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BENZENE AND ¥EUK

AT

A REVIEW OF THE LITERATURE AND A RISK ASSESSMENT*!

HARLAND AUSTIN, ELIZABETH DELZELL, anp PHILIP COLE

The major purpose of this paper is to
review the evidence, primarily epidemio-
logic, pertaining to the relation between
benzene and leukemia. Benzene is widely
considered to be a leukemogen for human
beings, but its potency is uncertain. Since
low-level exposures to benzene characterize
many occupational settings, it is important
to determine to what extent, if at all, low
exposures increase leukemia risk. More-

over, as we write, the US Occupational-

Safety and Health Administration is at-
tempting to reduce workplace exposures
from an eight-hour time-weighted average
level of 10 parts per million (ppm) to 1
ppm. This paper also includes an evalua-
tion and critique of various risk assess-
ments of benzene and leukemia. These risk
assessments were done for policymaking
and were developed to predict the leuke-
mogenic effect of benzene exposures in the

Abbreviations: Cl, confidence interval; ppm, parts
per million; RR, relative risk.
/ ‘'Department of Epidemiology, School of Public
Hee}lth, and the Comprehensive Cancer Center, the
University of Alabama at Birmingham, Birmingham,
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versity Statisn, Birmingham, AL 35294.

This work was supported in part by a grant from
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vicinity of the present occupational stand-
ard of 10 ppm.

BACKGROUND

In 1981, a Working Group of the Inter-
national Agency for Research on Cancer
concluded that there was sufficient evi-
dence that benzene is carcinogenic to hu-
mans (1). Specifically, they concluded that
exposure to benzene may damage the he-
matopoietic system and that evidence from
epidemiologic studies establishes a causal
relation between benzene and acute mye-
locytic leukemia. In the same report, it was
noted that the evidence linking benzene
with cancer other than acute myelocytic
leukemia was inadequate. Benzene is in-
cluded on the list of carcinogens published
by the Secretary of the US Department of
Health and Human Services (2) and is des-
ignated as a suspect carcinogen by the
American Conference of Governmental In-
dustrial Hygienists (3).

The present Occupational Safety and
Health Administration regulation for ex-
posure to benzene was established in 1971
and revised in 1974 (4). The regulation
limits exposure to an eight-hour time-
weighted average of 10 ppm with a ceiling
concentration of 25 ppm over a 10-minute
period and a peak concentration not to
exceed 50 ppm for more than 10 minutes.

419
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This regulation was established because
benzene was known to be a bone marrow
depressant and because of its acute toxicity;
benzene was not generally recognized as a
carcinogen at that time. Indeed, in 1974,
the National Institute for Occupational
Safety and Health noted that, although
case reports, chromosomal studies, and sev-
eral epidemiologic studies suggested a link
between benzene and leukemia, the evi-
dence was not sufficient to conclude that it
was a carcinogen (5). However, in 1976, the
National Institute for Occupational Safety
and Health recommended that benzene be
regulated as a carcinogen because of new
epidemiologic evidence (6). In that year,
the Occupational Safety and Health Ad-
ministration issued an emergency tempo-
rary standard for occupational exposure to
benzene which stipulated an eight-hour
time-weighted average of 1 ppm with a
ceiling level of 5 ppm for any 15-minute
period. This became the Occupational
Safety and Health Administration stan-
dard in 1978 (7). However, 2 number of
organizations representing industrial con-
cerns obtained an injunction against the
new standard. In 1980, the Supreme Court
struck the 1 ppm standard, stating in es-
cence that the Occupational Safety and
Health Administration had not demon-
strated that the 10 ppm standard was un-
safe (8). Thus, a controversy remains about
the teasonable exposure limit in occupa-
tional settings and especially about the leu-
kemogenic effect of low-level exposures.

SCIENTIFIC EVIDENCE

The potential adverse health effects of
benzene have been evaluated in experimen-
tal studies of animals, in investigations of
chromosomes, and in epidemiologic studies
of workers exposed to benzene. Here, we
emphasize the epidemiologic studies be-
cause they have provided both the qualita-
tive and the quantitative estimates of the
leukemogenic effect of benzene on which
risk assessments and regulations largely
have been based. Nevertheless, a brief sum-
mary of the results of animal studies and
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of chromosomal studies is pertinent, since
these have also contributed to the evalua-
tion of the leukemogenicity of benzene.

Animal studies

The carcinogenicity of benzene has been

assessed experimentally in rats and mice
using several exposure methods, such as
skin application, inhalation, intragastric,
and subcutaneous administration (1). The
International Agency for Research on Can-
cer reviewed these and other studies of
animals in 1982 and concluded that “there
is limited evidence that benzene is carcin-
ogenic in experimental animals” (1). Addi-
tional studies now have been reported, and
they strengthen the hypothesis that ben-
zene is an animal carcinogen which acts on
several organ systems (9-12). However, this
work has limitations which affect its rele-
vance to the evaluation of the relation be-
tween benzene and leukemia in human
beings. None of the experimental work
provides an adequate animal model for | -
benzene-induced myelocytic leukemia. Al-
though the studies have demonstrated the
induction of nonmalignant hematologic
disorders by benzene, the carcirogenic ef-
fects are confined largely to nonhemato-
logic tissues. In rats and mice, for example,
benzene appears to be strongly related to
the occurrence of carcinoma of the zymbal
gland, a structure with no human analog.
An additional limitation of the animal stud-
ies is the lack of data on the potential
carcinogenicity of benzene exposures below
100 ppm.

Chromosome studies

Despite several studies, benzene has not .
been found to be a genotoxic (DNA-
reactive) agent (13). However, it causes
chromosome breaks and other chromo-
somal changes in animals, and it has been
suggested that an excess of chromosomal
aberrations occurs among human beings =i
exposed to benzene (1,11). Studies of work-" " -
ers with benzene-induced blood disorders -
have consistently shown an increased prev- -
alence of chromosomal aberrations in s0- -

a
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matic cells. However, studies of workers
who had low (<25 ppm) benzene exposures
or who had no overt signs of chronic ben-
zene poisoning have been inconsistent with
respect to cytogenetic findings. In addition,
many of these studies are quite small, and
most have methodological deficiencies, in-
cluding inadequate assessment of average
or cumulative benzene exposure, failure to
adjust for age differences between groups,

200 to 400 ppm for workers in the rotogra-
vure plants. Vigliani estimated that the in-
cidence rate of acute leukemia among work-
ers heavily exposed to benzene was 20 times
higher than that of the general population,
but this estimate is not adequately docu-
mented.

The epidemiologic studies of benzene and
leukemia are summarized in table 1. They

e reviewed briefly below.

and no dose-response evaluations. More- {| JIn a hospital-based case-control study in
over, there are no data that establish a "France, Girard and Revol (14) evaluated

relation between chromosomal aberrations
and the subsequent development of leuke-
mia or other disease.

Epidemiologic studies

Eleven epidemiologic studies have eval-
uated the association between benzene and
leukemia (14-28). These studies were pre-
ceded by many case reports of leukemia
patients with industrial benzene exposure
and by descriptions of series of leukemia
cases associated with benzene exposure,
two of which have been updated by Aksoy
(29) in Turkey and by Vigliani (30) in Italy.

