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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)
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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

-§8-




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
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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 "
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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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