Probability of
Death Due tv Vavious Forms of lecukemin

TOTAL

- Total
_ K Tatal Deagh Total People MNumber of Denths Due to-
Ape Total Deaths Rate x 10 TPETD/TER ICDH CODE NUMBIERS
Interval ™m - ) THR x10 204 205 206 207
-1 55,581 1,805.2 30.7894 17 7 3 13
1-5 10,8453 . 79.5 136.3899 157 74 1 93
5-9 7,514 1.5 . 181.0602 368 064 4 125
_10-11 8,468 40.6 208.5714 2]1 88 6 92
15-19 22,908 111.9 . 204,718S 17 175 . 8 un
20-24 20,549 116.0 180.8515 70 141 1 65
25-29 22,205 143.5 154,7387 43 -194 13 50
l0-34 21,512 165.7 129.8250 28 181 Y 54
o 35-39 26,374 235.1 112.1821 28 211 It S5
+ 40-44 40,913 355.2 115.1830 36 241 19 60
15-49 67,349 563.3 119.5615 .76 327 24 90
50-54 98,0667 832.8 118.4762 131 407 21 134
£5-59 133,604 1,314.5 ~101.6387 250 502 29 196
60-64 176,273 1,943.9 91.0402 370 576 A2 262
65-69 213,495 2,804.7 76.1204 177 722 49 317
70-74 241,160 4,302.7 56,0499 515 794 70 370
75-79 263,251 6,722.4 39.10603 651 730 79 357

80-84 250,985 9,777.4 25.6699 576 522 39 311

85+ 284,400 - 17,429.4 16.3173 469 364 A7 254
- Z09.8397 x 100




- TABLE 2 - Lifetime Probability of Death in U.S.
Population Due to Leukemia Type Upon
Which Relative Risk in Each of the
Epidemioclogical Studies is Based

Lifetime Probability

1Epidemiological " ICD Codes Type of of Death Due to
Study Utilized Leukemia Type of Leukemia
Infante ' 204-207 Total Leukemia .006732
. 0tt 205 Myelogenous .002884
. Askoy 205-207 Non-Lymphatic .004517
N’
[ J
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TABL. 4 - Scurce Specific Benzene Caused Leukenmia -
- Deaths/Year Based on Table I-1 of SRI Benzene
Exposure Document?

-

: £ ' Expgsure in Expected Number of Bemzene Cau
Sposure : 100 PP -Person Years Leukemia Deaths/Year
Chemicil = ' .

Maaufacturing 8.5 . 2.88
ﬁhkq Ovens ] ‘.l - g . .07 .
Petroleun ' 2.5 : ) . «88
Rcfzner;es _ :
Autonobzle ‘ -
Emissions 150.0 . S 50.89 .
Gasoline Ser- . | L e '
vice Staticns 19.0 . - - 6.44
Self Service G -
Gasoline 1.6 L. | .54

- ToTaL. - 1s1.8 .  61.67

3

) . : .
Mara, Susan J. and Shonh S. Lee. Assessment of.Human Exposures to Atmos heric

“— Benzene. SRI International for U.S. Environmental Protection Agency, Rezearch
Triangle Park, NC. Publication No. EPA-450/3-78-031. June 1978.
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TABLE 5 - Total Exposure of People PResiding in Various
Locations, and Resulting Estimated Benczene-
Caused Leukemia Deaths/Year - Based on .
Table -2 of SRI Benzene Exposure Document@

Exposure in Expected Number of

\ 106pp -Person Benzene-Caused .

Vicinity of Residence : Years Leukenia Deaths/Year .

Chemical Manufacturing - 10.0 3.39 ;
Coke Ovens | : .2 .07
Petroleum Refineries 4.5 1.53
Urban Areas . » 250.0 84,80
TOTAL 264.7 ' 89.80

®Mara, Susan J. and Shonh S. Lee. Assessment of Human Exposures to Atmospheric
Benzene. SRI International for U.S. Environmental Protection Agency, Research !
‘Triangle Park, NC. Publication No. EPA-450/3-78-031. @
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TABLE 6 - Confidence Limits on Total Benzene
~ Caused Leukemia Deaths Per Year
(Assumes "One-Hit" Model is the True

Dose Response Relatiomship)

Level of Precision

Assumed for Exposure 95% Confidence Limits
Estimate | Lower Upper
(U-1) x 100% ' Limit Limit
0% # . o 46.1 : 174.8
108 | " 45.8 176.0
50% | 41.2 195.9
10008 . | | 7.5 1081.7

—

*Assumes no error in exposure estimate.
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VII. APPENDIX

Mutagenic Risks of Benzene Exposure

Summary
* In sddition to the risk from.leukemia, benzene exposure

{s also 1ikely to induce 1nher1ted.mutations. -The magnitude
of this risk can not be estimated because of the uncertain
quantitative reIatfunship between heéitab?e mutations and
chromosome aberrations which have been consistently observed

in exposed workers.

Review of Experimental Results

Benzene was found to be non-mutagenic in the Ames’ tesﬁ
fof point mutat1;nal effects (Simmeh et al., 1977; Shahin,
1977; and Lyon, 1975).' However, 1t 1s'pos;1h1e that a human
metabolic ;ctivatipn enzyme system of 2 mammalian body fluid
‘activation system would cause it ts be mutagépic. o

Sompatic chromosomal aberfation; have_beén demonstrated
in animals an4 humans. 1In rabbits, Kissling and Speck, 1971
reportea the induction of cytogehetic aamage in vivo by
subcutaneous injection of 0.2 ng/kg day benzene. The
frequency of metaphise spreads shdwihg aberrations (mostly
gaps and breaks) increased from 5.93 to 57.8: after an
average exposure interval of 18 weeks. Two ménth# gfter
discontinu;nce of'the benzene treatment, cytogenetic damage

was still observed.
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Dobrokhotov {1972) exposed rats to 0.2 g/kg day penzene and

0.8 g/kg day toluene, and fdund similar rates of chromosomal
aberrations in the two chemicals given separately, and an -
adgitive effect when given together. Chromatic deletions in
metaphase chromosomes of bone-marroW,ch]s have been found

in rats given single doses of benzene subcutanecusly at 2

mi/kg (Philip and Jensen, 1970). Deletions have alsoc been
observed in rats given benzene at 1g/kg da&, subcufaneously,

for 12 days. .

A dominant lethal anq 1ﬁ vivo cytagenetics combined
test has been performed with rats dosed intraperitoneally
with 0.5 ml/kg benzene-(Lyon; 1378).. N¢ dcaminznt lethality .
was found but increases weré found in chromatic and :
chromosomal aberfatians. ‘Lyon (1975) also found 1ncreased‘
micronuclei counts 6 hours after the final dosing of rats at
0.05 and 0.25 ml/kg/day after two days of dosing
{ntraperitoneally.

In patieﬁts with benzene-induced aplastic anemia, | T
lymphaocyte chromosome damage has been found (Pollini{ and
Colomﬁi. 1964). Polint et al., (1964) later found a 70%
incidence of heteroploid chromosomal patterns in the blood |
lymphocytes and bone marrow parenchymé'ce11s of each of four
subjects with benzene-induced blood dyscraﬁ1as. Similar

patient studies of benzene exposed individuals with .
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persistent chromosomal alterations associafed with blood
dyscrasias have also been reported by others (Forni and
Moreo, 1967, 1969; Hartwich et al., 1969; Khan and Khan,
1973; Sellzel and Kelemen, 1971; Forni et al., (1971); Tough
and Court Brown, 1965). .

Vigilfani and Forni (1969) found a significant increase
of chromo;omal aberrations in pheripheral lymphogytes of
woriers exposed to benzene, but not in those exposed to
xylene and toluene. Some of these aberrations persistad for
several years afier recovery from benzene hemopathy.- They
suggested that toxicity to the bone marrow might result in
cells with an abnormal number of chromosomes and that
pro1iferat}on of these cells could tnen'give‘rise to an
advantaged Jeukemic clone. Forni et al., (1971) examiﬁed_
chromosomal aher;ations in 34 workers in 2 rotogravure plant
and .compared these to 24 matched controls, and found a '
sfgnificantly ﬁigher number of both stable and unstaﬁ1e
aberrations in 10 benzene-exposed workers but a numbér
comparable to controls ian all of the 24 to]uené-eﬁposed'
workers. - '

A recent report (Kilian and Daniels, 1978) on 52 workers
exposed to benzene for one month to 26{years (mean of 56.6
months) found chromosomal aberrations (chromosome breaks,

dicentric chromosomes, translocations and exchange figures)
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in peripheral lymphocytes at 2-3 times the rates found fin
controls. 1In this study, the 8 hour averége time-weighted
benzene exposure was 2-3 ppm, the average concentration
determined by 15 minute sampling was 25 ppm and the peak -
concentration was 50 ppm. _ | .
The same laboratory reported on the monitoring of 471

peripheral lymphocyte cultures from 290 Texas Division
benzene workers between 1965 and 1978 (Benge et al., 1978).
A group of 972 “preemployment examinees” who were Judged, on
the basis of the history takén at the time, to have had
negligible exposure to known chromosome-breaking agents were
used as controls. Rates of chromosomal abnormalities were

found not to pe increased in the exposed group over the .
. control group. The time-weighted average benzene
concentratidns were estimated to have been below 50 ppm
prior %0 1972 and wef] below 10:ppm from 1973 to the present
time, | | . | |

A report by Picciano (1978) which is a further éna!ysis

af the K{l{an and Daniel (1978) and Benge ilQTB).study
comparing the information on benzene expased individuals to.
a 44-perscn group seen for preemployment examination,
Workers expused to three different levels of benzene at less
than 10 ppm for several years showed a dose response
relationship. The typés of aberrations detected are similar

"to‘those reported for highgr benzene eprsurés'by (Tough EE‘I'
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al., 1970). The,wdrgers were monitored for urinary
excretion of phenol which is a primary metabolfite of
benzene. All workers had no detectéble'phenol which
fndicated no recent exposyre to benzene. Exposures for the
dose-response relationship were 0, less than 1, 1-2.5 and
greater than 2.5 ppm. |

Fredga et al., (1978) performed a study on 65 workers,
occupationally handling motor fuels. A mcdefate, but
statistically significant, increase in frequency of chro-
mosome aberrations was found in road tanker drivers and
industrial workers, but not in ship tanker crews and G3so-
line station staff. The estimated exposure dose was S50 ppm
or less. The do;e absorbed will be reported in a subsequent

study .

Conciusions

Ample eviidence exjsts that benzene causes chroﬁosoma1
aberrations in animals and humans‘exposed to benzene. This
evidence was reviewed above. However, since this is a
somat1¢ cell effect as opposed to a géfminaT cell effect 1t
1s difficult to estimate the heritable risk to future
generations from such evidence. These chromosomal aber-
rations probably involve breaks in ONA and therefore are
heritable events {f they occur in the germinal cells,
although the experiments fo prove that point havé not been

gecisive.
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It is generally recognized that rings, dicentrics,
translacatians aﬁd exchange figures are heritab1e, but
chromosame breaks could be caused from toxicity of somatic
cells and therefore may not be heritable. The former
Jesions should be used as indicators that genetic damage to
future generations may have occurred. At the current time
quantitative estimates of heritable genetic damage due to
benzene cannot.be made from data on the frequency of somatic
mutations, although this damage may be occurring at

concentrations as low as 1 ppm in air.
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ENVIRONMENTAL PROTECTION
AGENCY

40 CFR Part 61
[AD-FRL-2523-7]

National Emission Standards for
Hazardoys Alr Poliutants; Reguiation
of Benzene

AGENCY: Environmental Protection
Agency (EPA).
ACTION: Response 10 public comments.

SUMMARY: The Environmental Protection
Agency (EPA) listed benzene as a
bazardous air poliutant under Section
112 of the Clean Air Act on June B, 1877
{42 FR 29332). Standards ware
subsequently propased for maleic
anhydride pracess vents {45 FR 26660,
April 18. 1880); ethylbenzene/styrene
{EB/S) process vents {45 FR 83448,
Decamber 18, 1880); benzene fugitive
emission sources (46 FR 1165, January 5.
1981}; and benzene storage vessels (45
FR 83952 December 19, 1980). This
Federal Register notice responds to
public comments on the listing. hesith
effects. and regulation of benzene as a
hazxrdous sir poilutant.
ADOREasER: Background Information
Document. The background information
docament (BID) may be obtained from
the U.S. EPA Library (MD-35). Research
Triangle Park, North Carolina 27711
telephone number (219) 541-2777. Please
refer to “Response to Public Comments
ot EPA's Listing of Banzene Under
Section 112," EPA-450/5-82-003. which
-contains a summary of all public
comments on the haalth effects. listing,
and regulstory approach for benzens.
Dockst. Docket No. OAQPS 79=3 (Part
1) contains information considered on |
* the haaith effacts, listing. and regu'ation
ol benzene. Other dockets contain. g
public comments on the listing, healith
effects. and regulation of benzene are
contained in Dockat No. CAQPS 79-3
(Part I}, for maleic anhydride plants;
Docket No. A-79-27, for benzene
fugitive emissions: Dacket No. A=79-48,
for EB/S plants: and Dockat No. A~30~-
14. for benzene storage vessels. These
dockats are available for public
inspection between 8:00 a.n. and 4:00
p-In- Monday through Friday, at EPA's
Central Docket Sectian (LE~131). West
Tower Lobby, Gallery 1. 401 M Street.
SW.. Washington. D.C. 20480. A
reasonsble fee may be charged for
copying. -
FOR FURTHER INFORMATION CONTACT:
Far further information on the listing
and health effects of benzane, contact
Mr. Robert Kellam. Poliutan!
Assesament Branch, Strategies und Air

Standards Division (MD-12), U.S. . .
Environmental Protection Agency. .
Research Triangle Park. North Carolina
27711, telephone number (919] 541-5845.
For further information an the regulation
of benzene, contagt Mr. Gilbert H.
Wood. Standards Development Branch,
Emission Standards and Engineering
Division (MD-13). U.S. Enviroamental
Protection Agency. Research Triangle
Park, North Carolina 27711, telephone
number {819) 541=557
SUPPLEMENTARY INFORMATION:
Overview of Benzane Reguiation

This section provides background
information and summarizes EPA's
responees to the major public comments
on the listing, health effects, and '
reguistion of beazene. This section is
intended to be an overvisw only.
Subsequent sections and the BID
contain more detailed responses to
public comments.