Aksoy (29) studied 51 leukemia cases,
identified in 1967-1983, among men occu-
pationally exposed to benzene in Istanbul,
Turkey, and he estimated that from 1967
to 1975 the crude incidence rate of leukemia
was 13 per 100,000 person-years among
shoe workers, compared with six per

100,000 person-years among men in the

the association between benzene and leu-
kemia and other hematologic diseases. The
cases were hematology service patients, of
whom 140 had acute leucosis (also referred
to as acute leukemia in the study report),
61 had chronic lymphocytic leukemia, and
56 had myeloid leukemia, There were also
124 controls hospitalized for nonhemato-
logic conditions. Exposure to benzene and
toluene was determined by questioning sub-
jects about chemicals which they had used
during the 10-year period preceding the
hospitalization. Relative risks for benzene
or toluene were 3.3 (95 per cent confidence
interval (CI}) = 1.2-8.9) for acute leucosis/
leukemia, 4.1 (1.4-12) for chronic lympho-
cytic leukemia, and 1.8 (0.5-6.6) for mye-
loid leukemia. This study suggests a strong

positive relation between most forms of ,
leukemia and benzene or toluene. However, :
it does not distinguish between benzene '
and toluene, and it provides no estimate of

gggg_;al pqgg&ﬁon. However, the validity .dose-response.
of these estimates and the meaningfulness 2. ) Ishimaru et al. (15) conducted a study of

of the comparison of the leukemia rates of

shoe workers with those of the general pop-
ulation are doubtful because ascertainment
of leukemia cases was incomplete and was
not conducted in the same manner for the
two groups.

Vigliani (30) in Italy reported 11 leuke-
mia cases that occurred between 1942 and
1974 in Milan and 13 cases that occurred
between 1959 and 1974 in Pavia among
workers iw shoe and rotogravure factories.
Benzene exposures were thought to have
ranged from 26 to 600 ppm for workers
handling glues in shoe factories and from

303 leukemia cases and 303 controls in
Nagasaki and Hiroshima, Japan. The study
evaluated occupational exposures to ben-
zene and to medical x-rays; potential ex-
posure was determined on the basis of sub-
jects’ occupations. The relative risk of leu-
kemia was 2.5 (95 per cent CI = 1.3-5.0)
for persons with occupations involving po-
tential benzene or medical x-ray exposure
compared with those with no such expo-

sures.

The main limitation of this study is its
use of occupation as a surrogate for benzene
exposure. Each occupation classified as in-
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volving potential benzene exposure may!
have included workers with no exposure t
benzene, as well as workers with exposur
to chemicals other than benzene. In addi-
tion, the relative risks were not reported
separately for benzene and medical x-ray
exposures, and no attempt was made to
quantify leukemia risk according to inten-
51ty or duration of benzene exposure. /
'29 Thorpe (16) investigated leukemia inci-
dence and mortality among 38,000 active
workers and annuitants at eight European
affiliates of a large oil company. The obser-
vation period was from 1962 to 1971. Em-
ployees were classified either as having
been exposed to benzene (potential expo-
sure for at least five years to refinery
streams or petroleum products containing
at least 1 per cent benzene) or not (no or
only occasional benzene exposure). The as-
certainment both of benzene exposure and
of leukemia occurrence was conducted sep-
a‘ratel‘, by each of the affiliates. The ex-
pected number of leukemia deaths was de-
rived from the general population mortality
rates of the countries in which the affiliates
were_located. For workers potentially ex-
"posed to benzene, the standardized mortal-
ity ratio was 121 (95 per cent CI = 37-205),
whereas the standardized mortality ratio
was 60 for the unexposed.
This study has a number of limitations.
| Ascertainment of leukemia cases and doc-
umentation of exposure were inadequate.
i In addition, the report indicates that there
was considerable uncertainty about the age
structure of the overall Gohort. For these
reasons, the validity of the reported stand-
ardized mortality ratios is questionable.
The standardized mortality ratio of 121 for
leukemia among potentially exposed work-
ers is unremarkable. However, the study is
neither persuasively positive nor negative
because of the lack of an analysis of leuke-
mia mortality by induction period, the

unexplained deficit of deaths from leuke- .

mia among the unexposed and the lack of
documentation of the methods used to
-identify leukemia deaths and to determine
benzene exposure.

U In 1977, Infante et al. (17) reported the

L/
/
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preliminary findings of a retrospective fol-
low-up study of 1,006 workers employed in
the manufacture of rubber hydrochloride
(trade name, Pliofilm) at three plants in
two Ohio locations. Rinsky et al. (18) pre-- —.
sented additional results from this study in
1981. All workers with at least one day of
exposure to benzene during 1940 through
1959 were included, although most of the
results pertained to the 748 men who were
first exposed between 1940 and 1949. These
men were followed through mid-1975. The
investigators used historical benzene ex-
posure monitoring data to describe expo-
sure conditions at the two locations. Al-
though these data were sparse, especially
for location 2, the investigators believed
that exposure tended to be below the rec-
ommended limits.

_The mortality experience of the benzene-
exposed workers was compared with that
of US white men, unexposed rubber hydro-
chloride workers at the study plants (n =
398), and white male fibrous glass workers
in Ohio (n = 1,447). The standardized mor-
tality ratio for leukemia among the 748 men
who were first “exposed between 1940 and

1949, compared with that of the general
population, was 560 (95 per cent CI = 225-
1,154), based on seven observed deaths.
Using the fibrous glass workers as the re-
ferent, the standardized mortality rat’> was
473. There were no deaths from leukemia
among the unexposed rubber hydrochloride
workers; the expected number was not re-
ported but was probably small.
Five of the seven leukemia deaths oc-i ~

curred among men with five or more years |

of benzeneg ure (standardized mortal- | ;
ity ratio ‘*é 2,100). All ofj_h\ele/glgmwere .
of the mve Scstic (acute, 4; chronic, 1) or

monocyn (acufé, 1; unspecified, 1) cellf e

type Among men who had first been ex-

posed to benzene between 1950 and 1959,

there was one death from myelogenous leu-

kemia compared with 0.5 expected.

X ‘)Rinsky et al. (19) have recently updated
“this investigation. The updated study in-
cludes 1,165 men who had been exposed to
benzene for at least one day during 1940-
1965 and extends follow-up through 1981.
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The update also uses a job-exposure linkage
procedure to estimate the cumulative ben-
zene exposure of the men in the study. The
leukemia standardized mortality ratio for
the overall cohort compared with the gen-
eral population was 337, based on nine ob-
served and 2.7 expected leukemia deaths.
The findings of the updated study are dis-
cussed further in the next section.

The study of rubber hydrochloride work-
ers is the strongest evidence available that
benzene is associated with myelocytic leu-
kemia. Even so, the estimate of the stand-
ardized mortality ratio for benzene-exposed
workers is imprecise. Moreover, the study
contains little relevant data on the expo-
sure levels associated with excess léiilkemia
mortality. Five of the seven leukemia
deaths occurred at location 2, for which
measurements on benzene levels were par-
ticularly sparse. Furthermore, location 2
was the site of several manufacturing op-
erations, including tire manufacturing, in
addition to rubber hydrochloride produc-
tion. It is likely that four of the five men
with leukemia at location 2 had started
working there before 1940, and one had
started in 1944. Benzene has been used as
a solvent in tire manufacturing; therefore,
many of the study members from location
2 may have been exposed to benzene in
departments other than rubber hydrochlo-
ride, and their actual exposure levels may

. have been underestimated.