Background . :
Based on studies linking occupational
expgsure to benzsne with lenkemia, -
EFA’'s genersl presumption that
carcinogenic thresholds do not exist, the
absence of a demonstrated threshold for
benzene. and widespread exposure to
large quantitias of benzene emitted by
stationary sources. EPA concluded that
benzene could reasonzbly be
anticipated 10 cause an increase in
contracting levkemia forindjviduais

. exposed to benzene emissions fram

stetionary sources. EPA therefore listed
beazene as a hazardous sir poliutant on
June & 1977 (42 FR 29332),

Stationary sources of benzene are .
now estimated to emit at least 55.000
Megagrams (Mg) {sbout 120 million
pounds) of benzene per year. The
benzape scurces have been divided into
12 saurce categories, bassd on
technological considerations (such as
contro! technology applicability)

. important in standards development. -

EPA decided to address the stationary
source benzane problem by selecting for
initial regulation five of these source
tategories: maleic anhydride process
vents. athylbenzene/styrene (EB/S)
process vents, benzena fugitive
amissions sources, benzens storage
vesaels. and coke oven by-product

' recovery plants.

EPA is collecting additianal dats on
the remaining seven source categories to
use in deciding whether or no!
:htandards development is warranted for

em. .

Benzene standards for four of the Bve
source categories selected for nitial
regulation were proposed: maleic
anhycdride process vents (45 FR 20680,
April 18, 1980} EB/S procsss vents (45 ~

-

FR 83448, December 18, 1680); benzane
storage vessels {45 FR 83852, December

sources (46 FR 11685, January 5. 1981),
The Agency intends 1o promulgate
standards for benzene fugitive emission
sources and propose standards {or the
fifth source category, coke by-product
plants, in separate notices. In a third
notice the Agenzy s withdrawing the
proposed standards for maieic
anhydride process venis. EB/S process
vents, and benzene storage vessels,
based on the conclusion that both the
benzene health risks to the public from
these source categories and potential
reductions in health risks achievable
with available control techniques are
too small to warrant Federal regulatory
action under section 112,

-19, 1880); and bernzene fugitive emissions I

Summary of Responses to Major
Commaents

The primary comment received on the
proposed standards was that benzene
should not have been listed as a
bazardous air pollutant. Commenters
argued that benzene did not meat the
criteria for.listing under section 112
because they believe the heaith hzzard
posed by ambient levels of benzsne is
negligibie. if not zero. Specifically,
commenters. while generally agreeing
with EPA that epidemiclogical studies
bave shown that a causal relationship
exists berween occupational benzene
axposure and leukemia, maintained that
the relationship had not been
demonstrated at the much lower levels
of benzene charsciaristic of the ambient
air. Jo-contending that EPA's
nonthreshold presumption has been

" spplied inappropriately in the case of

benzens, commenters cited the lack of
direct evidence that ambient levels pose
leukamogenic riska as well as benzehe
research data and theoretical
considerations compatible with the
ce of & carcinogenic threshold for
nTene.

Commenters agserted that the
absence of data demonstrating that
benzene reacts chemically with DNA
supports the theory that benzeane is
likely to cause cancer by other than a
direct genetic mechanism [the
production of a transformed cell by
direct interaction of a benzene molscule
and the caliular genetic material). The
nongenetic. or epigenetic, theory holds
that such carcinocgens must be presant in
sufficient quantities to induce toxic
injury to the target tissue before cancst

- can occur, At leveis below that required

to cause "injury.” body defense
isms are capabie of protecting

~ the tizsues from a carcihogenic insult.
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In support of & threshoid for benzene,
commenters maintained that banzene-
induced lsukemis was in most. if not all,
cases preceded by svidence of injury to
the blood-fomming system {anemia.
cytopenia, eic.). Commenters argued
that because thresholds (10 to 35 ppm)
exist for such effects, benzene exposure
below these thresholds should not pose
carcinogenic risks. Similarly,
commenters cited epidemioiogical
studies that did not show a pasitive
correlation betweep benzene exposure
and leukemia, as suppert for a risk
threshold,

The EPA recognized at the time of
listing that benzene a1 ambient ievels, as
with most other carcinogens, bad not
been demonstrated by epidemiologic
studies to cause leukemia. The
epidemiological methods that have
successiully revealed associations
between vccupational exposure and
cancers for substances such as benzene,
asbestos, vinyl ehloride. and ionizing
radiation are not resdily-applied to the
ambient environmant with its increased
number of confounding varigbles, a
more diverse and mobile:
population, a lack of consolidated
medical records, end ax aimost total
absence of historical exposure data.
Given such uncertainties, EPA considers
it improbable that any ambient
sssociation. short of a relationship of
epidemic proportions or large increases
. in an extremaly rate form of cancer, can
be detsgted epidemiologically with any
reasonable certainty.

Further, EPA agrees with the
observations of the National Academy
of Scisncas (NAS} (1)

In considering the possibility of threshoids
for carcinogenssis, it is imporiant 1o
understand that there ia no agent, chemical or
physicsl, that induces s form of cancer in
man thet does not occur in the absence of
that agent, In other words, when thare is
Txposure io a malerial. we are not starting at
an origin of sero cancers. Not are we starting
1 an otigin of 280 carcinogenic agents in our
environment. Thus, it is likely that any
' carcinogenic agent added to the environment
will act by a particuisr mechanism cn a
particular ceii population that is siready
being scted an by the same machanism 1o
induca cancers. This ressoning tmplies that
only if it actad by & mechuniem entirely
different Fom that already operating on the
tiasue could & newly added carcinogen show
s threshold in its dose response curve.

This view is consistent with evidence
that any exposure may produce a
change in the genetic material that can
lead to cell transformation and thet -
cancers may arise from a single
transiormed cell. -

In addition to the support fora

nonthreshold bypothesis, EPA notes the

" problema inherent in stiempting to

.identify and to quantify real or practical

carcinogenic thresholds. In this regard,
EPA concurs with the NAS that
theoretical evidence for the existence of
carcinogenic thresholds must be
tempered by the knowledge that the
expased human population is & “large.
diverse, and genetically heterogeneous

group exposed to a large variety of toxic

agents. Gepetic veriability to
carcinogenesis is well documented. and
it 13 also known that individuals whao
are deficiept in immunoiogical
competence ({or genetic or
environmerttal reasons} are particularly
susceptibie to some forms of cancer.” {J)
For these reasons. EPA has taken the
position. shared by other Federal
reguiatory agencies, that in the absence
of sound scientific evidence 1o the
contrary, carcinogens shouid be
considered to pose finite health risks at
any nonzero exposure levels. This
nonthreshold presumption is based on
the view thst as little as one molecuie of

- a carginogenic substance may be

sufficient to transformn s normal cell into

a cancer call. Evidence is available from

both the human and animal health
literature that cancers may arise from &
single transiarmed ceil. Mutation

research with ionizing radiation in cell

cultures indicates that such a .
tansformation can occor as the result of
interaction with as little as & single
cluster of ion pairs.

In the decision tc list benzene under
section 112 EPA found no resson to
believe that the nonthreshold
presumption did not apply to benzene.
After reviewing the public comments,

EPA believes that although they provide .

a comprebensive discussion of the
scientific and theoretical support fora
carcinogenic threshoid for benzene, the
evidence is inadequate to support a
conclusion that ambiant levels of
benzene are without carcinogenic risk.

The EPA did not at listing and does
not now believe that information such
as the benzene exposure lavels
estimated from “negstive” epidemio-.
logical studies can be regarded as the
equivalent of no-effect levels. Because
of the problems and uncertainties -
inheretit in the design and conduct of
such studies, they do not support the
conclusion that the absence of a
statistical correlation demonstrates the
ehsence of a hazard.

While the epigenetic mechanism
cffers a possible explanstion for the
way in which cancers could arise in the
absence of direct interaction with
genetic material, this theory has not
been substantiated by experimental
evidence nor has applicability to the
specific case of banzens been -

established beyond largely theoretical
grounds.

The'EPA does not agree with
industrv's conclusion that the absence
or nondetection of covalen: bonding
with DNA indicates that benzene cannot
directly interact with the genetic
material. Evidence exists that benzene
a! levels as.low as 1 to 2.5 ppm
significantly increases chrornosomal
aberrations. (2] (3) Similarly. EPA does
not regard as conclusive the evidence
provided by commenters that leukemia
cr other adverse health effects do not
occur in the absence of overt signs of
blood toxicity. Again. studies are -
availabie demonstrating benzene-
induced chromosomal aberralions
following expasure o benzene at jevels
below those advanced as threshoids for
blood toxicity.

Finally, commenters have argued that.
below the benzene levels required to
“injure” the blood-forming tissues, the
bady's defense mechanisms protect the
tissues from low-level carcinogenic
insults. EPA is not persuaded that such
mechaniams are 100 percent effective. In
addition. aithough the commenters do
not regard chromosotnal aberrations as
evidence of blood taxicity, the presence
of these effects indicates that benzene
or an active metabolite has been able to
overwhelm the protective mechenisms
and enter the cellular nucleus. _

In summary. EPA continues to believe
thet the nonthteshold presumption -
should apply it the case of benzene and
that exposure 1o benzene via the
ambient air should be regarded as -
posing carcinogenic risks. Although EPA
recognizes that this finding is not

- without uncertainty, the Agency

believes that it is consistent with the
mandate of Section 112 requiring the
protection of public health against air
poilutants that “may reasonsbly be.
anticipated” to cause or contribute to
the heaith efiects of concern,

After reviewing the public comments.
EPA also continues to believe that
benzene emissions from some staticnary
sources represent a significant risk of
leukernia to exposed populations. This
judgment is hased an+he documented
evidence that benzene is & leukemogen.
on the magnitude of benzene emissions
from stationary sources to the ambient
air, on the observed and estimated
ambient concentrations. on the
proximity of large populations. to .
emitting sources. on the estimates of the
herith risks to the exposed populations.
and consideration of the uncertainties
associated with quantitative risk
estimates (including the effects of
concurrent exposures o other
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mubstances and io otkvwr benzans
emissions).

Sectine 112 provides far the delisting
of benzene anly ift in found that
benzane is clearly not a hazardous air
poltutan: EPA judges the evidence,
including that submitied by commenters,
to be insuificient to supparnt a coaclusion
that arnbient levels of benzene do not
pose carcinogenic risks qr that the risks
posed by ambient henzene emitied by
_ Elallonary sources are insignifcant In

conclusion. EPA continues to regard the
Jisting of benzene on June 8 1977, a8

appropriate and considers dalisting at
this time inappropriate.

A second major comment on the
propased standards contends that the
individual sourzs zategories covered do
ot pose & significant bealth risk and,
Turther. are already confrolied

-adaguately. In fact. several piants have
installed controls or shut down since the
basic Information for standards
development was obtained and. indeed,
since standards were proposed. EPA hag
revised fis emissions and health risk
srtimates baser on the iatest emissions
information provided by the industry
and has included io these estimates
considerstion of current controls. EPA
has also adjusted s umit rigk factor in
rasponse to public comments and is
using & more detailed buman exposure
model. EPA has rerssassed this new
information for maieic anhydride
yrocess vents, EB/S process vents,
benzene storage vesseis, and benzens
fugitive emission setrces and eoncindes
that in Light of the bealth risis and
-potamtial reductions of these four source
categories. only beneene fupitive
2missions warrant Federal regulations
ander Section 312 iis regurding the
new information oanclusions ere

The Science Advisory Bosrd reviewed
draft docaments iz Decembar of 1877 on
EPA’sarsensment of the heatth effects
4t iow-level exposure, the extent of
human exposure, ansd the sstimanon of
population risks. Pahlis comments swers
saliciiad et proposal of the madec
anbydride standardyApril 14 1000 45
FR 26660) oa tre bealth effecte, Hsting,
and regulation of benizene. A public
bearing was beid on Asgust 21 1980, in
Washingion. D.C.. 0 provide mtisrested
partiss an appartunity ior ova
preseniation of data, views, or
arguments on the health effecs, listing,
and reguiation of benzene. The hearing
was open to the public, and sach
attendes was given an appartunity to
comment The public commant pariod

was fbam Aptil 18, 1854, #o November 8,
1980 -
Comraents have been conmidered and

.changes made to the ansiyais and

conclusions, where appropriate. Major
commenis recuived on the heaith affects.
listing aud resuiation of benizene, ang
EPA's responses are sarnmarized in this
preambee. More detailed responses to
the major commenrs and respanses to
the oiber comments not addreased in
this preamide are -contaioed m
“Response 1o Puhiic Commests on
EPA’s Listing of Bagzene Undier Section
2" EPA-450/5-82-003, Comments are
identified by the docioet iterg number in
parsntheses. ;

Listing of Benzane Unter Section 112

The £PA Listad bensens as a
hazardous &ir polhitant based on
“{scientific reports {whichj strongly
suggast an increesed incidence of
Jouknmia in workers exposed to
beprene" {42 FR 20532, jzne 4. 1877),
These repores inciacied a rewiew of
bermane by NAS, (] updatad critaria
publighad by tire Nationasl institute for
Occupational Seiety and Health
{NIOSH], {5) and a proposal by the
Occupational Safaty and Health

- Administration {OSHA) for a revision

downward of the existing workpiace
standard for benzene {¢2 FR 22818, May
3, 1977, and 42 FR 27452 May 27, 1477),
While acknowledging that ambisnt
exposwss 40 banzene normally occurs at
levels “subsiantislly lower than those to
which aifectad workery wers exposed.”
EPA maintained that “there is ressan to
belisve thai ambiant exponees may
constitute 4 cahoer risk and shauid be
reduced” {42 FR 28382, jme &, 1077).

At the time of disting. EPA asnonaced
thet it wimnld review the scisnhific data
10 detemuriovs the henkth sixks from

'mnmomhfmlmqm

and invitad pubiic purtizipation. The

Tesulting BEPA, separts—

Hauith Efiects of Benmase Germans 1o
Low Leval Exposures.” {5] “Assessment
of Human Exposures 10 Atnosphesic
Benzene,” (7] and “Carcinogen
Assessment Groap's Report an
Populatinn Risk fo Acohisnt Beneame"
(8)}=—harm the basis for Ge mejonity of
the poblic comments direrisd at the
listing decision.

Conmenters. iargety from potentially
affected indusoies anr wade
assogiations, argned that the Ysting of
benzene was il-tmad wonscessary, and
arjusified The man thrsts of these
arguments are that EPA failed to '
deveiop an gdevnete record in advance

- of listing and that the resord

subsequently prepared does not
demonstrmy that benzens at the leveis

encounterad in the amblant sir warrants
designation &s a hgzardons air pollutant.

Timing of Benzene Listing Decision .

Many commmenters though benzen
was listed 1mproperiv. or at Jeagt
prematursty, citicg what they believed
to be a» inadequate record (OAQPS-75=
8 [Part 4] {V-D-13 [Part I} IV-F-1, IV-F~
9 A=79=i0 [V-D-0 TV-D-11; A=Fg=27
TV-D-19) and EPA"s reliance. on a
proposed policy regarding airborme
carcinogens (44 FR 58642: October 10.
1979] (A~v5=27 IV=-Dg, [V-D=25, [VD=
28: OAQPS-78=3 [Pgrt I} VD=1, IV=D-

11: A<75=48 [V-D~7).

The Clean Air Ac! requires EPA to list
under section 112 subsiances judged to
cause or contribute to air pollution
“which may rewsonably be anticipated
to revuit in ep increase in mortality or
an ipcresse iz serious, irreversible or
incapaciating, reversible iliness™
{eection 112(a}(1)). EPA based the
decision to st benzene on 3 growing
consensus in'the scientific wnd
regulatory community, svidenced by
reports by NAS [} and NIOSH (5) and
proposed regulations issued by OSHA
(42 FR 27452; May 27, 1877) that benzene
was causally linked to the ocourrence of
jeukemia in cccupationally expossd
populetions. In EPA's view, laukemia
ciearly meets the criterion desgribed in
section 112 as resulting in an increase §
mortality or “serigus. reversible or
incapacitating, reversible illness.”

The EFA's judgment that banzene
prasent in the ambient air mey
“rezsonably be anticipated” to pose a
-stgnificant haalth bazard to the general
population relied on two arguments
advanced in the listing notice: first. that
benzene was relensed to the air in 100
millior pound quantities annuaily to
which “large numbers of peopie are
routinaly exposad” and. second. that
EPA had “adopted s regulatory policy
which recognizes that some risk exists
at my ievel of exposure to cercinogenic
chemicais” {42 FR 20332; June B, 1877).
“The latter referred to the “Interim '
Procadures and Guidelines for Health
Riak and Economic Irnpact Assssaments
of Suspecied Carcinogens” published by
EPA May 25, 1076 (41 FR 21402}, :

Gased on the above. EPA believes that
e decision to nt benzene was fully
informed, timely, and therefore
appropriste. The subaaquent -
assesmnents of Jow4devel exponzrs and
carcinogenic risk were intimded, a3
indicared in the Listing notice, for use In
“determuning which scurces of benzane

* emissions must be conwolled, and the

extent of gontro] needed” (42 FR 20333,
fune B 1977). To the extont that thase
aspesement documents addressed the
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criteria for listing benzene under section 'comm.enun tock a itmn;e: pinihén.

112, they have EPA'sdecision.  asserting that no evidencs was svailabls
‘The EPA rejects the contantion that linking benzene with reproductive or
the delay between listing and the terstogenic effects (OAQPS—79-3 [Part
proposal of emission standards for I}=TVaD=p, [V-D=13: {Part O}=TV-0=-22
s benzene sources suggests that EPA V=Fa1, [V=F-8).
lacked the scientific evideace to justify The EPA agrees with the commenters
the June 1977 listing. EPA's assessments  that the available data do not iroplicate
of the heslth effects of Jow-level benzene as 3 potential terstogen or
exposure,(5) the extent of hu;nan embryotoxin in test species. The risks of
exposuse.(7) and the estimatios of acverse fetal developmental or _
population risks (§) were submitted for - reproductive effects. however. have not
. exteral review by EPA's Science been studied adequately. No state-of-

Advisary Board iz December 1977 and the-art multiple generation reproduction

publicly released in September 1678, studies frvolving benzene have been
june 1878, and jaouary 1878, . done, without which it will not be
respectively. The first emissions possible to determine the levels at
stancard [or benzene sources was not which bezsene would bave no observed
S R -
26880)~Proposal was not delayd by “the met.hcu-lihbledlueonmning

_ #videncs™ forl.i.ltiubm:nhu-m adverse reproductive effects of benzene
complex task of "m in humans, it is nof possibie to conclude
ational emission s . thet no adverse buman reproductive
source category. copssquence results from ambrent levels

Several commenters (A-M-W-D- benzene. since no well-designed
8 VD25, [VaDu28: Amdl=14={V-Dud, :fxmtsd lpldlﬂi:l%ﬂﬂ-l studies h:v.:l
NVoD-11: OAQPS-T8-J [Part T} IV-D-L. "~ peen conduicted. It is not kmown if

mlmlldu proceedings for : ; - ,
betizang that- - npndncﬁon.-u:h-a the processes of .
ey e st oo s o oy | e e e
carcinogens (6 FR EPA believes that the

regarding eirborne
83642 October 10,1979}, ars expi
Neitber the lis Lm nor the  Yvidemce for bmene-mduud

: of the
. Health m'mafm - .- - changes [QAQPS-70~3 m—u
Public conmunts on the EPA. report - WM [Part O} IVaFal, [Valals A=T5~
Anumnfmm.maf ; . &, INaDZ?: A-TD=48, [V=D=0}. Several™
Benzene Germans to Low-Level - mmdthnthmm

Exposure” focused on arwas of the . - Tesult only from high exposares. in -
benzane heaith literatiow rejevant to- excans of 10 ppm (A=TP=2?, [V=Da27, A=
svaiuation of burnan health risks from . * 7948, IV=D=3, QOAQPS~79-3 [Part I] IV=
ambimnt exposure. These include-effects  D~13), and that “no relizble evidencs”
on reproduction and development . existy 1o link subclinical benzens
(embryotoxicity and tsratogenicity), - = exposure trchfomasoms aberrztions or.

cﬂmuﬂuaﬂu}umﬂcmm to relate the obesrvation of ciromosome
chromosems .

et e ¢ TS g
buuforlilmbmuazm.rdbu P-!.A-n-t:] TV=D-9j. I?lﬂm

air pollutant is carcinogenicity. Convuuly. one commenter
However, sizce camments were ~challenged EPA's conclusion that s
received on the report's discussions o _ dnu-d:pondun relationship bot\nen
thnothere&cmthnymhnhadodfnr benzans exposure and chromosome -
compisteness. - damage bad not been demonstrated.
Reproductive and Teratoganic EM citing & study by Picciano (2) in
EPA concluded in the benzene heaith .  benzwns-exposed workers. and *
assessment report that the health maintained that this study documented
literature was inconciusive regarding <hramosomal effects at benzane -
 *snfial efiects of benzens on buman mhnhatmdhbwum_.
i\ ‘oduction and the fitus. Some . .. (OAQPS~783 {Purt 1] IV-D-8).

{11)
'chnllege EPA's conciysion that “there Is

"'The EPA does not agree that the data -
on buman cytogenetic effects support a
conclusion that benzene-induced
chromosome damage occurs oniy efter
“excessive expasure.” As dascribed in
the hesalth assessmert document. studies
are svailable that relate incteased
chromoscme breakage to benzene
expasure well below the OSHA
standard of 10 ppm time-weighted
average (TWA) [3) {9)

With respect 10 8 dose-response
reietionship, EPA agrees that the
Picciano study indicates a dose-
dependenl relationship between
'axposure to benzene and the amount cf
chromosome damage. As noted in the

" EPA bealth aisessment document,

however, "[tjhere is no correlation,

T ™ **, between the degree or length of

exposure, the clinice! symptons, and
peraistence or extent of chromesomal
aberrations” {etnphasis added]. (6] EPA
believes that this study and the study by
Kilian and Daniel {3} are appropriately
considared svidence of an assocation

. between benzene exposure and

chromosome and that the
lowest benzens {10 to 2.5 ppm)
where significant increases in breakage
waere found are considered properly to
reflect exposures below those '
amsociated with clinjcal symptons of -
toxicity.

EPA also agrees that no direct

.evidence of a casual linkage between
chromosomal

aberrations and leukm

{20} in uranium miners with CRDCET,
mﬁmmmﬂm.

) m.hlininmdh!pdnmﬁth

bone cancer, and in individuals
capncers after
Momummbrm

Corzmégemdry. Cnmm did ot

substantial epidemiological widmu
that betizens is a buman

{51 A mumber of commenters, ho-wn.—
disagreed with EPA's conciusion thet

-

berzene posed increased leukemia risk - '

‘s the levels present in the ambient air.

"~ EPA addresses these comments beiow

in “Health lasues Relevant to Benzene
Luﬁ.ng Decision.” -

' One commenter took issue with EPA's
conciusion that “there is no ennvm:mg
evidence that benzene causes

_ nsoplasiag, imsluding leukemis, in

.animals.” (d}""hommmdudtwo ]

_. studies: gne by Maltoni and.Scarnatw .
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{12} arxl cne by Sayder ot ai. (19 - . Court's plumlity decision on the OSHA  OSHA benzene hearings, {18) the strict
demanstrating benzene-induced tonors standard (79) (DAQPS=79-3 (Part T IV~ cohort definition excludes several

in rodents [ OAQPS-75-3 {Part [] [V-D-
8). )

The carcinogenicity studies on
benzene in animals reported by Maltozi
&nd Scarnato (1979) {L2) and Savder &t
al. [1580) (18) support the comment that
& positive tumongenic effect of benzene
is evident from hase stodies. The
results of these studies are addressed in
the {ollowing section.

Health Basis for Listing

As previously discussed, the Agency
based the decision to list benzene on a
growing consenavs in the scientific and
regulatory community. supparted by
reports by NAS, {€) NIOSH. {3} and o
emergency lemporary Handards tssu
by OSHA (42 FR 22518, May 3, 1877) thst

was causally relatad to the
occurrence of laukamia in
occupationally expossd populations.

Although :h’; assogiation between
buman lsukemia 20d benzene axposurs
is only one of several adverse beaith

effects sitributed to benzsms, the sarions

consequences of this disease and the
uncerizinties regarding the existence of
any no-effact lavals of exposure
corabined to make it the basis for the
decision to list. EPA's health basis for
ligting rested primarily on retrospective
studies in accupationally exposed
human populations. Of these, three
repotts documenting an association
receivad greatest emphasis: infante et
al.{1¢] Aksoy et al. {15} and Ott ot

(26} In the interval since listing, animal
data bave become availabis that further
suppart a causal relationship. (12) {13)

Commentars critical of EPA's decision
to list benzane arguad that these studies
suffered from design and methodological
fiaws. the carrection of which would
tend to grestly reduce ¥ not eliminate
the observad aspociation. Severe'
commenters also thought EPA be .
migin the study results and
ignored other well-conducted srudies
that reached significantly different
S Eoioemisicgicul Studiss, The work by

- emiviog. ies, The
Infante ot al. a retrospective cohort
mortality study andertaken by NIOSH,
was Teparted mitially in 1677 witha
compieted follow up published in 1981,
(¥7) The study found a grester than
fivefold excess risk of lenkemia ammg
worker: exposed to bernzens during the
period of 1940 to 1949 in the “PHofilm"
{rubber hydrochloride} production
industry.

One commenter stnted thet the
lnfanlte dv:ork m:;nﬁuusly fHawed and
largely discredited.” citing testimony
from the public on the OSHA
benzene standard {18) end the Supreme

D=5: A«78=27 IV-D=8). More
specifically, commenters assertied that
the study was flawed in Two resperts:
the exposead cohort was improperiy
defined: and the exposure ievels
assumed were erroneaous (GAQPS-79-1
[Part §] IV=D-13, {Part II] IV=D-5 [V-F-
L [VaFull Angd9ul? [Vl A-75-49 TV~
D~9: A-80~14 [V~D=d. IV-D=16}.

Though EPA recognizes that the
Infante et al. study Bas weaknesses,
EPA belisves that the charactartration
of the spidy as “seriously flawed and
largely discredited” is inncourate,
Ahthough the commenter does not
provide explanstian of his criticism
bevond refierences to the OSHA benzene
rulemaking. his remarks imply that the

_study is invalid dus to erroneous

of the exposure
concentrations. EPA acknowledges, as
did the authore of the study, that the
histarical exposure levels cannot be
determined with certainty. This fact,
however, is irretevant to the study's
conclusion that exposed workets .
f:‘;pkarienud s a:ufnld ':dmn risk of
emin over the gen population.

‘Commenters thought the cohort
salectad for the study inappropriataly
excluded ceriain mechanical and “dry
side"” workers as well as an ynknown
number of workers who left the plant’s
emplovment before 1844,

The iasue of cohort definition in
Infante st al p:rb.l!':mg 'i:.
subsequent tions authors
Falbaking 143 FR 801 Febroasy 10

43 abruary
1878). The authars argue that “dry side™
worksrs “were naver intended for
inclusion ia th& cohart 1
discussion with company parsonne
indicating there was no benzane ‘
eegownondudnlids" (43 FR 5a20).
Subsequent reports of benzans levels
(thres sampie points) on the “dry side”
by ths University of North ] lq
ware regarded as [nadequatsiy dataile
“to permit a valid interpretation.” (20)
The authors aiso contend that
maintenance personnal (pipefitters,
mechanics. stc.) wers appropriately
excluded from the cohort "becauss
company recards did not ahow which
men had responsibilities in pliafilm
production.” [20) Workers who left
employment prict 16 1944 “could ot be
inctuded becanse their personinel .
(recnrds were not in a retrievable form.”
20)

The EPA considers the rationgie for
the selection of the Infznte at al. cobont
appropriate. EPA notes firther that. as

" described in the compileted follow up by
" Rinsky ot al, 23 well as expart testimony
. offered by Dr. Marvic Sakol at the

Y

additional cases of leukemia that

“support further the notion that there
existed a causa! link be®ween bcn.:en.
exposure in those facilities and the
occurrence of leukemia.” (17 .

Commenters aiso-contended tha! the
benzene zoncentrations to which the
workers were exposed were much
higher then assumed by EPA. supplying
information from studies indicating that
the workers could have been exposed 1o
levels of 100 to 1,000 ppm in the 1940°s
and aphigh as 355 ppm in the 1870's
with a mean of 30 ppm.

Rinsky et al, [I7) provide a thorough
discussion of the available information
on the benzane levels to which workers
roay have been exposed in the subject
facilities during tha periods studied The
sutbors concluded that “for the most
parl. employess' 8-hoir time-weighted
sveraged exposures were within the
recommendad joccupational) standard
in efinci a1 the time. However. as s
characteristic of industrial procasses.
there were occasional excursions above
thase limits.” EPA concludes that while
intermittent levels may have :
approached the values suggested by the
commeniers, the range of occupational
standards for the periods studied {100 to
10 ppm) appesrs ressonsble as an
estimate of the chronic exposure
patiern. in this regard, EPA agress with
the recent conclusion ¢f the Benzane
Work Group of the International Agency
for Research on Cancer {LARC) that “the
excessive mortality from myelogenous
and monocytic lenkemia had occurred
among workers with occupational
exposure to benzane that was generally
within gecepisd limits." recognizing that
“the possibie contribution of the
occasional excursions in exposure and
of the empioyment aof some workers in
othsr areas of the plant must be noted;
and * ¥ * May have made some
contribution to the observed excass in
mortality from leukemia.” (27)

Akaay et gl. stydied the incidence of
leukemis and cther diseases among
workers occupationally exposed to

" banzene in the Turkish shoeworking .

industry. (2¢) (2] [28) Based on case
ascertainment by contact with medical
care and comparison of leukemia
incidence in the exposed population to
estimates for the generai population of
Waestern nations, Aksoy et al. found s
two foid exces leukemia risk among
vhosworkers with chronic benzene
exposure,

Although commenters generally
agreed that the study was of valus “in
reaffirming, * * * that prolonged
exposures to bigh concentrations of

[
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benzene result in seriows blood
disorders including & small pumber of
leukemias” (OAQPS~79-3 [Part II] IV-F-
1. IV=F-§g), several specific criticisms
suggested that the wxcess risk observed
was exaggersted. Two commenters
argued that Aksoy et al, relied on
inappropariate ﬂgures {8 per 100.000] for
the background leukemia incidence and
that when a mors reasonable estimate
derived from the experience of the
Eurpean Standard Population (8 te 14
rer 100.000} was used, the stdy no
onger shows an excess incidence
among the exposed workers (OAQPS-
763 [Part I) IV-D-13 [Part ] IV-F-1,
IVF-g; A-79-49 IV-D-3). One
commenter exptessed concem that the
age distribution of exposed workers was
not availabie and spaculated that the
margin for error in the “official count™
used as the denominator of the
shoeworking population (28500} was -
“probably substantis]” (OAQPS-76-3
[Part O] IV=F=1, [V-Fg).