Ott et al. (20) conducted a retrospective

g follow-up study of 594 Dow Chemical Com-

expected. Another deceased worker had
myelomonocytic leukemia, but this was not
certified as the underlying cause of death
and was not included in the mortality
analysis. The four leukemias were of the
myelocytic cell type. Ott et al. estimated an
incidence rate ratio of 4.4 (95 per cent
CI = 1.2-11) for myelocytic leukemia for
benzene-exposed workers relative to the
general population.

The average cumulative exposure of co-
hort members can be estimated from data
presented in the updated report. Among a
total of 242 expected deaths from all causes,
the cumulative exposure category was 0-
499 (midpoint, 250) ppm-months for 151 of
the expected deaths, 500-999 (midpoint,
750) ppm-months for 35, and 1,000+ (say
1,250) ppm-months for 56. Thus, the aver-
age cumulative exposure of cohort members
is estimated as 554 ppm-months, or about
46 ppm-years. The cumulative benzene ex-
posures were lower than this for three of
five of the leukemia cases. X

The major limitations of this study aré i
its small size and thus its imprecise esti-|
mate of the effect of benzene on the occury
rence of leukemia. The observation that thel
cumulative benzene exposure of three of
the five leukemia cases probably was below
the average cumulative exposure of the en-
tire cohort has several possible implica-
tions: there may be a threshold effect of
benzene among susceptibles; the leukemias
may not have been caused by benzene; or
the benzene exposure estimates may have’

pany employees occupationally exposed to -been incorrect.
benzene in the production of alkyl benzene, 7 ; Linos et al. (22) evaluated the relation
chlorobenzene, and ethyl cellulose. Men'_between leukemia and benzene in a case-

employed in these operations from 1938 to
1970 were identified and followed-up
through 1973. The study was updated to
include an additional 362 exposed employ-
ees, and follow-up was extended through
the end of 1982 (21). Cumulative exposure
to benzene was estimated for each cohort
member. The expected numbers of leuke-
mia deaths were derived from leukemia
mortality rates of all US white men.

Four leukemia deaths occurred among
benzene-exposed workers, whereas 2.1 were

control study of 138 leukemia cases and 276
controls. Any mention of a history of ex-
posure to benzene listed in the medical
records was the sole criterion of benzene
exposure. The relative risk was 3.3 (95 per
cent CI = 0.6-28), based on four exposed
cases and three exposed controls. Three of
the exposed cases had chronic lymphocytic
leukemia. This study is largely uninforma-
tive because of the limited information on
benzene exposures and because of its small
size.
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Q } Rushton and Alderson (23) conducted a
Jase~control study of leukemia within a

large cohort of workers at eight oil refiner-
ies in the United Kingdom. An earlier ret-
rospective follow-up study of these workers
'{31) had reported a standardized mortality
ratio for leukemia of 94. The case-control
study included 36 leukemia deaths which
occurred among men employed between
1950 and 1975 and 216 controls who had
worked at the refineries during the same

period. Measurements of workplace ben-.

zene levels were not available. However,
study subjects were classified as having
been exposed to low, medium, or high levels
of benzene based upon their work histories.
The relative risk for medium or high ex-
posure compared with low exposure was 2.0
(95 per cent CI = 1.0~4.0). The relative risk
was not higher among men with high ex-
posure compared with medium exposure,
and, furthermore, relative risk did not ap-
pear to be related to length of service at the
refineries. The relative risks for the various
types of leukemia were not presented.

The results of this study are supportive
of a leukemogenic effect of benzene or other
solvents used in conjunction with benzene.
However, the informativeness of the study
is limited by the lack of data on exposure
levels and by the absence of any analyses
by duration of exposure or by induction
period.

Decouflé et al. (24) evaluated the mor-

* tality experience of 259 men emploved be-

tween 1947 and 1960 at a chemical manu-
facturing plant. Large amounts of benzene
had been used at the plant, but no meas-
urements of benzene levels were available.
Employees had also _worked with other

~—

-Ghemicals. These men were followed from
1960 through 1977. There were three deaths
from lewkemia compared with 0.44 ex-
pected (standardized mortality ratio = 682;
95 per cent CI = 141-1,992). The cell types
of the three leukemias were chronic lym-
phocytie, acute monocytic, and acute mye-
lomonocytic.

Wong (25) conducted a retrospective fol-

J low-up study of 4,602 male chemical work-
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ers at seven plants. The study group in-
cluded men who had been exposed to ben-
zene for at least six months between 1946
and 1977. Jobs were classified as involving
intermittent or continuous benzene expo-
sure. For workers with continuous expo-
sure, cumulative exposure to benzene
(ppm-months) was calculated by using
length of employment and the estimated
eight-hour time-weighted average for each
job. Using the distribution of workers ac-
cording to a cumulative ppm-months ben-
zene measure presented by Wong, the av-
erage exposure of continuously exposed
workers is estimated to be about 366 ppm-
months (about 30 ppm-years}. This corre-
sponds to a time-weighted average of about

3 ppm, since the average duration of expo-

sure was 10 years. The mortality rates of
exposed workers were compared with those
of US men and with those of an internal
comparison group comprised of 3,074 men
who had worked at the same or at nearby
chemical plants but who were not exposed
to benzene.

For the overall group of exposed workers,
there was a slight excess of leukemia deaths
compared with US men {seven deaths,
standardized mortality ratio = 117; 95 per
cent CI = 47-242). Four of these leukemias
were of the lymphocytic cell type, two were
myelocytic (both chronic), and one was un-
specified. Among unexposed workers, there
were no leukemias, whereas 3.4 were ex-
pected (two-tailed p value = 0.07). The
standardized mortality ratio for all causes
was similar for the exposed workers (stand-
ardized mortality ratio = 87) and unex-
posed workers (standardized mortality ra-
tio = 75).

Six of the leukemia deaths among ex-
posed workers occurred among men with
continuous exposure (standardized mortal-
ity ratio = 135; 95 per cent CI = 50-295).
However, for these workers, there was no
consistent trend in the standardized mor-
tality ratio for leukemia over categories of
either duration of exposure or cumulative
exposure, although the latter test for trend,
using the nonexposed internal comparison

PN SR s - >
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group, yielded a one-tailed p value of 0.01.
The standardized mortality ratio increased
with years since first exposure from a value
of 0 for under 10 years to 182 (four leukemia
deaths) for at least 20 years. For men with
cumulative benzene exposure of at least 60
ppm-vears, the leukemia standardized mor-
tality ratio was 276 based on three deaths.

Thxs study contains some evidence of a

kemia. However, the overall standardized

‘mortality ratio of 117 for leukemia is not
statistically significant and the slight ex-

cess could be due to confounding by expo-
sure to other chemicals. Moreover, the

“study i is too small to provxde an adequate

assessment Of HOSC -response. Because un-
exposed workers had a deficit of leukemia
deaths, no confidence can be placed in sta- -
tistical tests of trend which include the.
unexposed group. The fact that none of thé
leukemia deaths among the benzene-ex-
posed workers was acute myelocytic Ieuke-1
mia further detracts from a causal interpre- 3,
. b

tation of the study results.

} Tsai et al. (26) reported the mortality

¥ “experience of 454 men who had been em-

ployed at an oil refinery between 1952 and
1978 and who had worked in benzene-re-
lated production units. Review of industrial
hygiene data for 1973-1982 indicated that
the median exposure level in these units
was about 0.5 ppm. Comparison groups con-
sisted of the general US male population
and a 10 per cent sample of nonbenzene-
exposed workers at the same refinery (n =
823). There_were no leukemia deaths
among _the workers exposed to benzene.
The expected TIumbers, based 61 general -
population rates, were 0.42 for all exposed
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sion about the risk of leukemia associated
with the low levels of benzene described.
Several case-control studies of leukemia
and Solvent &: exposures have e been conducted
within the rubber industry (27, 28, 32, 33).
Three of these studies were based on the
same series of cases from one rubber com-
pany (27, 28, 32). A fourth study included
this series plus additional cases from three
other companies (33). Each study reported
a positive association between lymphocytic
leukemia and solvents. This association

‘was present in only one of the four rubber

companies, and it was not found for other
leukemia cell types.