EPA sgrees that Aksov's choice of the
8-per-100,000 background leukemia
incidence is subject to criticiem since it
is not easily attributed to the Turkish
rure! population. It is aiso reasonabie
that the “official count” of 28,500
shoeworkers may be an underestimate
and therejore overestimates the excess
laukemogenic risk in the exposed
popuistion. It is equallv likely. however,

that Aksoy's methodology jeads to an
underestimats of the excess risk. First.
only leukemia cases of which the author
wans directly aware as s medical
practitionsr wers counted in the mdy
As Aksoy testifisd bafore OSHA,
"undoubtedly thers were othar
- additional patients among shoeworkers
who were not inzluded it our study.”
{18) Seconid. as EPA's heaith assessment
Feported by Aksoy et 1 sovugy differs
oyetal s

from that of ieukemia in the !nl
population. If the relative hcirlance
were compatad salely for acute
myeloblastic leukemia and its varianis

{the forms of leukemis associated with

benzene exposurs}, & magnification of
the risk in Xp

shosworkers would be observed.” (8)
Finally, Aksoy has also testified that
rural jeuksmis incidence in Turkey may
be on the order of 3 per 100,000, or half
of what he had estimated originally.(28)
This fact would aiso increase the
calulated excess risk.

Concerning the age distribution of the
shoemaker population. the limited age
information availahle led EPA to
incorporate an age sdjustment {actor in
the Agency's risk assessment. On the
- basts of better information on the age

~ stucture of Turkey's male pupahﬂ:m.

{MEPAnowbdmdm:&mmt

- was unnecessary and has revised ghe

unit risk derivation accordingty.

Ott et al. (16) reported long-term
mortality patterns and associated
benzens exposure for a cohort of 594
chemical manufscturing wotkers, Three
cases of jeukemia were observed where
0.8 was expected. an excess risk of 3.75,
The findimg was statisticaily significant
{p==0.047) in & one-tailed test of
significance. -

One commenter criticized the
stetement in EPA’s health assessment [6)
thst extess leukemia incidence
observed in the Ott et al. study was anly
of "borderlins™ statistical significance.
The commenter noted that “[slince the p

value observed (0.047) is less than thep .

value (0.050} cummon}y used to
determine statistical , there
is no basis for em:dermgthevahle
borderline™ {OAPQS 79-3 [Part ) IV-D-
8). Other commenters that the
study should be appropriately regarded
as “inconchusive™ (OAQPS 76-3 [Pant 1)
TVeDeg, V-D13, {Part H] IV-D-22. V=
F=1, [VoFag; A=79=40 [V=D=8, IV-F-2}.
One commenter rearkad that while the
casss were 100 few to draw “solid
siatistical conclusions.” the Ott etal.
study was the “best documented study
of chronic exposures to berzene in the
literature {o date” (QAQPS 79—3 [PartTI]
TV-F-1, F=g).

Commenters aiso contended that the
exciusion of one decedent whose .
Jetticemia was identified as 2 “significant
othar condition™ rather thaa the cause of
death eliminated the significance
(QAQPS 79-3 [Part I] [V-D-13). One
commenter asserted that Ott et al, -
spplied an “inappropriate one-tailed
[statistical] test” 1o determine
significance and that the use of an
appropriate test (two-tailed) did not
revex! a significant sesociation between
the leukemis cases snd exposure to
benzens {ODAQPS 79-3 [Purt 1] IV-D-13).

‘The presence.of
exposures to other potential carcinogens
‘was also noted by commenters as
evidence that the study should not be
viewed as conclusive of a benzens-
leukemia association. The same
commenters noted that the cases of
leukemia ocouxred in workers exposed
to lower benzene levels {2 10 § ppm)
thar; those encountered by many other
individuals i the stody population

. (OAQPS 78-3 [Part I} [V-D-13, [Part I}

TVFa, VI-F-0).
‘While EPA does not view the Ott et
al. study, taken alone. as conclusive -
le'\;i'ldm‘z of an l):tocution betlween low-
10 @ ppin) occupational exposure
to benzens ynd lsukemia, the Ag:p
h-ucm thet this werk, combined with

other findings in the benzene health
literature, serves to reinforce the public
bealth concerns regarding benzene
exposure.

EPA does not agree that the use of
“borderline” in describing the
significance of the Ott et al. study is
Loappropriate since the value caiculated
{0.047) was very close to tae

predetermined limit [0.050) chosen for

the test. EPA does agree that the test as
constructed, supports a finding of
significancs.

EPA disagrees that the use of a “two-
teiled” test for significance would be
mare appropriate than the one-tailed
test employed by Ott et al. The
hypothesis to be tested in that benzene
exposure insreasss the leukemia nsi.
not that risk may iccrease or dacrease.
The banzene health literature does not
support a finding that benzepe exerts &
protective influsnce on expased
individuals.

QOmitting from the stmdy the individual

. for whom leukemis was not the

immediate canse of death would not. in
EPA's opinion, be an appropriate
change. in view of the tecognized causa!
relationship between benzene and
nonlymphatic leukemias, EPA believes
that a case of myelogenous leukemia.
such as this. should not be ignored.

EPA does not view the extent of
confounding exposures in Ott et al. as
sevese. The suthors did exclude from
their analveis persons known to have
been expossd to levels of arsenicais.
vinyi chloride, and asbestos. all of
which have been associated with humarn
health effects. This exclusion elimunastec
53 persons from consideration including
one jeukemin victim The remaining
substances, which include the suspect
carcinogen vinrylidene chloride, bave no
been shown to be associated with a
leukemia risk in either man or ammals

"Therefore, inclusion of such exposed

persons would not be likely t affect the
target organ site for benxzene in terms of
increased risk.

According to the authors' testimezy
befare OSHA. the “]ow levels of
potential benzene exposure relative to
other pmployess in the
cohort . . . made a retrospective
assesgment of the possible relationshup

“to benzene £xposure very

judgmental.” (78) EPA, while recogmzsg
this uncertainty. agrees with the
reservation expressed by QSHA in its
benzene rulemaking that “because of the
smmal] population size as well as the
possibility of sensitivity of those ©
individuals developing leukemia, it
caanot be concluded that these deaths
are no! caused by benzane exposure”

{43 FR 5828).



Federa! Register / Vol 45, No. 110 / Wednesday, June @ 1984 / Rules and Regulations

A R —

Commenters cited other
epidemiological studies, notably the
work of Thorpe. (28) for which no
correlation between leukemia and
benzene exposure was demonstrated
[OAQPS-75-3 [Part [] IV-D~5, IV-D-13,
{Part lI] IV=F-1, IV-F-0; A-79-27 [V-D-
24, [VF-1; A-79—45 IV-D—p, [V-F-2).
The Thorpe study found “no excess
incidence of leukemia among petroieurn
workers exposed to benzene levels
estimated o range up to 20 ppm”
(CAQPS-78-3 [Part I} [V-D~13),

EPA believes that deficiencies in the
Thorpe study preciude a judgment that
exposure to benzene below 20 ppm
poses no risk of jeukemia. The author of
this study dwellis on the shortcomings of
the wack, the most important of which
are that (1) quantitative determinations
of the extent of exposure could not be
done, (2) follow up of members of the
cobort was inadequate. and (3} problems
existed with verifying the leukemia
diagnosis.

Foliowup was left to each unit (plant)
separately, Since the author did none of
it, the follow up was poor. Many units
had no mechanisms by which 1o notify
the piant of the death of an annuitant
and where notification was made. often
no cause af death was reported o the
company. Cases reportad among
anruitants were inciuded, although
possible underreporting in the group
was recognized. No mantion was made
concerning follow up efforts on former
smpioyees who did not quaiify for an
annuity. Unfortunately, no table on
compieteness of ascertainmant of vital
status was given. '

Other problems with this study
invo|ve the questionable practice of
reporting on the pooled results of a
study of eight separate and pathaps
considerably different plants, A
significant risk that may be present in
oue ot tore of the plants could ave
been obscured by the inciusion of
populations of nonexposed individuals.
Additionally. no consideration of latent
factors was presentec: no affort was
made by the author to require &
minimum time since onset of
employment of individuals in the study
ot to provide even cause-specific
mortality by time since firat
employment. Furthermors. the study has
been criticized by Brown {29) with
respect {o factors relating to
underreporting of leukemia in the study
population.

Animal Studies. EPA originally
conciuded in the benzene health
asseszment that “there is no conviacing
evidence that benzene causes
neopiasias. including leukemia. In
animais.”(8) One commenter submitted
that two amimal studies, reporis by

Maltoni and Scarnato{1?) and Synder et
al.(13) had become avaiigble

- demonstrating benzene-induced tumors

in rodents (OAQPS=7p~3 [Part I] [V~D-
8).

EPA agrees that the studies
relerenced support the finding of a
positive tumorigenic effect of benzene in
rodents. The study by Maltoni and
Scamato indicated an increased
incidence of Zymba! giand carcinomas.
mammary giand carcinomas, and
leukemia in benzene-treated Sprague-
Dawiey rats, Snyder et al. observed a
kigher occurrence of hematopoietic
peoplasms. bone marrow hyperplasia,
and splenic hyperplasis in benzene-
treated C57BL mice. The hematopoietic
neopiasms were categorized as
lymphocytic lymphoma with thymic
invoivement, plasmacyioma (myeloma).
and leukemia with a hematocytoblast
apperently as the predominant cell type.
The finding of a tumorigenic effect of
benzene in other mammalian specias
serves to strengthen the concarn over
benzane's sfiects on human popuiations.

Health lssues Relevant to Benzene
Listing Decision
EPA listed benzane as & hazardous air

- pollutant based on evidencs linking

eccupational benzens exposure with
leukemia and on the knowledge that
large numbers of people are exposed to
and. therefore, may be at risk from,
benzene emitied into the ambient air by
a variety of stationary sources. This
rationmie sasumes that (1) it is
reasonable to conclude that a causal
relationship continues 1o exist at the
significantly lower exposure levels
characteristic of the ambiant air. and (2)
that the tude af the relationship
warrants efforts to reduce human
-exXposure. '

A number of commentars took issue

‘ with EPA’s judgment. arguing that an

expasure threshold for benezene
induced leukemis ts below which
there is no health risk and that, even
granting an association with Jeukemia at
ambient levels, the itude of the
health risks to lxpouz papulations is
negligible. {Dus to the number of
commenters on these subjects, the
comment numbars are not listed,} The
comments focus on EPA's presumption
that effect thrashalds do not exist for
carcinogens (the nonthrashold
hypothesis) and the methodology used
by EPA’s Carcinogen Assessment Group
(CAG) in deriving quantitative estimates
of benzene jeukemogenic risks. A
summary of public comments addressing
the issue of a carcinogenic threshold for
benzene follows the statement of EPA's
position on carcinugenic thresholds.

EPA’s Position on Carcinogenic
Thresholds {Nonthreshold Hypothesis).
in evaluating the public heaith hazar
associated with exposure to known
potential carcinogens. EPA has
maintained thal. 1n the absence of sound
scientific evidence to the contrary. such
substances musi be considered to pose
some finite cancer risk at any exposure
level sbove zero (41 FR 21402, May 25,
1976; 44 FR 585642, October 10, 1879: 44
FR 38858 july 8. 1579). OSHA {45 FR
5002. January 22, 1980}, the Consumer
Product Safety Commission {CPSC). the
Food and Drug Administration {(FDA),
the Food Safety and Quality Service.
and the President’s Regulatory Council
{44 FR 80038. Octaber 1™ 1878), among
others. have shared this conviction.

Support for the nonthreshold
hypothesis for carcinogens dervices
from both scientific and practical
considerations. As summarized by the
Interagency Regulatory Lisison Group
{IRLG): “It)he salf-replicating nature of
cancer, the multiplicity of causative
fsctors to which individuals can be
exposed, the additive and possibly
synergistic combination of effects. and
the wide range of individual
susceptibilitias work together in making .
it currently unreliable to predict a
threshoid below which human
population expogure ta a carcinogen h
no eflect on cancer risk™ (44 FR 30875).