Two of the studies evaluated the relation
between lymphocytic leukemia and expo-
sure to specific solvents, including benzene
(27 28). In the study by Arp et al. (27),
“exposure to benzene and to other solvents
was determined by linking subjects’ work
histories with historical information on
specific solvents used in various work areas
and processes. Subjects were classified as
having “primary” benzene exposure if they
had worked in areas where benzene was
used and if their jobs entailed direct hand-
ling of benzene or benzene-containing so-
lutions. Subjects were considered to have
“secondary” exposure if they had worked
in areas where benzene was used but did
not have jobs involving direct contact.
Quantitative levels of benzene exposure
were niot estimated. The relative risk of
lymphocytlc leukemia was 4.5 for workers
with primary benzene exposure and 1.5 for
workers with secondary exposure. Esti-
mated relative risks for exposure to sol-
vents other than benzene were nearly iden-
tical to those for benzene, 4.5 for primary

workers and 0.29 for workers employed for. . . exposure and 1.6 for secondary exposure.

at least one year in a benzene-related unit. -

There were five deaths from leukemia and
lymphatic cancer among unexposed work-
ers, but no data were presented on the
expected numbers of deaths. Although this

Checkoway et al. (28) studied 11 of the
ymphocytic leukemia cases included in the
study by Arp et al. and 1,350 controls.
Benzene exposure was determined on the
basis of employment in work areas where

-y . . - - -
study found no excess of leukemia, its small _ benzene was used; no distinction was made

size and the relatively small proportion (36

per cent) of the cohort with an adequate
follow-up period preclude any firm conclu-

between primary and secondary benzene
exposures. The relative risk of lymphocytic
leukemia was 2.5 for workers with benzene
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exposure. Elevated relative risks were
found for workers exposed to a number of
other solvents, including acetone, carbon
disulfide, carbon tetrachloride, ethylace-
tate, and hexane.

These studies do not provide persuasive

evidence of a causal relation between ben-
_zene and lymphocytxc leukenua  among ruB-
ber workers. The confidence intervals of
the relative risk estimates are wide, reflect-
ing the imprecision of these estimates, ahd
they include the null value of 1.0. Moreover,
it is evident that these rubber workers were

_exposed to solvents other than benzene and

some of these are associated with a relative
risk of leukemia that is at least as large as
that for benzene. Because exposure classi-
fication was not mutually exclusive with
regard to solvents, it is possible that the
observed association between benzene and
lymphocytic leukemia is due, not to ben-
zene, but to other solvents whose use is
correlated with the use of benzene.

N “ In addition to the studies described
*above, investigations of large groups of rub-

ber workers (32, 34-42), newspaper web
pressmen (43), and refinery workers (18,
31, 44-55) evaluated leukemia mortality or
incidence, and some have found excesses
(32, 34-37, 41, 43, 46, 48-51, 53, 54). \Eg{}c:

ers in these industries are exposed to sol-
vents other than benzene and to other

chemicals as well. Several authors have
noted that because of this, leukemia ex-
cesses among rubber and refinery workers
should not be attributed solely to benzene.

s In the aggregate, the epldemxologlc evi-

dence suggests a linkbetween Benzene ‘and

e vt

leukemia. However, this evidence is not
-conclusive because it comés pFimarily from

“the single relatively small study by Rinsky

et al. (19). The other epidemiologic data
provide, at best, weak evidence of a causal
association between benzene and leukemia.
No study rules out the possibility that ob-
served associations between benzene and
leukemia are attributable, at least in part,
to confounding by solvents other than ben-
zene. As others have pointed out (28), this
possibility has not been explored ade-

quately in the rubber industry, an obser
vation which also applies to the petrochem
ical industry and to other industries i1 .
which there is widespread exposure tc.

many solvents. Also, because the major per e

tinent studies have been small, little con"

fidence can be placed in available quantll_' '

tative estimates of the magnitude of an;
association. Measures of benzene exposur-” -
levels for relevant time periods are ex

‘tremely sparse in all of the studies. There

fore, considerable doubt remains about th
leukemogenic effect of benzene at specifi
exposure levels and especially at low levels

RISK ASSESSMENTS

The expression “risk assessment” de
scribes the final step in a long process. Th-
process usually begins with an effort, ofte:
based solely on experimental findings i:
animals, to describe a dose-response rels
tion between a carcinogen and a cance:
This phase of the process usually involve
extrapolation from observed, usually high
dose levels to hvpothetical, usually low
dose levels. The process then continues b
the making of a generalization to man o

the basis of the results in animals. Thi -

generalization involves a number of as:
sumptions to equate both the manner c
dosing and the manner of responding ¢
animals and man. These assumptions ar
usually not subject to evaluation.

In other instances, the process of ris

assessment does not employ findings fror .
"animals but rather uses epidemiologic finc
_ings on human beings. In such instance: ..

the difficulties of the animal-to-man ger.

eralization are irrelevant. Nonetheless, th
process may still lead to results of dubiou - .
validity. There are two common reasons fc
this: 1) the available data are sparse and ¢
the people studied experienced quite hig-—
exposures so that some extrapolation
necessary to predict effects at lower doses
Efforts to describe a risk assessment f¢':
benzene and leukemia are in the secon
category. There are little meaningful an
mal data. Data for human beings are fe
and relate to uncertain, but probably rathe
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high, exposure levels. Thus, efforts to de-
scribe the extent of small increases in leu-
kemia risk as a consequence of low-level
exposure to benzene must lead to imprecise
results.

The benzene-leukemia risk assessments

ave __use inear and exponentlal”
models to Telate-Banzehe exposures 10 Teu-
kemia, “However, the use of such mathe-
matical models obscures the fact that the
data are too sparse to provide an adequate
description of the shape of the dose-
response curve. Essentially, the results of
most of the benzene-leukemia risk assess-
ments can be well approximated by assum-
ing that the leukemia “effect” is directly
proportional tg the dose, usually measured
as lifetime cumulative exposure. For ex-
“ample, if 15 Fears of exposure to 10 ppm
(150 ppm-years) of benzene is associated
with a twofold excess of leukemia deaths,
then it is assumed that 30 years of exposure
to 10 ppm (300 ppm-years) of benzene
would cause a fourfold excess. This linear

model is generally considered “conserva-

Tive™ in that it probably overestimates the
leukemogemc effects at low doses It must

"beborne in mind, however, that the validity.

of a linear model in the benzeng—laukgmxa
r1sk assessments is not established. _

™ The cor concept "of a “threshold” is meaning-
ful for the benzene-leukemia risk assess-
ments and relates directly to the issue of
what constitutes a meaningful measure of
benzene exposure. Most of the benzene-
leukemia risk assessments are based on
cumulative benzene exposures; these are
obtained by multiplying years of exposure
by the average ambient benzene levels.
Thus, exposure to 1 ppm benzene for 10
years is considered as the equivalent to
exposure to 10 ppm benzene for one year.
This method of obtaining a summary ex-
posure measure is used frequently in car-
cinogen risk assessments, the motivation
being its sSimplicity. Nonetheless, it may
not be particylarly meaningful. The human
body metabolizes and excretes with no ap-
parent harm low levels of toxic substances
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be true of benzene. That is, there may be a
level of benzene exposure below which no

leukemogenic effect occurs. Thus, a hfetime){
of exposure to benzene at 1 ppm may entail
no increased leukemia risk, although a non- ¢
threshold linear model using a cumulative '
exposure measure might entail an apprecia- !

ble excess risk. A related problem is that of }
eak exposures. No adequate provision is
made in the risk assessments for the pos-
sibly high, perhaps very high, benzene lev-
els that may be uniquely harmful. These
intermittently high exposures are of special
concern with respect to the Pliofilm cohort,

a group upon which most risk assessments
are largely based. There is evidence that

these workers were occasionally exposed to

benzene levels high enough to require hos-
pitalization for aplastic anemid (56). Thus,
it is plausible that the excess leukemia mor-
tality observed among the Pliofilm cohort
was due to transient high exposures.

We do not suggest that carcinogen risk
assessments are never useful. However, in
the present situation of a risk assessment
for benzene and leukemia, there are special
problems. There are few human studies
relevant to an evaluation of the relamon
between benzene and leukemia, and those
~ that exist are small. Thus; Iestnma‘ces of the
leukemogemc effect o ¢ impre-
cise’ An even more serious limitation is that

the levels of benzepe WW
I ThEse coRorts were exposed are essential:

i N e e o g
Y unknowrn. These ‘ﬁzﬁ'cular Immitations

{ist“\Be tBhsidered in the context of the
more general limitations of carcinogen risk
assessments. A reasonable argument could
be made that the data pertaining to benzene
and leukemia are inadequate for the pur-
poses_of a meaningful rigk assessment.
“Nonetheless, such risk assessments have
been and probably will continue to be done.

Five benzene-leukemia risk assessments
are reviewed below. An attempt is made to
refine and to extend the findings of some
of them. We also present our own risk
assessment. However, we emphasize that
by doing so we do not endorse the validity
of a benzene-leukemia risk assessment re-

f
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sult. We wish only to consider the various
assumptions of these risk assessments and
to evaluate the extent to which their results
agree or differ.

V) The White et al. risk assessment
‘z

“One risk assessment has been made by

White et al £57 ) of the Office of Carcinogen:
>[~ ,,. Identificatio

nd Classification, US Oc-
cupational Safety and Health Administra-
tion. These investigators used the so-called

one-hit, non-threshold model. Although
this is an exponential mathematical model,

If is essen’clally lmear in the range of ben-'

results are approxnnated below by us with
a simple linear model. The original model
and our approximation produce almost
identical results.

This risk assessment is based upon the
results of two retrospective follow-up stud-
ies: the study of rubber hyvdrochloride work-
ers originally reported by Infante et al. (1 17)
and later updated by Rmsk’» et al. (18)

(hereafter termed the P__loﬁlm study) andr

the first report of the stud\ of Dow chemi-
cal workers by Ott et al. {20). White et al.
considered other epidemiologic studies of
benzene and leukemia inadequate for the
purpose of a risk assessment.

Using the assumptions of White et al.
regarding the findings of the Pliofilm study,
the excess risk of death from leukemia (P,)
resulting from a specified benzene exposure
is approximated by the following equation:

SMR — 100 dp
100 d)/’
where P, = risk of death from leukemia for

a white man from age 20 through 84 years
with no occupational exposure to benzene

Pd=Po<

"¢ (P, & 7/1,000 according to White et al.);

SMR = the standardized mortality ratio—

5 - the mortality rate of leukemia among work-
"FL\ ers exposed to benzene divided by the rate
among men in the general population and

. rnultlphed by 100 (a standardized mortality
', ratio of 2,100 was used by White et al.); d
= the average cumulative benzene exposure

14
~

AUSTIN ET AL.

“and 101 of the exposed men will die fror

~ workers with fewer than five vears of e

sustained by members of the Pliofilm cc
hort expressed in ppm-vears (415-1,50
ppm-years according to White et al.); an
d, = the cumulative benzene exposure (ex -’
pressed in ppm-years) for which an esti.’
mate of the excess leukemia mortality i
desired.

Thus, for example, if 1,000 men wer
exposed in the workplace for 30 yearsto 1
ppm of benzene (300 ppm-years per man
this modified version of the White et a’
risk assessment predicts that between 2

benzene-induced leukemia. This is as corr
pared with a baseline of seven deatk
among unexposed men. Throughout the re
mainder of this paper we will use an expc
sure level of 300 ppm-vears to compare tk
results of the various risk assessments.
The standardized mortality ratio of 2,1¢
was obtained from the observation of fiv'
leukemia deaths compared with 0.23 ex
pected among men who had been employe
for five or more years. White et al. exclude -
ployment because the elevated leukemi .
risk was observed largely among the lony " -
term employees. This is a prejudicial just
fication for excludmfI the shori-term en’
ployees. A more Jefensible basis for the.:
exclusion is that over half of these men ha
been employed for less than one sear, an
therefore had little benzene exposur
Nonetheless, White et al. do apply the
risk assessment method to exposure dur:
tions as short as one year. It is inappre .
priate to derive a model excmnvﬁ—ﬁe e
perience ot those With SHort el e‘{posure dl .
rations and; yet, to applv 1t"fo this ver
sam@"s”i’c“ﬁz‘iﬁﬁﬁ“‘”‘ n— T
¢ ambient benzene levels experience

by the Pliofilm workers were considered
l_)_e_ggyal to the then current recommend
standards, This_assumption-is-controve. ot
sial, Infante et et al. (58) maintain that th'
assumption overestimates the actual bpx
zene exposures (and, hence, that their ris-
assessment underestimates excess leuk.
mia mortality). Others (59, 60) believe th: -
the actual benzene exposures were consic

s s b s Tl e

7 / [ l l 6\0 - ‘CD | ,./ 3 :, ) \\ R C,/ ‘ s
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erably higher than the recommended stan-

dards. A point of agreement is that the

actual benzene exposures sustained by
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based on only three leukemia cases and so
is very imprecise.

m of the Plioflm CoRort_are un ( 7?71e International Agency for Research on

“known, "as Infante et al. {58) recognize. \’;k%s\*:

mtamty about the benzene levels i¥ the
ajor limitation oﬁ'ﬁmsed
gmrmhommm e sl o6
WR@TM the average ben-
zene exposure (415 ppm-years) by multiply-
ing the average recommended standards for
1937 through 1954 (83 ppm) by five years,
the minimum employment duration. The
upper bound for the average benzene ex-
posure (1,500 ppm-year) was obtained by
multiplying the average recommended
standard for 1937 through 1975 (50 ppm)
by the maximum length of employment, 30
vears. These bounds cover a broad range of
benzene exposures and neither is likely to
accurately describe the benzene exposure
of a typical worker. It is unclear why White

get al. did not estimate individual cumula-
/ tive benzene exposures by multiplying each

vear of employment of each subject by the

/ standard prevailing in that year and then

summing these exposure years. This failure
is a major shortcoming of their risk assess-
ment. However, this problem was corrected
in a more recent risk assessment based on
these data (see below).