The mechanism by which a '
carcinogen acts is of particular
importance in postulating whether or not
an effect threshold exists. NAS has
observad:

* Whether or not & particular effect follows a
dose-response relationship that has a
threrhoid depends entirely on the mechaniom
of the eflect. Many sffects have threshoids.
For example. the gastrointestinal-radistion
syndrome, acute drug foxicity, and radistion
ar drug control of same tumors all have doss-
response curves that show thresholds. The
curves are sigmoid. and below s particular
dose there is a zaro probability of producing
the affect. because the effect requires many
independant events and will not oceur until
the number of such events sxceeds somas
critical value. The gustrointestinai-radiation
(or drug) syndrome is s case in point. An
anima! will not die until the number of
intestinal crypt calle that have been killed
excesds a vaiue that ia critical 10 the integrity
of the organ. Any radiation or drug dose that -
kills fewer celis than this critical number can
be conaidered to be sale (at loast [or this one
syndrome). '

We are used 1o thinking in terma of
thresholds and sigmoid dose-response curves.
For exampie, if it costs $4.000 to buy an
automdbile. we do not imagine that we will
have a 50% chance of buying the sems
vehicle {or $2.000. If 100 aaptirin tabiets .
constitule a lethal dose. we do not cajcylate
that we will have a 1% chancs of dying if we
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swallow & single tabist. Becmise we know
the mechanisms underlying thess eventa. we
expect thresholds to the dose-response
curves. and indwed they e evident
Howevat. olber efiscts may wail nor have
threshold dose-efisc reistonships. H an
eflac: can be caused by a singie bit. & ungle
maiscule. or & single unit of exposure. then
tha allect in queshon cannot have a threshold
in the dose-response relationship, oo matter
bow unlikely it is that the single hit or event
will produce the effect. Mutations in
prokaryotic and sukaryotic cells can be
caused by & single cluster of ion pairs which
ware producad by a beam of ionizing
radistion. We would expect that mutations
e Phaps grous of Mot i prosin
perhaps group of m es i proximity 10
the DNA. The necessary conclusicn from this
resull i that the dose-response relstionship
for radietion end chemital mutagenesis
carmot bave a threshold and must be Linaar,
at least al low doses.
1t is one step further to correlate
mutaganesis with carcinogenesis.
Neverthelass. the evidence is strong that
threre is & close relationship between the two
{relerances].
MV:! Mhmmdnde that. £f there is by
ence that & carERDgen AC
directly ca s mutation: i the DNA, it s
‘likaly thet the dose-response curve for
carcinogenssis will noi show & threshoid and
will be jinenr with dase #t low doses.7)

- Evidence for a linear-carcinogenic

. Tesponse &t low dose comas from -
studies sugpesting cancers may arise
from the “transformstion” of a single
cell. (30)(37) One study observed that in
women with s genetic condition that
leads to their body cells being of two
recognizable typss, tumors are .
characteristically of one call type. while
bormal tissues are composed of a
mixture of both types. Another
deseribed experimental efforts in which
transformed cells were transpianted into
whole animals. Both of these
observations further support the theory
that cancers may arise from single cells.
A gingle cell origin of cancers implies
that the statistical form of the
carcinogenic dose reipanse relationship
may be highly influgnced by the extreme
tail of the distribution of zeil
transformations with dose. As Crump
points cut “the effect of this is to make
virtually any prooess of discrete svents
lp?nrnmA' tely Mpﬂ :!t“ low doee.” (79)

) § presumption that givy sxposure
to a carcin posss a haalth risk is not
intended to ciose discussion or
ignare evidence or resl or practical
effect thresholds for such substances. In
this regerd, & humber of theories
pustulate the existeacs of thresholds.
Thase include consideration of the
body's defenge and repeir capabilities
(immunosurveillance, detoxification,
and DNA repair} and reports of the
regression of preneopisstic lesions with
the osssstion of exposure. Observations
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. ‘of an inverse relgtianship betweesn dase

and the latency period for tumar
axpression bave besn proposed as
evidence of practical thresholds where
the dose carresponds to a isency that
exceeds the individuai's hisspan.
Proponerts eiso have sogeested. as
indirect evidence of thresholds, the

- carginogenicity at high doses of certain

substances for which a bicldmcal
requirement exists. Thresacid leveis
have. in addition. been inierred Som
“negative” epidemiological end animal
studies. ‘

While EPA agrees ihat the avicence
for real or practical carcinogenic
threshoids should play a role in bazard
evaluation the Agency is persuaded
that the utility of such information in
establishing “no effect” levels is
seriously limited Although protective
mechaniams such as DNA repair are
reasonably efective, it is generally
recoguized that few, if any, biological

are 100 percent efficient (45

processes
- FR 5128, 5129). Similariy, while

decreased dose could increase the
medign time-to-tumor to greater than a
lifespaz, the typical distribution of
tumors across age groups sill would
result in “early” cancers arising.
Evidence for practical thregholds is
also questionable. There is no reason to
balieve that biclogically required
substances, which have heen found to
be carcinogenic af high levels, may sot
pose some cancer risk at levels where
they are normally found in the body. 1o
the same way, the failure to detect &
ittve associntion ic the sanimai
icassay or epidemioclogical study does
not constitute evidence of a no-effect
level. NAS has noted that
mEnno. eponeve dous n0t puarams that e
not the that
probability of respanse is actaslly 2evo. From
a statiatical aaro responders
& popuistion of size N {s consistemt at the 3%
significencs level with an ectual

Z8ro and appraximately '
respandess

probabllity barwesn

3/N jag. whan N =100 and 2eo

are observed. the trwe probebility af response
may be as kigh as 3%L{1)

Finally, EPA concurs with NAS that
theoretical arguments for the existence
&pmd tlu buwbdsemt rr

that tive
exposed human population isa ** * *
large, diverse. and genetically :
heterogenieous group expoved to a
variety of toxic agents. Genetic
variability to carcinogenesis is well
documentead (Strong), 1878, {32) and it is
also known that individuals who are
deficient in immmunclogical competence
(for genetic or enrvironmental reasons)
are i vy suscentible to some
forms of cancer (Cottieretal., .
1974)(39)." (I)

ot of

OSHA noted in its summary of public
hearimgs on gn acsupationsal carcinogen
policy:

A mumber of withesses testified that. even
if thresholds could be estzolished for the
croamstances in which animals are exposed
only w singie carcinogens. this would hive
littie or no reievance 10 nuk aysessment for
bumsens, who are exposed 1o many
carsnogens. either sunultaneousiy or

" sequenually. Specifically. several witnesseas

pointed out that there is already a ralanveiy
hugr ncidence of cancer in the human
populanon. Hence many individuals are
already gt or close to the threshaid for certain
processes involved in cancer development. 80
that increrpental exposure to even symall
quantines of an agen: that sccelerates these
procesaes would be expected to lead to an
incre)ne in the frequency of cancer. (45 FR
535

NAS bas further elaborated:

In considering the possiblity of thresholds
for carcinogenesis. it is impartant to
underrtand that there is 50 agent. chemical or
physical, that induoes & form of cancer in
may that does not ocone in the absence of
that agent. in ather words, when there is
exposure {0 & material, we are not starting st
an arigin of zero cancers. Nor xre we starung
at an origio of zero carcinogenic agents in our
envirotmment Thus, {t is likely thet any

. carzinogenic agent added to the snvironment
will act by a particuiar mechanismh on a
particular cell population that is already
being atted on by the same mychazism to
indoce cancers. This reasoning impiies that
only if it actad by a mechanicm entirely
different irom that already operating on the

. tissue couid a newly added carcinogen show
u threshold it its dose-response curve. (1) -

in summary, EPA’s position has bsen
that the nonthreshoid hypothesis is, for
carcinogens, a reasonable and
appropriate presumption that must be
overcome by sound scientific evidence
before amry exposure to such substances
can be concluded o be without heelth
risk, At the same time. however, EPA
regards relevant evidence of the ability
of biological systems to mitigate adverse
heaith effects as important .
cangiderstions in the evaiuation of the
heelth hazard. o

Support for ¢ Threshold for Benzene.
Commenters challenged EPA's
nonthreshoid presumption for benzene,
srguing that the Agency had failed 1o
consider convincing evidence that a
lerukemogenic threshoid for benzene

_does exist and that this threshoid iz well

above any ambient ievels that might be
encountersd by the general population,
in support of this position, commenters
cited studies of benzene metabolism,
alternative mecharnisms for cancer
induction, end evidence derived from
epidemiological studies.

“One commenter cited the work of
Richert and Irans (34) as evidence that
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exposure to levels of benzeme balow 10
ppm does no! produce apy-adverse .
health conseguences in hbuman cells
{OAQPS-79-3 [Part 1} TV=D-13, [Part 11]
IVef=l, [V-F-2, [V-F-3}.
 Rickert studied benzene metabolism
in rodents and human cells jn vitro to
determine the concentrations of toxic
benzene metabolites that might accur in
the bone marrow of humans exposed to
benzene (QAQPS 793 [Pan O] IV-F=2).
He concluded that the metabolite
concentralions in rats and human tissue
are of the same order of magnitude at
similzr benzene doses. lrons used this
informstion 1o compare the metabolite
concentrations axpecied at various
benzene exposures with those at which
the first signs of hematotoxicity
{lymphocytopenia) occurred. He found
“that a significant difference exists
between the projected concentration of
benzene metabolities in bone marrow.
as calcuiated for a 6 hour exposure to 10
PPm benzane in vitro, and the
cancentration of the aame metabolites
which produce a demonstrable effect oo
a sensitive population of human cells in
vitro” (OAQPS 75-3 {Part II) IV=F-3).
- Although EPA regards this work.
published afier the release of the heaith
assessmant document. as generally
supportive of the concept of 2 threshold
for lymphocytopenia and other
hematotoxic effects that may result from
berzene exposure, EPA does nol agree
with the inference drawn from this study
that exposures. below 10 ppm pose no
health risk. The in vitro system used
may not represent the most senaitive
human population st risk of hematotoxic
eg:ccu. l-‘\:;hu.l itis ;\o\ cloar that
efiacts such as lymp penia must
precede the induction of leukemis, nor
bas it besn extablished that the benzene
metabalities studied are related to the
onset of leukamis.
Several cornmenters submitted that
EPA's presumption of low-level benzene
risk ignored alternative mechanisms for
carcinogenesis, applicable io benzene,
for which effect thresholds appesr
likely. One commenter asserted that,
while a subsiance’s ability to directly
alter geneatic material could be viewed
as support for a nonthreshaid
mechanism, there is “no svidence that
{benzene] react{s} with DNA" {OAQPS=
793 [Part [] [V=D-g, [Part lI]IV-D=22).
According to the commenter, “Benzene
induces neoplasia through call injury” 40 .
the bone marrow. The injury is :
“followed by regeneration of the bone
marrow and myelogenous leukemia in a
smell number of cases.” During
exposures of humans to benzene levais
in the air of 10 ppm ar loas, the. . .

metabolic detoxification reactions ., ...

maintain the lovels jof benzene] and its

" metabolitas to be sufficient!y low in the

biood to be below.the threshold for any
effect on the bone marrow or metabolic
effects on lymphocytes” {OAQPS 76-3
{Part I} IV-D-8, [V=D=13, [Part U] [VeD=
2o [VaF=1, [V~F=8 A=78-27 [V-D~24.
IVaDe2?, VD20 A=78=4f TV-[-0, TV-
D-11, IV-D=12, [VaF=1, [V-F=2: A-80--14
IVaD-1, IV=D=3. [V=F-1).

Similarly, commenters argusd that the
documented association between
hematotoxic effects (usually decrenses
in the levels of various lormed eiements
in blood: cytopenia. pancytopenis. and
lymphocytopenia) and leukemia
supports the finding that such effects
may be a necessary precondition for
leukemia. In this regard, one commenter
guotes Goldstein's observation that
“there [do| not appesr to be any proven
cases in which lenkemiz began in the
absence of previous cytopenia.” (35)
Commentets contend that because “pre-
leukemic™ changes such as cytopenia
*“do not occur below about 35 ppm." this
axposure lsvel or, more conservatively,
a jevel of 20 or 10 ppm constitutas an

- effective threshold below which

benzane “pressnts no health risk
whatsoever.” .

While EPA agress that the nongenetic,
ot “epigenetic.” machanism constitutes a
possible explanation for the way in
which cancers could arise in the
absence of direct intersction with
genetic material. the Agency is not
persuaded. basedon the largely
-theoretical nature of this position, that
such & mechanism bas been -
demonstratad in the case of benzene.
For simiiar reasons. the Agency
continues to as inconclusive the
contention thet bematotoxic effacta
must necessarily precede the ‘
development of leukemia in benzens-

- axposed individuals.

o &vi:lmt bonding (resction) :::‘tih
gensrully regarded ma snce
that.gn agent mey bave tha ability to
“transform”a normal cell into an
abnormal. and possibly cancerous, cell
vis a somatic mutation. The absence of
such banding or its nondstection.
bhowsver, doas not demonstrata that
substances such as benzene may sot .
interact directly with penetic material to
produce aberrant calls, In fact there is
good avidence that banzene, at levels a3
low as 1 to 2.5 ppm, significantly
increases chromosome abnormalities in
bane marrow eslls including
chromosome bresks and marker
chromosomen {rings. dicentrics,
tranalocations, and exchange
figures).(3)(5) Whethar such changes are
appropriately considered mutations ar
simply toxic events depands on the fate

of the affected call. As OSHA has

pointed out in its benzene rulemaking:
I the giteration in the chromosomal

material results in an inhibiuon of further

celiular division. then in terms of its

reproductive potennal, the cell » dead and .

the damage inflicted may be ciassified as «

toxic svent. However. if the damage does not

interfere with the reproductive ability of the

cell. and the alteration is replicaled. this may

constitule a persistent gross mutation. The

finding of gross chromosomal demage in bone

marrow celis cleariy demonstrates that

despile competing detoxification resclions

* * * banzane, or a reactive metabolite ts

abie to overwheim protective defense

mechanisms snd enter the nucleus of
hematopoietic cells. {43 FR 5918)

The quote attributed 1o Goldstein
noting that “there {do) not appear 1o be
any proven cases tn which leukemia
began in the absence of previous
cytopenia” is correct but incomplete.
Later in the page Goldstein cautions that
this interpretation is “open to
speculation, especially in view of the
paucity of routine laboretory data

.preceding the onset of lsukemia.”{38]

The lack of information, as well as the
retrogpective nature of most of the
analysis. makes it difficult to
substantiste ¢ precedent relationship
between hematotoxic sffects and
leukemia. In this regard, OSHA has
oheervad:

* ¢ * gince the mechanism by which bcnuno.
induces leukerzia has not been slucidated it
is possible that leukemia deveiops, not in
respons® to the pancytopenic efiects of
benzene. but rather to the direct carcinogenic
offect on the marrow hamatopoistic stam
calls oot necessarily accompanied by any
other evidence of marrew effect * * “.In
such events, protsction aguinst non-
necplastic biood disorders would not rule gut
oubo:quoal davelopment of lsukemia (43 FR
nn :

Similarily. Browning, in 1963, noted:

' “benzene isukemis is frequently

superimposed upon a conditfon of
aplastic anamis, but it can develop
without & preceding peripheral biood
picture characieristic of bone marrow
aplasia.”{18)

Finally. EPA is not persuaded that the
“thresholds” identified by commenters
for benzene-induced “injury” are sound.
First., it is not clear that techniques such
as peripheral biood counts and
aspiration of bone marrow are capable

- of consistently detecting injury to the

hamatopoietic system, particularly when
the normal ranges of such counts are
broad.(8)

Second. injury may be occurring at .
levais below those at which cytopenia is
obiderved. In {a review of benzene, NAS ‘.
commented on & report of banzens-
induced chromosome sbnormalities:
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“Vigliani and Forni (37} reported
chromosomal aberrations of both the
stable and unstable type. In general. the
chromosome aberrations were higher in
peripheral blood lympbocytes of

. workers exposed to benzene than in
those of controls. This was true sver in
the absence of over: signs of bone
marrow domege” (4) [emphasis added).
As noted above. Picciano and Kilian and
Daniel have aisc reported significant
increases in chromosomal aberrations.

" &n affect whose toxic potential cannot
be ignored. in workers exposed to
benzene at levels substantially below
the 10 ppm submitted as the lowest level
{or a “threshold” for benzene-induced
effocts.