White et al. also did a risk assessment
based upon the results of the first report of
the Dow study. This risk assessment
vielded results similar to those obtained
from the Pliofilm data. As mentioned ear-
lier, the men in the Dow cohort probably
were exposed to considerably lower levels
of benzene (cumulative exposure of about
45 ppm-years) than were the men in the
Pliofilm cohort. Although there were two
leukemia deaths observed, compared with
one expected in the Dow study, White et
al. did not use the resulting standardized
fnortality ratio of 200; rather, a relative
.mcidence rgte of 3.75 is used. This relative
incidence rate is based upon the occurrence
of three myelocytic leukemia cases among
Fhe cohort compared with 0.8 expected. It
18 emphasized that this risk assessment is

Cancer risk assessment

The International Agency for Research
on Cancer (1) also has estimated that ben-

a3
zene levels similar to those experienced by

men in the Pliofilm cohort are likely to
cause an excess of 1 of 140--170 leukemia deaths
per 1,000 men expma working life-
time. The estimate of 140 excess leukemia
deaths was obtained by considering that
those men who had been employed for at
least five years had experienced a 20-fold
excess in leukemia mortality and that the
risk that a man will die from leukemia in
the absence of benzene exposure is about
seven per 1,000. The same assumptions
were made by White et al. (57). The Inter-
national Agency for Research on Cancer
considered this estimate a lower bound for
the risk associated with a working lifetime
(45 years) at similar levels. However, it can
be inferred from table 11 of Rinsky et al.

(‘_) that the average duration of employ-
ment among men who had worked for at
least five years was about 11 years. Presum-
ably, 45, as opposed to 11, years of exposure
at such benzene levels would cause about a
fourfold higher excess. The figure of 170
was obtained by considering that the over-
all excess in the Pliofilm cohort was 460
per cent (i.e., the rate of leukemia among
the cohort was 5.6 times that of the general
population rate) and that the average du-
ration of employment of leukemia cases
was 8.5 years. The authors then assumed
that this overall excess would increase
“smoothly” (presumably, linearly) from
zero just after initial exposure to about
2,400 per cent after 45 years (i.e., 460 X
45/8.5). The resulting age-specific excesses
were then applied to the age-specific leu-
kemia rates, and the figure of 170 excess
cases of leukemia per 1,000 men was ob-
tained.

In our opinion, their second risk assess-

ment is wrong. The problem is evident in
their statement that “the overall relative’
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risk of 5.6 in the Rinsky study derives from
leukaemia cases who had an average of 8.5

years of exposure.” A relative risk does not
B I e —

derive from leukemia cases; it is obtained

from the comparative mortality experience

of exposed and unexposed persons. The

authors should have used the average em-

ployment duration of -entire-cohort (3.2~
years, our estimate based upon information

in Rinsky et al. (18)) rather than that of
the leukemia cases. Thus, the estimate of
the excess after 45 years of exposure would

be about 6,500 per cent (i.e., 460 X 45/3.2)

rather than 2,400 per cent. If this correction

is made, the result would be about three

times as high.

The authors judged that the Pliofilm co-
hort members had been exposed to between
10 and 100 ppm of benzene. They state that
“assuming exposure was at the upper end
of the range, then it is reasonable to pos-
tulate that a working lifetime exposure to
100 ppm of benzene would be likely to result

AUSTIN ET AL.

However, their methodology can be applied

to an occupational setting,

The Group’s risk assessment was based’ E
upon the results of the Pliofilm study (17,

18), the Dow study (20), and Aksoy’s study

(29). For the Pliofilm study, they used an
overall standardized mortality ratio of 720,

based upon nine observed leukemia cases |
compared with 1.25 expected. The nine ob-

served cases include two that were “known
to exist” but were not mentioned on the

death certificate. Since the expected num- ‘
ber of deaths is based only upon informa- .

tion on death certificates, the inclusion of

these two extra cases yields a spuriously ‘

high standardized mortality ratio. This
group assumed that the Pliofilm cohort

members had been exposed to between - -

about 24 and 40 ppm of benzene. However,

they e v assumed that these men ' -
h&ml .
whereas their actual period of employment
as conaaTably shorter. Tt thels sick oo

in 140-170 cases of leukemia per 1,000 ex- ~SeSSTRERt IS applied to aworkplace exposure

posed workers.” However, it is unlikely that
these men were exposed constantly to as
much as 100 ppm benzene, and it is cer-
tainly true that they were not exposed for
as long as 45 years. Thus, this statement is
not justified by the results of the Pliofilm
study. According to the White et al. risk
assessment (57), 45 years of exposure to
100 ppm benzene would produce between
about 420 and 1,500 excess leukemia deaths
per 1,000 men. Because of the problems
discussed above, little confidence can be
placed in the risk assessment done by the
International Agency for Research on Can-
cer, and their methodology is not applied
to an exposure situation of 300 ppm-years.

The Carcinogen Assessment Group risk
assessment

The Carcinogen Assessment Group
the US Environmental Protection Agency
(61) has also done a benzene-leukemia risk
assessment. The Group attempted to esti-

in the general population attributable to
exposure to benzene as an air pollutant.

‘ul

mate the number of excess leukemia deaths -

of 300 ppm-years, an estimate of about 15
excess leukemia deaths per 1,000 men is
obtained. However, because of the errors
discussed above, no confidence can be
placed in this estimate.

The Carcinogen Assessment Group also
based a risk assessment on the results of
the Dow study. In doing so, they this time
correctly estimated the duration of employ-
ment of the cohort. Applying their risk
assessment to 300 ppm-years of benzene
yields an excess of 47 myelocytic leukemia
deaths per 1,000 men so exposed. This re-
sult is similar to that obtained by White et
al. (57). The Group also attempted to use
the results of the study by Aksoy (29) in a
risk assessment. However, it is difficult to

interpret the result because of the many!

limitations of Aksoym’thﬁa
of “fore do not consider this Fis assess?nent{

meaningful.
The Rinsky et al. risk assessment

This risk assessment is based upon the
update of the Pliofilm cohort (19) and is an
improvement over that done by White et

e
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al. (57) insofar as a cumulative measure of
benzene exposure was obtained for each
cohort member.

Rinsky et al. (19) report standardized
mortality ratios according to four levels of
cumulative benzene exposure (less than 40
ppm-years, 40-200 ppm-years, 200-400
ppm-years, and greater than 400 ppm-
years). The corresponding number of leu-
kemia deaths and the standardized mortal-
ity ratios (which have been divided by 100
$0 that they can be compared with the odds
ratios presented below) are 2 and 1.1; 2 and
3.2; 2 and 11.9; and 3 and 66, respectively.
Thus, there is a strong positive relation
between cumulative benzene exposure and
leukemia mortality in this study.

These investigators, however, did not use
the results of the cohort study to do the
risk assessment, but, instead, did a nested
case-control study (10 matched controls per
case) and used conditional logistic regres-

/

sion to derive an exposure-response rela-?

tion between cumulative benzene exposuré

both a measure of the relative rate of dis-
ease among the exposed compared with the
unexposed and therefore should be similar.
It is apparent that the Rinsky et al. mode]
overestimates the gbserved standardized

mortality ratios in the upper two exposure .

categories, especially in the highest. As an .

alternative risk assessment based on these
data, we fitted a Poisson regression model
using the four reported standardized mor-
tality ratios and the midpoint of their four
cumulative exposure categories (62). Our
predicted standardized mortality ratios are
1.2, 2.8, 13.6, and 65, respectively. Our |
model provides a considerably better fit to
the observed standardized mortality ratios
than does the model of Rinsky et al. Our
predicted number of excess leukemia
deaths for 1,000 men exposed to 10 ppm
benzene for 30 years beginning at age 20
years based upon the Poisson regression
model is 82.

™
The Crump and Allen risk assessment

and leukemia mortality. Based upon theiL/érump and Allen (63) also have done a

risk assessment, they would predict that
300 ppm-years of benzene exposure would
result in an odds ratio (a relative mortality
rate) of about 44, which we calculate would
vield about 250 excess lifetime leukemia
deaths among 1,000 men exposed to 10 ppm
for 30 years beginning at age 20 years.

In_our-.opinion, their ri asses

should have derived from the.results-of-the
cohort stugy rather than from thgsg of Ehej
case-control -stady.Presumably, an esti-
mate of cumulative benzene exposure was
available for all cohort members. Thus, the
need to restrict the analysis to a subset of
the subjects is unclear. More importantly,
if their model is applied to the data ob-
tained in the cohort study, the estimated
odds ratios for the four categories of cu-
mulative benzene exposure presented above
(using midpoints of exposure categories and
480 ppm-years for the highest, open-ended
category) dre 1.3, 4.5, 43.8 and 423, respec-
tively. Although the interpretation of an
odds ratio is not strictly comparable to that
of a standardized mortality ratio, they are

benzene-leukemia risk assessment. Their
risk assessment is based upon the results
of the Pliofilm cohort, the Dow cohort, and
Wong's study of chemical workers.

These investigators used two types of
linear models for their risk assessment. The
first, the absolute risk model, assumes that
the number of excess leukemia deaths at-
tributable to a specific amount of benzene
exposure is constant at every age (an addi-

"tive excess). The second, a relative risk

model, assumes that the increase in leuke-
mia mortality at any age for a given level
of benzene exposure is directly proportional
to the baseline age-specific leukemia mor-
tality rate {(a multiplicative excess). They
also considered three measures of benzene
dose: 1) lifetime cumulative exposure, 2) a
weighted cumulative exposure which con-
siders recent benzene exposures as most
relevant (exposures sustained between 2.5
and seven years before follow-up) and pro-
vides progressively less weight to exposures
sustained in the more distant past, and 3)
a window exposure method which essen-
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tially ignores all benzene exposures sus-
tained more than 15 years in the past. Their
relative risk model used in conjunction with
lifetime cumulative exposure yielded the
highest risks. Since the other risk assess-
ments discussed above used a relative risk
model with lifetime cumulative exposure as
a measure of benzene dose, we report here
only these results from Crump and Allen’s
report. However, it is emphasized that their
risk assessment result based upon the ab-
solute risk model used in conjunction with
the window exposure method yielded re-
sults about one-eighth as high as those
reported here. This observation demon-
strates that risk assessment results will
vary widely depending upon the choice of
the model and the measurement of benzene
dose.

Crump and Allen estimated that 40 years
of exposure beginning at age 20 years to 10
ppm benzene would cause 88 excess leuke-
mia deaths per 1,000 men so exposed. By

" simple linear interpolation, we estimate

that their risk assessment method applied
for 30 years to 10 ppm (beginning at age 20
years) would yield about 68 excess leukemia
deaths.

These investigators also did a risk as-
sessment based solely on the Pliofilm co-
hort using a relative risk model with a
lifetime cumulative dose. They did their
own analysis of the Pliofilm cohort and
were able to include additional years of
follow-up. They report eight observed leu-
kemia deaths versus about 3.0 expected,
vielding a standardized mortality ratio of
268. Their risk assessment result based
upon the Pliofilm cohort is 63 excess leu-
kemia deaths per 1,000 men exposed to 400
ppm-years of benzene, or about 48 for 300
ppm-years. They also did a risk assessment
based solely on Wong’s study. From these
data, they calculate that exposure to 10
ppm benzene beginning at age 20 years and
continuing for 40 years would cause 121
excess leukemia deaths per 1,000 exposed
men (or about 94 for 300 ppm-years)-How- .
éver, thev point out that this excess is due

largely to a deficit of leukemia mortality
- e
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among the-unexposed_and therefore place

little confidence in it. ,
Some of the discrepancy between the risk

assessment results on the Pliofilm cohort’
reported by Rinsky et al. and Crump and .

Allen apparently results from disagreement

between them as to the levels of benzene to -

which these eexposed. Crump and
Allen’s estimates of the benzene exposures
are generally higher (and therefore their
risk assessment results are lower) than
those of Rinsky et al., especially for expo-
sures sustained between 1940 and 1948.
However, Crump and Allen calculated that
if their exposure estimates are decreased to
levels more comparable with those of Rin-
sky, their risk assessment results would
increase by about only 25 per cent.

Qur risk assessment

We have used the method suggested by
Enterline (64) for our risk assessment. An
estimate of lifetime excess leukemia deaths
attributable to benzene is obtained by di-
viding the difference between the observed
and expected number of leukemia deaths
by the total number of expected deaths (all
causes) in the cohort. The underlying as-
sumption of this method is that the pro-
portional excess leukemia mortality ob-
served during the follow-up period will con-
tinue until all cohort members have died.
If a cohort is followed until most of its
members are deceased, the method will be

accurate. On the other hand, if a cohort has .

been followed for only a small fraction of
its life expectancy, this risk assessment
method must extrapolate the proportional

excess to future deaths and hence the result

is likely to be less valid and less precise.

In the latest report of the Pliofilm study -

(19), 6.34 excess leukemia deaths were ob-
served among the cohort (observed = 9,

expected = 2.66). The total number of ex- ..

pected deaths was 331.6. Therefore, the

_number of excess leukemia deaths per 1,000

exposed men is estimated as
1,000 X (6.34/331.6) or 19.

To apply the method o0 an Aexposure situa-
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tion of 300 ppm-years, the benzene expo-
sures experienced by the Pliofilm workers
must be considered and, furthermore, it is
assumed that excess leukemia mortality is
directly proportional to cumulative ben-
zene dose. It can be inferred from table 2
of their report that the average cumulative
benzene exposure among members of the
Pliofilm cohort was about 69 ppm-years.
The excess number of leukemia deaths re-
sulting from 300 ppm-years is then esti-
mated as:
(6.34/331.6)
X (300 ppm-years/69 ppm-years)
= 83 per 1 000.

We also apphed Enterhne s method to
the Pliofilm cohort for follow-up through
1975 (18) so that the result could be com-
pared with that of White et al. (57). The
observed number of leukemia deaths as of
that time was seven versus an expectation
of 1.25. The total number of expected
deaths was 161.3. We assumed, as did
White et al., that these men had been ex-
posed to between 50 and 83 ppm benzene
{say, 66 ppm). The average duration of
employment for the entire Pliofilm cohort
was. about 3.2 ears. The result is an excess
of about . 51 leukernia deaths per 1,000 men
exposed to 300 ppm-vears benzene. This
result agrees reasonably well with that ob-
tained by White et al. for long-term workers
only. It should be mentioned that the cu-
mulative benzene exposure level assumed
by White et al. in their risk assessment and
the level considered by us in this risk as-
Sessment are appreciably higher than the
level of 69 ppm-years presented in the lat-
est report of the Pliofilm cohort (19).

Enterline’s risk assessment method also
can be applied to the latest report of the
Dow cohort in which there were four leu-
kemia deaths observed versus 2.1 expected
(21). These men had an average cumulative
benzene exposure of about 46 ppm-years
and the total number of expected deaths
was 268.6. Thus, it is estimated that 300
PPm-years of benzene exposure would

result in

(1.9/268.6)

X (300 ppm-years/46 ppm-years)
= 46 per 1,000 excess leukemia deaths.