Commenters found support for a
benzene carcinogenic threshold in
epidemiciogical studiés that did not find
e significant associstion between
benzene exposure and leukemia (citing
work by Thorpe, (25 Tabershaw, (78)
and Stallones (§9)), in control or .
nonexposed populations for which a
case for benzene axposure gouid be
made (citing Infante et al, (14)), and
among exposed populations following
exposure reduction efforts (citing
Infante et al. (14) and Askoy et al. {15]).
(OAQPS-70=3 [Part I] IV=D=g. [V=D.11,

TVaDe13. [Part O] IV=De22, [VaFal, [V~

Fel A78aZ [VaD=24, [VaD=28: A=7B=
49 [VaD-10, [V-D=11. [V=D=12 [V-F-1.
IV=F=2; A=80=14 [V=F=1)}. -

As indicated in “Health Basis for

\w/ Listing” above, EPA believes that the

shortcomings of the Thorne study do not
permit a firm conclusion regarding a
carcinogenic threshold for benzene. In
the iarger context of the utllity of

- negative epidemiological studies, EPA.
as a member of the [RLG, concluded that
studies not finding a positive statistical
correiation do not demonstrate the
absence of a hazard, due to the
limitations of epidemiciogic
investigations and long cancer Istency
periods during which exposure to other
potentially carcinogenic substances can
occur {44 FR 39868 july 6. 1878). In
addition, OSHA {45 FR 5001: January 2,
1980} and the Nations] Cancer Advisory
Board (40) contand that negative
epidemiological data do not necesserily
establish the safety of suspect materials.

Similarly, while EPA agrees that

follow up studies such as those
undertaken on the Infante et al. and
Aksoy et al. populations may be useful
in demonstrating risk reductions. they
are not appropriate support for a
position that risks have been eliminated.
As with “negative"epidemiological
studies. EPA does not agree that such
findings demonstrate the sbsence of a

Having reviewed the public
comments, EPA concludes that the
evidence submitied in support.of a real
or practical threshold for benzene-
induced leukemia is not sufficient o
overcome EPA's presumption that
benzene may pose a finite risk of
jeukemia gt any exposure levei greater
than zero,

Although commenters have sought to
demonstrate that benzene may cause
leukemia via e nongenetic mechanism
that requires threshold-governed tissue
injury prior to leukemia induction and
that levels of benzene beiow this
threshoid are noninjurious or otherwise

- detoxified, EPA regards this evidence as

jargely theoretical in nature and.

*  jnconclusive.

EPA believes that the support for a
“hematotoxic” threshold as protective
against jeukemie induction is
speculative for two reasons: first,
because neither the mechanism for -
benzene-induced leukemia nor that for
blood disorders has been elucidated.
and. second. because information is
available that other effects of potential.
adverse health consequence have been
shown to occur at leveis iower than
those postulated as hematotoxic
thresholds. Finally, EPA does not accept
the premise thaf the nonpositive
epidemiological studies offer &« means of
establishing credible no-effect leveis.

. For these reazons, recognizing the
unceriainties in the scientific data base,
EPA believes tha! the nonthreshold
presumption should continue to apply in
the case of benzene and that benzene

should be considerad to pose a risk of
cancer &t any exposure level above zero.

EPA believes that this finding is
consistent with the mandate of Section
112 requiring the protection of public
heaith againat air pollutants that “mey

- reasonably be anticipated” to cause or

contribute to the health effects of
concer.

Quantitative Risk Estimatas of
Carcinogens. EPA, initialiy published
interim guidelines for the conduct of
quantitetive risk assessments (QRA) for
carcinogens on May 25, 1976 (41 FR

. 21402). In 1979, these were succeeded by

the report of the Work Group on Risk -

Assessment of IRLG (44 FR 39858: July 6.

1979) of which EPA was & member.
EPA prepared. in conjunction with the
listing of benzene under Section 112 and
the development of emissions
regulations, an assessment of the
population risk 1o ambient benzene
exposuras.(d) The assessment was
based on ap extrapolation of the human
leukemogenic risk drawn from svailable
epidemiological eviderice in
combination with an assessment of

human exposure to benzene emitted into
the air by slationary sources. (7}

Although a few commentars objected
10 the performance of a risk assessment.
arguing that the underiying uncertainties
were 100 great to permit @ meaningiui
resuli. most respondents favored
altempting to estimate population nisks.
In an extensive critique of EPA’s
essessmen!, however. commenters
disagreed with EPA on a number of
scientific and technical grounds. ranaing
from the appropriateness of the
dispersion model used in estimating
ambient benzene leveis to errors in the
assumptions made in deriving an
estimate of benzene's leukemogenic
potency. Commenters argued that the
correction of such errors would result in
an overall leukemogenic risk from

- benzene sourcas substantially below
‘that predicted by EPA, and., in fact.

small encugh to be regarded as a
“statistical artifact™ for which reguiatory
atiention was unwarranted.

The original assessment of human
exposure to benzene was performed by
the Stanford Research institute {SRI}
under contract to EPA. (] A number of
commenters on the benzene listing and
proposed standards criticized the SRI

‘assessment as relying on outdated
‘emissions astimates. employing an

upwardly biased exposure model.
omitling plani-speciiic information. and

_erronepusly including planis no longer

using benzene {OAQPS=768=3 [Part II)
IV=F=1, IV=F; A=70=48 [V-D-8). One
commenter questioned the use of a 20-

" kilometer radius in developinz the, .

expasure estimates {OAQPS=-78-3 [Part
I} IV=D~8). Several commenters were -
supportive of an alternative
methodology submitted by Svstems
Applications. Inc. {SAI) [OAQPS=75=3
(Part [] IV=D-g, [V=D-13, [Part lI} IV-D-
22, [V=F=1, [VeF-i, [V-F=f: A=78-40 [V-
D-8).

EPA agrees that the SAl expesure
methodoiogy offers some improvements
over the exposure methadology used by
SR! for the benzene assesament. SAl
developed its methodology under
contract to EPA in response tc a ne=d
for a rapid. computer-eificient method
for conducting national-level exposure

. assessments. This methodoiogy. with

the additional dats submitted in the
course of the comment pericds on the
benzene proposais. has been used to

_ revise the exposure estimates and risk

assessments for the promulgated
standards.

Although the SAl methodology has
supplanted the methodology initially
used by EPA o estimate benzene
exposures. EPA does not agree that the'
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SR! report. for the purposes intended, is
grossly inscourate or epwardly binsed
The SRI report wan intended to ba an
wpitial rough estimate of national-leve]
expomires o ambient air concentrations
of banzene capsed by air emissions from
various types of sources. The purpose of
the report was to heip EPA decide which
benzene sources lo study in more depth
and thereby determioe the extent of
regqulation assded under the Clean Air
AcL The report also belped EPA
determine the grder in which the studies
would be conductad. Those studies.
which accompany the development of
regulations ander section 112 of the
Clean Air Acl, address far mors
explicitly the sources of benrens
selectad for regllation and the puhlic
exposures 1o benzane associated with

those sources. The aature of menay of the .

comments guggesis tha! the commanters
did not understand EPA's intended use
of the report and of the intentionally
rough-cut approsch considered
appropriate for that use.

EPA agrees thet much of the SRI
report is difficult 10 eveiuate. This repont
was one of EPA's first attempts st
estimating nationwide exposure, and the
methodoiogies were not yet fully

As explained. the report was
not meant to be a definite statement on
expasure to benzene, but 10 be & guide
to follow-on studies. All deficisncies
considered. EPA considers the report
adequate for {ts intended use.

The selection of & 20-kilomster imit
On exposurs estimation in the vicinity of

stationury sources is based on modsting -

considerstions. Twenty kiiameters was
chosen a3 a practical modeling stop-
point. The resuits of dispersion models
are considered rassonably accurats
within that distance. The dispersion
coefficients used in modeling are buved
oD smpirical messuraments made within
10 kilomwetars of sources. These
cosfficients become less applicat.e at
long distances from the source, and the
modeling rasults become mare
ancsriain,

Comments were generally critical of
the use by CAG of a linear, -
nonthreshold model to derive a benzene
unit risk factor. One commenter
{OAQPS~78=3 {Part O] IV-1)-8} rejactad
the assumptions used by CAG of no
threshold and the validity of the linear
model exzapolated toward zero. Cther
comumenters viewed the model as
“inherently conservative" and likely to
yieid an upper limit of the health risks
(CAQPRS-79-3 [Part I} [V-D-13; A-75-
z;-)-N-D—Z?'. A=30-14=1V=D=102, VD=
13).

While EPA agrees thet the linear,
nonthreshold mode! is conservstive and
 would tend to provide an upper bound

to the statistical range for the amit risk
factor, the Agency does not believe that

the assumptions upon which ft & baved .

are unreasonabie or that the resuits of
its ose are exaggerated. IRLG agreed
that although the mathematical model
identifies an upper limit estimate of nsk
from a statistical standpoint, “{tlhe risk
estimates as applied (o humans should
ot be regarded a3 upper hmi! estimates
because of large binlogical
uncertainties. "1 2]

The doss-response model with .
linearity at iow dase has besn adoried
for low—dose extrapolatian by EPA
becsuse it has the best, albeit limited,

. scieatific basis af arry current

mathemstical extrapolation model.{¢1)
This basis is supported by EPA's
condlunions in & Fedural Register notice
(45 FR 78352; November 23. 1980)
announcing the evailability of Waiet
Quality Criteria documents. The Agency

" concinded that, “{t}he Sinaar aon-

threshoid do se reiationsirp is
. . . consistent mz thas relativaly few
epidemioiogical studies of cancer
raypotmes O specific agemts that contain
enough informatian to make the
evaluation possibla. . . Thare is also
some evidence from animal experiments
that is consistant with the linear non-
threshold hvpothasis . ;. ."
Commeénters arguas that in addition
to the conservative nature of the model
used. the assymptjons made by EPA
{CAG]) in the darivation of & unit
Jeukemia rigk facicr for benszene .
reprasentad “serious misintarpretation”
of the underiying ap i
evidencs (OAQPS~79-3 (Part [] IV-D-13,
[Part ] [VaF<l, [VaFg: A=79=27=[V-D-
27, W=D=24: A~80=14=]V~D=10a, V=D~
21}. Amang the spacific criticizms wera:
CAG (1) inappropriataly ingluded in its
svalnaticy of the Infante et al. study two
cases of Jeukemia from outside the
cohort, inappropoiately sxcluded 2
population of warkers that had basn
exposed to benzane, and improparly
assutnad that exposure lavals were
comparable with prevailing .
occupatianal standards: {2) accepted, in
the Aksoy st al. studies, an
unreasonable undercount of the
background leuksmis incidence in rural
Turkey, mads a false adjustment for age.
und underestimated the axposure
duration: and 12) included the D1t s al.
study in the analysis despite & Jack of
wiatistical sigmificance.
As previcusly discussed in “Hexith

"Baszis for Listmg,” EPA has resxamined

and reevajueted each of the three
swidies. In summary, EPA comeluded
that one case of leukemia was
inappropriately included from the
Infante et ol study in computing the
original unit tisk fector. Additiomlly,

EPA reaffirmed {13 decision to exclude
dry-side workerz from that study in
developing the risk factor, The Agency
with the cammenters that the Akaoy
al. study was adjusted improperly fo
ege: however, the exposures and
durations of exposures are stil!
considered reasonable estim stes. The
Ott et aL study was pot elimunated {rom
the risk asseasment because the Lndings
meet the tes! of statistical significance
and because it provides the best
documented expesure data available
from the three apidemiological studies.
Based on theas findings. the unit risk
factor (the probability of an individual
contracting leukemia after a lifetime of

. exposure to &8 banzene conrentration of

one part banzene per million parts sir}
was racaiculated The revised sstimate
resuitad ip a reduction of about 7
percent from the ariginal estimats of Lhe
geometric mean, from a probabiliry of
Jeukemia of 0.024/ppm 10 & probability
of lsukemia af 0.022/ppm.

Significance of Estimatad
LCareinogentc Risks from Sanzens
Zxposure. Based on EPA's estimates of
carcinogenic risk ar on the alternstive
calculations submitted to the Agency for
consideration. a8 number of commenters
asperted that the risk of developing
isukermia from exposure to benzene in
the ambiemt air was too small to
warrant regulatory consideration unde
section 112 Specifically, commantars
argued that the raguiation of benzene
undsr section 112 wonld have “no
meaningful impact on the occurrence of
lsukemia in the general population”
(OAQPS~78=3 [Part I] IV=Dg. [Part IT]
V=F=1, [V-F=§). In support of this
position. commanters cited EPA's
estimate that roughly 80 percent.of
ambiaut bencene sxxissions were
attributabie to mobile sources that
would not be reguiated under sectica
112 and notad that the pumber of
Isukemia aases predicted by the EPA
assessmart to occur as the result of
benzene emissions from stationary
source categories represented "less than
one-texth of ons percent {of] the normal
leukemia mortality riak in the U.S, .
population, . . . & result so xmall s to
be indistinguishable from a risk of gero”
{CAQPS~¥8-3 [Part {) TV=D=13, [Part I)
[V=F=1, [V A-T0liGu]V=D[=: Au7=
27=1V=D=18, V=10, [V=F=1; A=BO=14~
IV=D-10z, [V-F=1),

Several commenters referenced, as
evidence of the insignificance of the
embient benzene risk, the comparable or
higher risks associated with activities
such as skiing. hanting. and sky diving
(OAQPS-70-1 [Part 1] [V-D=18} and wt
involuntary hazards such as drowning
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and alectrocution {[OAQPS=79~3 [Part I]
VD13, [Part ELW-F-?.. IV-F-G‘L..

Commentsrs gisc maintained that the
estimatsed risks posed by benzene
emissions were at or below levels
recognized by EPA and other Federzl
agencies as scceptable goals or targets
gl_r regulation {QAQPS-78=3 [Part I] IV~

13).

. EPA does not sgree with the
tommenier's assartions that the hesith
risks posed by benzene emissions irom
all siationary sources are insignificant
or that the regulation of benzane under
Section 112 fs, therefore. unwarranted.
EPA continues to believe that the wall-
documented svidence of benzene's
leukemogenicity, the quantity of
stationary source emissions, the
observed and estimated ambient
cancentrations, the proximity of la
populations to emitting sources, an
numerical estimates of health risks
(including consideration of the
unceartainties of such estimates) support
the judgement that benzene is an air
pollutant that “causes or contributes to
air pollution which may ressonably be
anticipated o result in an increase in
mortality or an increase in serious
irreveraible. or incapacitating reversible,
fllness” (section 112{a)(1) of the Clean
Adr Act),

With an estimated 2.9 billion pounds
{4.5 million megagrams} produced in
1981, benzene ranks 10th among all
chemicals in terms of production volume
, in the United Statss. (2) Bensene is the
largest production chemical that bas
besn causally linksd to cancer in
humans, ' -

EPA estimates that more than 120
million pounds {55,000 megagrams) of
benzene are emittad annually to the
ambient air from stationary industrial
sources. The sources are primarily
plants involved in benzens production,
other chemical manufacturing, and the
storage and distribution af benzene and
m}n:’.. &:; ﬂ:;u sources, benzene is

2 @ procass vents. storage
tanks. and liquid transier operations as
wall as from ieaks in process
components such as pumps and vaives.
According to EPA estimates. at least 30
to 50 million people live within 20
kilometers of stationary sources
'!exclndlnuuolim marketing vources)
that emit benzene. Levels of benzene
have been monitored in the vicinity of
benzene-emitting facilities at levels as
high as 330 ppb (1137 ug/m?) with
‘u;;)du.n values of 3.0 ppb (8.6 ug/m?).

EPA regards benzene emissions from
some stationary source calegories and
potential human exposure to these .
erissions as significant. The lact that
mobile sources emit more benzene than

the

do stationary sources has no bearing on
the significance of the benzene
emigsions from stationary sources, since
these sources aiso emit large quantities
of benzene. The fact that specific
standards have nol-been proposed for
mobile sources does not imply that the
Agency has reached a conclusion on the
significance of the health risks
associated with these sources. As
commenters pointed out. mobile sources
are not regulated under section 112. but
under Title [I of the Clean Air Act. A
control technoiogy applicable for
benzene emissions from mobile sources,
at for other h?dmcnrbon compounds, is
installation of & catalytic converter. In
fact, benzene emissions from mobile
sources are reduced substantially (along
with other hydrocarbon compounds) by
catalytic converter, installed in
response to standards established under
Titie U of the Clean Air Act. EPA
Eroiocu that by 1988, mobile source
enzene emissions will have been
reduced by 62 percent compared with
those in the baseline year when the
Clean Alr Act was enacted {1570}, and.
by 1890 they will have been reduced by
L A

&3 percen

EPA disagrees that benzene dees not
warrant regulation because such
regulation will not have & meaningful
impact on the occurrence of leukemia in
the 3benen! population. Except for
established causai reiationships with
benzene and certain hereditary factors,
the causes of leukemia are not known.
Because it is estimated that only « small

portion of leukemias may. st present.

preventable does not argue that
reasonable control measures shouid not
be taken. : .

Furthermore, EPA does not agres that
the presence of other unregulatad or
tolerated health rigks, equal or greatar in
magnitude than those estimated for
benzene exposure, obviatss the need for
regulation. Activities such as bunting
and akfing are essentialiy voluntary in
naturs with weli-advertised riaks. The
e ey

ng. 1 ely involuntary,
would be difficult 1o reduce effectively.
For benzene. however, a jarge
compouent of the health risk is
involuntary. At the same time,
reasonabie actions are availabie that
can @educe the risks from benzene
expasure. EPA questions the -
appropriateness of weighing risks that
sre accepted voluntarily or that have
little opportunity for mitigation against
risks largely beyond the individual's
contro! but for which societal remedies
are readily availabie.

Finally, commenters bave chosen to
make comparisons based on the
“average” lifetime risks or the expected

.nu.:-nbe'r of leukemia cases attributeble

to benzene emissions, arguing that an
“average” lifetime risk of ieukemia from
smbient levels of benzene of 1 per
100.00C (107*) does not constitute a
significant hazard end kas. in fact. besn
accepted by EPA and other Federal
agencies as an appropriate goa! for
regulation. Aside from the technica! and

- philosophical difficulties inherent in the

selection and verification of such goals
described above, EPA has not selected a
specific “goal"” for carcinogenic risks
from hazardous air pollutants and.
further, disagrees with the choice of the
“average" lifetime risk as an approprizie
measure of individual risk. EPA believe-
that the determinstion tha! a substance
poses & significant health risk via the
amibient air must inciude consideration
of the magnitude of the hazard to those
individuais and subpopulations most
expose to emissions of the substance. In
the case of benzerie, the estimated
maximum lifetime raks for these
populations are generally higher than
are “average" risks cited by
commenters. Current EPA estimates fcr
the most exposed individuals living in
the vicinity of source categories for
which standards are being developed
tange from a leukemia risk of 130 per
100.000 for benzene fugitive sources Lo
&40 per 100,000 for coke by-product
plants (QAQPS A-78<16). The reader
should recognize that any time lechemia
risk nuinbers are cited. they are subject
to considerable ancertainty. These
uncertainties are explained in the next
section of this preamble, titied-
“Selection of Benzene Scurce Categories

- for Reguiations.”

Ir: conclusion. EPA continues to
believe that benzene emissions from
some stationary source ctegories
represent a significant risk of leukemia
to exposed populations, particularly to
those individuals and subpopulations -
residing near major point sources. This
belief rests on the documented evidence
that benzene is a human leukemogen. on
the magnitude of benzene emissions to -
the ambient air, on the gbserved and
estimated ambient concentrations. on
the proximity of iarge populations to
emitting sources, and on estimatas of the
health risks to exposed popuistions,
including consideration of the
uncertainties associated with
quantitative risk estimates {including
the effects of concurrent exposures to
other substances and 10 other benzene

T emissions).

' Thus, EPA still believes that the
listing of benzene on June 8. 1977, was
appropriate and that delisting is
inappropriate. The evidence submitted
by commenters is judged insufficient to
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support a conclusion that ambient lavels
of berzeme do nnt pose carcinogenic
riaks or tha! the risks posed by benzene
emitted by all stationary somrce
categaries are insignificant.

Other Issues Relevant to Listing of
Benzene

Several commrenters asseried that the
listing of benzane was onnecessery in
view of the “netwark of regulatory

_programs already put into efact to
cantrol ambient benzene axpasures.”
thus taking benzens out of the statutory
definition of “hatardous air pollutant”
under section 112 (OAQPS=79=3 [Part [}
IV-D-10, [V~-D-13, [Part B} IV-F-1, [V~
F=B; A=75-48 [VD=10, [V-F=1, [V-F=2;
A=80~14~TV=D=13, [V=-D=10a, IV-F=1). ,

The reguiatory programs to which the
commenters refer were put into effact to
attein and maintain the national
ambiant air quality standard [NAAQS)
for ozone, not to control ambient
benzene exposurss. The haalth effects

exposure io ozone are very .
different from the health effects from
exposure to benzane; ozone-caused
beaith effects are serious, but there is no
evidence that exposure to ozone causes
cancer. Therefors. no scientific or
tachnical basis exists for belisving that
attaining and maintining NAAQS for
ozone will ensure that the public is
amply protected from benzene exposure.

1t i3 true tha! controlling VOC
emissions to attait and maintain the
ozone standard often results i a degres
of control over benzene emissions.
because benzene is often emittad with -
the VOC's being controlled. EPA did
TOL, a8 one commenter auggesis.
“ignore™ thia facl The effectiveness of
existing State standards and controi
devices in place for any other reason
kas been coavidersd when emissions
from eXisting plants have baen
estimated, In the amount of | »2trol
currently in piace for three benzene
source categories for which standards
wete previqusly proposed, meleic
znhydride and EB/S process vents and
benzene storage vessels, is relevant to
the Agency's proposed conclusion that
benzene emissions from these youroe
ca es no tonger wamant fadera

action. One connot :

reasonably assuwe, however, that the
extent and stringency of the control of
VOC emissions equates to adequate
contro! of all benzene emissions
natonwide. For exarmple, the State
regulations that control VOC emnissions
are federally required only for areas of
the State where they are nasdad to
attain and maintain the ozone standard:
{n areas of the State where such

reguiations are required. the

oeed be applisd oaly to snoogh VOC

saurces with enough regulatory
stringency to attain and maintain the
ozome standard. Such reguiations do not
necessarily contro} all stationary
benzene sources adequately.
Consequently, the Agency disagrees
with the conunenters' assertions that
existing regulatory programs for ozone/
VOC's make {t unnecessary to regulate
any berzene sgurces.

Cormanenters suggested that EPA
sbould adop! an acceptable carcinogenic
risk target Sor berzene and other
airborne carcinogens, citing precadents
in other EPA and Federal rolemakings
{OAQPS-73-3} [Part I] IV=D-13, [Part IT]
TV=F-1, TV-F-&: A-75-49 [V=F-1, [V-F-

2).
EPA agrees that {t can jdentify a lower
range of risk estimates {incidence and
meximum risk) wherw it is judged that
the haalth rigks do not pase snch a
public health problem as 10 warrant

-federul reguigtion. This, in conjunction
- with other factors sach as achievable

smissions and health riak reductions,

. can convinee the Administrator that a

sorce CalegoTy is Dot appropriate to
regulate under section 112. This is the
case for the proposed withdrawal of the
proposed benzene standards for maleic
anhydride and EB/S process vents and
benzane storage vessels. .

Selectinn of Benzens Source Catsgorias
for Regulation

EPA proposad standards for four
source categories of benzerie emissions:
maigic anbydrids process vents.
sthylbenxsns/styrene process vents.
fugitve amission sovreey, and beneens
llurm"dv?uh. ﬂ?th will be
Ppropo of & source catsgory,
oaks by-product piants. Comments
submitted on wach of the four ed
standards eontended that of the
source categoriss ted doas h::ltth
pose & sigmificant #0 public
and thersfore does not warrant
reguiztion (OAQPS=79-3 {Purt I} [V-D=
0, VoDl [VaF=l, Vefolf; A=78-27 [V-
D=24, [V=D=27, [V=Duif, IV-Fal, VK=
1 A=T8=49 [VaDe?, [V-D=10, IV=-D=12;
VoF ) Simiar prapropesal comment

~1}, Similar p commaents

h::; been recsived oa the A:::z;
product soarce categay.
advanced in support ?&u position
include the relative insignificance of
stationary sonrce smisgions af benzene
versus mobils source mmissions: the Jow
level of nﬂm:gﬁ berzans hun:l: “
compared to other public risks:
and the negligible inmpact of banzene
ceatrol on the wotal US. leukemia
incidence. EPA's responss to thase

- comments aFpears in the section

entitled “Significance of tha Estimatad
Carcinogenic Risks from Benzene

Exposures.” Additionally, commenters
maintained that even {f the gource
categories regulated could be

considered significant at proposal, .
emissions from these rource categories

are now acrually much jower than

projected at proposal and. thus. no

longer pose significant nsk.

Selection of Five Source Categories for
Initinl Regulotion

Following the listing of benzene as a
hazardous air pollutant, £PA divided the
stationary sources of benzene emissions
into 12 source categories. After
evaluating these 12 source categories,
EPA selected five source categories of
benzene for initial regulation: process
vents al majeic snhydride and EB/S
plants. benzene fugitive emission
sources. benzene storage vessels, and
coke by-product plants.

EPA is collscting additional dats on
the remaining seven sousce catagories to
use in deciding whether or not
standards development is warranted for

Proposal of Standards: Significant Risk
Judgment!

The information used in selecting the
five source categories for initial
regulation was preliminary information,
based en screening studies of the
identified.-scurce categories. During
standards development prior to
proposal. EPA gathered maore detailed
and refined information. The new
infarmaton neceasitated revisions in
emissicns estimatss for the five source
categories with some astimates
incressing and others decressing.
Exampies of the information used to
upgrade amissions estimates include
emissions lest data, updated status on
the pumber of oparating plants, and
more precise information on the control
devicss already installed on these
plants.

In addition to upgrading the smissions
estimates, EPA used the more precise -
emissions data to revise the quantitative
risk estimates. At the time that
standards lor maielc anhydride process
vents, EB/S process vents, beozane .
fugitive emissions sources, and benzene
storage vestels were proposed. EPA
made a judgment that the emissions
from each of thase souree categories
pose a significant leukemia risk. EPA
based this judgmant an the upgraded
emissions and risk estimates available
at that time.

Table I presents information for ench
aource category, based on the emissione
status of that saurce category at the time
the stendards were proposed. The

-
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uncertainties in the risk estimates are
described in the following paragraphs.
-The ranges of maximum lifetime risk
and annual leukemia incidence at
proposal presented in Table i represent
the uncartainty of estimates concerning
benzens concentrations 1o which
_workers were exposed in the
occupationa) studies of Infante, Aksoy.
and Ot that served as the basis for
developing the benzene unit risk factor.

The ranges presented in this teble

represent 95 percant confidence limits
on two sources of uncertzinty in the

. benzene risk estimates. One source

derives from the variations in dose/
response among the three occupational
studies upon which the benzene unit
risk factor is based. A second source
involves the unceriainties in the
estimates of ambient exposure. In the
former case, the confidence limits are

based on'the assumption that the slopes
of the dose/response reiationships are
unbiased estimates of the true siope and
that the estimates are log normally
distributed. In the latter case. the iimits

.~ gre based on the assumption that actua!

exposure leveis may vary by a factor of
two from the estimates obtained by

dispersion modeling {assuming that the
source-specific input data gre accurate;.

BILLING COOE 880-50-
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Yamif 1. .IASELINE INPACTS OF BENZENE SOURCE CATEGORIES AT PROPOSAL AMO MOW

' Banzene
- and other .
Benzene Vo Number of ‘ Leukenia
emissians euissions atfected incidence/year * 3
Standard {Mg/year) (Mg /yuar) plants Mazimum lifetime risk? 1 (Cases per ywar)
Benzene Fugitive
At proposal 8,300 13,200 - 130 1.7x207% 102,22 1073 0.15 to 1.1
Current - 7,900 12,600 128 1.5 » 1073 0.45
Maleic Anhydride .
At.proposa) 5,800 7,400 ° T 23%207% 0.45
Currant 960 1,250 7 (1) 7.6 % 1077 0.029
Ethvlhnzem/Stxnm
At proposat 2,400 6.240 13 (12 6.2x10" w44 x 0™ 0.027 to 0.20
Current | 210 330 13 ()¢ 1.4 x 1074 0.0057
Senzens Storage
At propasal 2,00 | 2,200 126 1.5x10" 02,0 5 207 0.12 to 0.82
_Current . 620 620 126 3.6 1073 0.043
tasunsias for Table |, ———
within 20 aflemmters a¢ plant,. .
Masims 1ifetime risk t5 Lhe sstionted pranedility LSt Lhd pimpit axpesed contimmwsly Tor 70 years ta G .
BIgRISt S0 auims] eveToge SEBISML CORCIMLPALIOR oY Gomivae wiil CORtFSCt loveemis a1 & Tesult of that
ssperure. .
*lar ranpes of mentmun 1ifetine vish and sl leusemis Inciounce a1 presusel presented in LAl Cable Peresent . .
the wmcariainty of sstimal ning Sonzese ations s YMICH sariers: wife ¢spesed in Um sccupdirensd
Almtiee af lafants, ANsey, a0 DT Lhat sorved as Liw Dasis for avelaping 1he bensewe wnit rliik foctar. The °

Fhopal FTLOMLad (n Lhis Lible remresent 35 percent cunfimsnce 1iNils en tam seUvtes o7 umceriaisty in the Benzene
FISL oALimaLes. (e sowrce Surives fram L variations in Geee’ruibonss nay (e threw scoumstions) sludies upen
Shich L bongene omiL Pish lacter (o baved. 4 Secesnt LavrTs \Meslues Lw amcerilaintion in Lhe estimstes of
Amiont axpasure. In the Toruey cane. the Confisence Tinits ave 0aseu on Lhe Jesumption thst Lhm slapes of Ty
-—.as it Pt Sve aRiesed dutindtes of the trm siovw and Lhat (he estiEdies ofv logpesrmally d@is-
trivwtad. In Lhe 10tser case, L Viufts Bve Desed on Lhe sssimpiion LAl ectus) semssere \owelt .lry vavy W
tarior of We tvem Uhe estingles atatand by ditperyion smpmling. Sevivsl sther uncertainiies are Msacisted with
the SSLiaLed Mosith SmEbYrs and 47w AL ousetiTien here. [PA Mav eatrapelsied L lewnamis Fisks jowntifies ter

tional iy 4 papulatinns (guewrally Masithy, whith asies) Lo L govers! paguistion Tor shan susteatindt=
iy s & carcimmpenie (msult coule $i10e7, Tha prasence of sore o leas tncaptiblie supreups within the general
bupulation weuld ressit in st scoupstiont]lyeeriveg FisE fACLAF LAML BOy EMESTOLliGaLy OF overentisats sctudl
risas. Ie the extonl that Merey aw awre Jwscaptinle Hibgreups within Lo guaers] puplstion; the sisimm tmdivse
wal lifetien risks &re wnaerestiniilo.