The retrospective follow-up study of re-
finery workers by Tsai et al. (26) included
estimates of benzene exposures. These
workers were typically exposed to less than
l_gp&gfbenzene (median, 0.5 ppm). The
average duration of employinerit was about
seven years, resulting in an average cumu-
lative benzene exposure of about 3.5 ppm-
years. If these refinery workers were sub-
jected to the same benzene-induced leuke-
mia mortality as were the Pliofilm workers,
their overall standardized mortality ratio
would be about 112. Therefore, the obser-
vation that therfé Was no leukemia death
observed compared with 0.42 expected does
not contradict the results of the above risk
assessments. Tsai’s study is simply too
small and the benzene exposures too low
for it to contribute to the benzene-leukemia
risk assessment.

The study by Wong (25) of chemical
workers also contains estimates of benzene
exposures. There were 3,536 men “contin-
vously” exposed to benzene in this study.
Their average cumulative benzene exposure
was about 30 ppm-years. There were six
observed leukemia deaths compared with
4.4 expected (standardized mortality ratio
= 135) and the total number of expected
deaths was 613. Therefore, the number of
excess leukemia deaths resulting from ex-
posure to 300 ppm-vears is estimated as:

(1.57/613)
X (300 ppm-years/30 ppm-years)
= 26 per 1,000.
The result does not agree well with that of
Crump and Allen (63). The discrepancy is
in part related to the observation that there
is no consistent dose-response relation be-
tween leukemia mortality and the cumula-

tive benzene dose in Wong’s study and in
part to the deficit of leukemia among the
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unexposed in this study. For these reasons,
we believe that Wong’s study is not as

informative to a risk assessment as are the

Pliofilm and Dow studies.
ittt et 4

Summary of risk assessments

Five risk assessments for benzene-
induced leukemia have been reviewed.
Table 2 presents a summary of the results
of four of the risk assessments bhased on
the Pliofilm and Dow cohorts, along with
our own estimates. Some of these investiga-
tors did not directly calculate the estimates
displayed in table 2, but we extended
their methodology to this particular expo-

sure situation.

Our own risk assessment results, those
of Crump and Allen (63), and those of
White et al. (57) agree fairly well. The
Carcinogen Assessment Group estimate is
too low for the Pliofilm study because of an

error regarding the duration of employment °

of this cohort, as discussed. Their risk as-
sessment result based upon the Dow study,
however, agrees well with the other results.
Given the different methodologies and as-
sumptions applied by the various risk as-
sessment authors, the results, with the ex-
ception of that of Rinsky et al. (19), are
reasonably consistent.

The result reached by Rinsky et al. is

_considerably higher than the others. It is

difficult to understand why and, unfortu-
nately, we cannot directly attempt to rep-
licate their case-control results. However,
we did do two risk assessments based on
the results of the cohort study from which
their case-control study derives. Our result
using Poisson regression is 82 excess leu-
kemia deaths per 1,000 men exposed to 300
ppm-years, while our result based upon En-
terline’s method is 83. Since the Rinsky et
al. result does not ‘agree with the others,
including two independent risk assess-
ments (ours and that of Crump and Allen)
based upon the same cohort, we Dbelieve
their result is too high.

An interpretation of these risk assess-
ment results is that the Pliofilm study in-
dicates an appreciable excess leukemia risk
attributable to benzene and that the other
studies provide some support, or at least do
not contradict this. However, it must.be.
Wmd that the other studies were

either very small oliqﬂerg/senous meth-

odolocrlc,ql_‘_problem so that, Hesplte the

“observation that they seem to support the
results of a risk assessment based upon the

- Pliofilm study, little confidence can be

placed in them.

TABLE 2

Numbers of lifetime excess leukemia deaths per 1,000 workers exposed to 10 ppm benzene for 30 vears, as
estimated By various risk assessments

Study from which risk assessments derive

Risk assessment

Pliofilm cohort Dow cohort

authors (ref. no.)

(Follow-up through)

(Follow-up through)
1982

1975 1981 1973
White et al. (57) 30-104* (Not done) 32-93+ (Not done)
(Midpoint, 67) (Midpoint, 62)

' Carcinogen Assessment Group (61) - 15 (Not done) 47% (Not done)
Rinsk_\"et al. (19) (Not done) 250 (Not done) {Not done)
Crump and Allen (63) {Not done) 48 68§ {Not done)
Present study 51 83 47 46

i

* Based on cohort members with five or more years of employment.
+ Leukemia cell types other than lymphocytic or monocytic.

I Myelocytic leukemia only.

§ Based on the Pliofilm cohort, the Dow cohort, and Wong's study.

i a——
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TABLE 3
Summary of epidemiologic studies from which the risk assessment results presented here are derived
Leukemia deaths Cumulative
Study e"Tm:le d benzene
(ref. no.) Observed Expected E‘e):fhs exposure
{in ppm-vears)
Pliofilm study (19) 9 2.7 332 69
Dow study (21) 4 2.1 269 46
Tsai et al. (26) 0 0.42 59 4
Wong et al. (25) 6 44 613 30
Total 19 9.6 1,273 42*

* A weighted average according to the expected number of deaths in each study.

The results of the epidemiologic studies
which we considered in our benzene-
leukemia risk assessment are displayed in
table 3. The overall standardized mortality
_ratio from these four studies is 108. A~
welghted average (weighted according to
the expected number of total deaths) of the
cumulative benzene exposures sustained by
the men in these cohorts is about 42 ppm-_
years. Thus, an overall estimate & of the
number of excess leukemia deaths associ-
ated with 300 ppm-years of occupational
exposure to benzene is obtained as:

(19 - 9.6)/1,273
X (300 ppm- years/42 ppm-years)
= 53 per 1, 000

con_ﬁggnce limits of the overall standard-
ized mortality Tatio, a lower and upper
bound for the number of excess leukemia
deaths for 300 ppm-years of benzene ex-

posure are 10 and 113 per 1, OOO respec-

f‘?rely “The estinidtes ot 30 years of expo-

sure beginning at age 20 years to the pro-
posed new standard of 1 ppm benzene are
one-tenth of these results.

SuMMARY

Benzene is widely recognized as a leuke-
mogen, and the Occupational Safety and
Health Administration is currently at-
tempting te limit exposure to it more
strictly. The proposed new regulation is a
limit of an eight-hour time-weighted aver-
age of 1 ppm In place of the current limit
of 10 ppm. The fundamental rationale for
the change is a perception that the current

standard is associated with an inordinate
excess of leukemia.

The epidemiologic literature on benzene
and leukemia supports the inference that

“benzene causes acute myelocytlc leukemia.

However, the available data are too sparse,
or suffer other hmxtatwns, to substantiate
the idea that this causal association applies

"at low levels (i.e., 1-10 ppm) of benzene.

Nonetheless, under the assumption that
causation does apply at such low levels, a
number of authors, including ourselves,
have performed risk assessments using sim-
ilar data but different methodologies. The
assessments that we consider acceptable

suggest that, among 1,000 men exposed to
benzene at 10 ppm for a working lifetime
oT“SO years, there would oceur about 50~

“to the baseline expectatxon | of seven deaths.
However, “this estimate is speculanve and; )
whether or not enough confidence can be- "
placed in it to justify a lower occupational
benzene standard remains a decision for

policy makers. . /
i
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