On e sther nant, gererel pERNIiatiSh SABEUrEE L8 BEATENG GPR BRICH oy Lhan Lwee amparionced by Lhe
SRReled weTheT 8 the ecoupdtioea! simdien, efian by Severs] evuett of segnita. s relatthg Un scoupstions
Siperivee ta the geweral pepuiatis . IFA Mal sapived & tinser, msatireshei andrl Laat sasumes Lhat e lousamts
Fessmis 14 Limarly miavsd Ao b e Sesa, even ot vevy low levels of empwiure. lnere amy binlagicsl sata
SBOSrting this ‘SPRPRACA, PUTTiCuieriy for corciamgami. Nosirver, Lhwre arv alse dats which Spgtit Chat, for same
Lot chmmIcals, deed/respanss curres arv mei Tinear, with resporse sscraasing fastar than deas oL Jow levels of
SAPRLUTS. Al such Jeveis, La aeniineer mmEnly \ewd 10 prosaica pab)ier FiSh faclars Uhen the Tinaar aeml. The
dats Tor Soniems d¢ et Canclumively supsert silher hypatiesie. IPA hae Slodied W5 wee Um 1inBar aom) fov
soragne botouse thit asei 11 gensrelly Contiaurer ta be comsevvative cappired L8 the sonitnedr alternatives.

This cica say resuil in an swerwitimais of Uw actue! Iowsamie Pists.

EFA astiaates samiont benzemt concentratisns tn thw viginity of aniting sewrces Lhreugh the wes of siam~
pharic dispariion asawis. EPA believes thal 115 amtitowt dinperiion Bmeeiing previawt o Feasenddie sdtimats of LUw
Ghsimym anbiont lowels of pentens s WhICH Lhe AR 1IL Could be exposed. The oenis acsast enianies astimetes,
plant piremstars, ant sstaeTeiogy &3 YRpULE 4ng Predicts mMient concentraiioes 4L epecified iscations, canvi-
Lioni) wban cartatn assumotiont. For saamrl,, sniisions sad BLANL BAFERNLETS o1tan oust be evlinated Pather Lhan
SmaLwed, BOrTiCUiarly (e getaTnining Lw segnituse of Tugitive EEISsiont Sru wheve there are lovge mamevs of
sonrces.  This can ledd to svermatinitas @v wRaarRilindles of sxpeawrs, Simtlariy, aLeeve lagicel SAts efien vy
Ant Svalliblie ot Uw ploat Sike But enly fram CISLAAL Fedther SLaLiones LA may ASt be representitive sf the
stsereiogy of L plant vicinity.

EP8's dispervion soiis movmally sssumm that Uw Lerrafn 1A the vicinity ot the weurcer 45 fiat. Far Murces
VBCItac VX CAMDIwa LEPPEIA, LNiS SSLAEDLTOA weult LOND 18 wRSErRRLINILE LA BAFIGMS ansud| Concentration aTUaugh
ASLISales 8F Apuregale Sopulalion snpeiure wauld be igds Sf1ectad. Dn Lhe ethmr hang, EPA's Baniene aspesyre
aadeit ARbue TAZL Lt wapesed papviation 14 lamebile sng sytOsers 81 LheiP reLtdence, continumusly shpesed far .
1170Lime s Lhe sred(Cled cOncentratinms. T AAe sstenl that benrene leveis inGOOTs sre lower and that poeple @
a0t res1ee In Lhe same ared for ¢ Vifelism, these assumiions will LAND Lo Swerpredict sspssurs.

ipen recentiseralion, £FA Ras CORCluded that the presentation of Lhe rish eslinales 4s Fanges aees Aat offer
SIQRITICANL SUVANLAEQES ever (A Brecentstion 4y Lhe assacialed paint estinales of Lhe Pisk. furthar, the proocss)
ronges o7 BeNIane Bake FISE COMDMTISANL ABBAG MBUTCe calegeries swre @ifficull and Lend s credle o faise inprey-
10N Thal Lhe Baunat of the Tigky are keewm with coriaraly. Fer Liwie realent, the Densone risan in LRI rule- .
BIRING AFE Presenied as PoInt eulimdles of Lng jevasmid Fisd,  EPA pelieves LMAL Lhete ¢lidh MgEBers vepresant ,.

Blauniole, 11 comarvalive, estimaizs o Uw agnituse 8f Us aClud) human COncer Fist posed by Senrane wwslieg
fres Lhe Source Calegeries evalwiled. for camparised. the preposdl FANQEE B4y bR Conweriad inls Teugh peInt
esbimatas by muitiplying the Jower ona of the rafge by 4 focier of 2.6.
Sinciuine 471 2lants; mmmer in pareniiesis GmmelLes MENer of BIants WILh wACeALrulied enitsions which wmuld be
contreliot by the alomare.

BRLING CODY. Ma-20-C
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Several other uncerizintiss mare
associated with the estinvated health
pumbers and not quantified in the
proposal ranges in Table 1. EPA has
extrapolated the lenkemia risks
identified for cccupationzlly exposad
popuistions (generally healthy, white

-males} to the general population for
whom susceptibility to a carcinogenic
insuit could diffar. The presence of more
or less susceptible subgroups within the
general population would result in aa
occupationally-derived risk factor that
may underestimate or overastimate
actual risks. To the extent that there are
more suscaptible subgroups within the
general population, the maximum -
individua) lifetims risks are
undersstimated. .

On the other hand, ganeral popuiation
expovures to are much lower
than those experienced by the exposed
workers in the occupational smdies., |
often by several orders of magnitude. In
retating the occupationsl exparience to
the general population. EPA has appiliad
a linear, nonthreshold model that
assumes that ths leukemis respanse is
linearly related to benzane doss. sven at
very low levels of . There are
biciogical data supporting this approach,
particuiarly for carcinogens. Howavar,
there are also data which suggest that,

- for some toxic chemicals, dose/response
curves are not linear, with response
decreasing faster than dose at low levels
of axposure. At such levels, the -
nonlinear models tend to producs
smazller risk factors than the linear
modsl. The dais for benzens do not
conclusively support either hypothesis.
EPA has elected to use the linsar model
for benzene because tiis model is
generally considered to be conservative
compared to the nonlinear siternatives.

. ‘This choice may result in an
g;r.uﬁnuu of the actual isukemia

EPA estimates ambient benzene
concentrations in the vicinity of emitting

sources through the use of atmospheric
dispersion models. EPA believes that its
ambient dispersion modeling provides a
reasonable estimate of the maximum
ambient levels of benzene to which the

. public could be exposed. The models

-accepl emission estimates. pilant

parameters. and metsoroiogy as'inputs

" and predicts ambient concentrations at

specified locations. conditional upon
certzin assumptions. For example,
emissions and piant pargmeters often
phust be estimated rather than
measured, particularly in determining
the magnitude of fugitive exissions and
where there are large numbers of

-sources. This can lsad to overestimates

or underestimates of sxposure.

Similarly, metagrological data often are
not avaiiable at the plant site but only
from distant weather stations that may
not be represantative of the meteorology
of the plant vicinity.

EPA’s dispersion models normally
assume that the terrain in the vicinity of
the sources is Dat For saurces located in
compiex tarrain. this assumption would
tend to underestimate the maximum
annua] cancentration although estimates
of aggregate population exposure would
be less affected. On the other band
EPA's benzene exposure models assume
that the exposed population is immobile
and outdoors at their residence.
continuously exposed for a lifetime to
the predicted concentrations. To the
extent that benzene levels indoors are
jower and that psople donot reside in -
the same area for a lifetime, these
assumptions will tend to overpredict

" exposure.

pon reconsideration. EPA has
conciudad that the presentatian af the
risk estimaies as ranges does not affer
significant advaniages over the :

" pressotation as the associated point

estimates of the risk. Further, the
proposal ranges for benzene make risk
comparisons among source categories
more difficult and tend to create o false
impression that the bounds of the risks
are known with certainty. For thease
mlonme benzene ﬁ':' in this

sma are presented as point
astimates of the lsukemia rigsk. EPA
believes that these risk numbers
represent pisusibie, if conservative,
estimates of the magnitude of the actual
lnsnan cancer risk posed by benzene

- amitted from the source utz:ﬁn
evaluated. For comparison. the proposal

:::umybee;mudhwr;u}:

t astimates by multip] e lower
mdofthnnnpbyafa:t:r?u

Post.

Pout Review of Significant

Some commentars on the proposed
standards indicated that benzene
emissicns were sctually much lower
than estimated st proposal. citing
factors such as increased controks. plant
closizes, reduced production capacity:,
and lower emission In support
of their comentions. they submittad
detailed t-spacific information and
results of smission test X

Based on this mmm
EPA bas revised benzene emissions for
the various source categories (see Table
I). The maieic anhvdride emissions
estimates now include consideration of
all new controls. plant closures, and
changes in feedstock. The EB/S
amissions estimates are those provided
by tha industry, based on plantspecific
information. (In addition, EPA-assumed
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| flni'c- efficiency has been revised to 98

percent from 80 parcent.) New benzene
emission factors have been developed
for benzene storage tanks and refined
for benzene fugitive sources.

Based cn these revised emissions
estimates. EPA reconsidered whether
benzene emigsions from maleic
gnhydride process vents. ZB/S. process
vents. benzene fugitive emission
sources, and benzene storage vessels
still warrant Federal regulation under
Section 112 The factors considered by
EPA are described in the following
paragrapbs. (The selection of coke by-
product recovery plants for regulatior: is
discussed in the preambie to the
proposed standard for that source
category and is not discussed further
here}. _ -

Benzane fugitive emissions, which ars
not substantially different than they
were when judged to be significant at
proposal, cantribute 7,900 Mg/yT: this
figure reflects currrent controis. (EPA
adjusted the control level for petroleum
refineries in nopatiainment areas to
refiect controls required by States in
accordance with EPA’s Control
Techniques Guideline (CTG) document.
‘This adjustment reduced emissions. but
the reduction was offset to soms extent
by refinements in emissions facters.)
Approximatsly 20 to 30 million peopie
live within 20 kilometers of the 128
plants with these fugitive emissions.
These people are exposed to higher
levels of benzene than is the general
population. Due to the lack of a
demonstrated threshold for benzene's
carcinogenic effects, these peopie not
only incur & higher benzene exposure
but also run greater risk of contracting
lsukemia due to that exposure.

EPA revised the quantitative risk
assessments for this source category
based on the updated smissions
estimatas, the revised risk factor. and
the more detailed SAl human exposure
model. The lifetime risk of contracting
levkemia for the most exposed _
individuals is estimated to be about 1.5
x 10 *for banzene fugitive emission
sources, gnd the increased leukemia
incidence as & result of exposure to the
<urrent fugitive emissions is estimated
to be about 0.45 cases per year. As
explained earijer in this section. there is
considerabie uncertainty associated
with the calculation of leukemia
incidence and maximurm lifetime risk
numbers, '

The number of process units emitting
benzene.fugitive emissions is

- anticipated to grow from abou? 240 to

310 units. These new sources probably
would increase the aumber of people
exposed to benzene emitted from this
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source category and increase the proposed benzene standards for these
estimated leukemia incidence . three source categories.
accardingly. . Docket
Based on the human carcinogericity
of benzene, the magnitude of nenzens The dockets are organized and

fugitive emissions, the estimated
ambient benzene concentrations in the
vicinity of the plants with fugitive
emissions, the proximity of people to
these piants. the resulting estimated
maximum individual risks and estimated
incidence of ieukemia cases in the
exposed population, the projected
increase in ne emigsions as a
resuit of new sources, the estimated
reductions in emissions and health risks
that can be achieved, and consideration

‘of the uncertainties associated with the

guantitative riak estimates {including
effects of concurrent exposures to other
substances and to other benzene
emissions), EPA finds that benzane
emissions from benzene fugitive
cant
cancer risk and that the establishment
of & nationa} emission standard under
Section 112 is warranted. These [actors
will be discussed in more detail in the
forthenming document, “Benzene
Fugitive Emiasions—Background
Information for Promulgated
Standards,” EPA-450/3-80=032b.
Several other {actors were aiso

. considered which support this finding.

First, if no standards were promuigated,
several existing plants wouid remain
uncontrolled or paarly controlied. Some
benzene fugitive emissions sources are
locatad in nonattatnment aress and are
controiled 1o some extent in accordance
with the CTG: others are in atteinment
areas where no control is required.
Cantrol techniques are readily availabie
1o reduce uncontrolled emissions from
benzene fugitive emission sources at
reasonable costs. Second. nationwide
standards would ensure that existir¢
sources are controlled on & continuiag
basis. Third, il no standard waere
promulgated, new sources could remain
uncontrolled or poorly controlled. '
thereby increasing cancer risks.

The revigad estimated baseline
emission and health impacts for maleic
anhydride and EB/S process vents and
bmm:;ne sttluugu vessels hnlwfc:hmuud
s cantly since proposal of the
standards jor these soufte categories.
These impacts are presanted in Tabie 1.
Because of this decrease and the small
additional reduction in health risks that
could be achieved. the Agency has
concluded that these source catagories
no longer warrant federal regulstion
under section 112. The basis for this
dacision is discussed in an
accompanying Federal Register notice

- that proposes withdrawal of the

complete files of al! the information °
submitted to. or otherwise considered
by, EPA in the deveiopment of this
proposal. The principal purposes of the -
docke! are to allow interested parties 1o
effectively participate in the rulemaking
process: and (2) to serve as the record in
case of judicial review except for
interagency review maierials
[307(d)(7){A}).

Miscellansous

This proposal was aubmitted‘ to the
Office of Managment and Budget (OMB)
far review as required by Executive

.Order 12261..Any commants from OMB
-to EPA responses to those comments are

avaiiable for inapection in Docket
Number QAQPS-70-3 (maleic
anhydride), A-79-4% (EB/S), or A-80-14

. {benzene storage), Central Docket

Section. at the address given in the
ADORESEES section of this preambie.
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