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snan. They also appeared in three cases that had received
treatment against T. cruzi 5 years earlier.

Catedra I1 de Histologia HumserTo R. A. CABRAL
Embriologia y Genetica.

Facultad de Ciencias Medicas.

Universidad Nacionai de Cordoba. P ' "

C. Correo 362. MIN"FF $

5000 Cordoba. Argentina EXHIB!L
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The ring cells in Chagas patients were found in 2-8% o
total neutrophils (range 0-5-3%) in 200 cell counts. Their
nuclei have two main forms: with and without lobulations.
both with coarse chromatin, As judged by the different age of
the patients. these cells would be preduced throughout life
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IS MALE PREDOMINANCE (4/1} IN HAIRY CELL LEUKAEMIA RELATED TO OCCUPATIONAL EXPOSURE TO
[ONIZING RADIATION. BENZENE AND OTHER SOLVENTS;

We read with interestthe paper of Aksoy (1987) in which he
reported threecases of B-cell malignancy includingone hairy

cell leukaemia tHCL) due to chronic exposure to benzene. Qur
recent 3-year study with alpha interferon in HCL (Flandrin et

al. 1987) gave us the opportunity of seeing. within a short

periad of time. a considerable number of patients with this
rare disease,

A strongumale predominance (4/ 1) had been noted in all
series of HOL (Flandrin et d. 1984) and we wondered
whether there could be a link between male predominance

Table {. Exposure to radiation and solvents of HCL patients according to occupanon. Primary =direct routine Use or handling:
Secondary = soivents routinely used in work area: judgement=undocumented. but assumed.

£ T : & 2> g =
S p2 3z 7. 3 T, EE 2@ i

- & £§ £§ 25 &y 43 g% :8 ]
§ 5 E2 3§ EF 5E gE g§s 23 2

Profession = = 48 A8 x5 AT 28 A8 2% =

Medicai 8 8

Garage mechanic driver 21 5 1 5 2 1

Painter. decorator. mason 8 1 2 2 2 1

Printer 3 2 1

Farmer 10 1 1 5 1

Engineer 6 1 1 1 1 2

other 49 3 2 2 1 5 12 24

,
Total 105 9 13 1
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and occupation. Of a total of 105 HCL patients (Tablel}, eight
were in medical professions (two X-ray tcchnicians, one
radiologist. two pneumologists, two orthopaedists und an
internist using radioscopy for 15 years). Twenty-one patients
had jobs as garage mechanics or drivers or lorries or other
heavy vehicles. Eight worked in the construction industry
as painters. decorators or masons. Three patients were
employed in the printing industry. particularly photogravure
and equipment maintenance. There were 10 farmers and six
engineers. The remaining 49 held various technical or office
positions.

We were able to reinterview 69 of the patients and obtain
more details about possible exposure to ionizing radiation.
benzene or other solvents. The persons in medical professions
had all employed radioscopy. all of them for periods exceeding
10 years. Another striking finding was the frequency of
occupations in contact with petroleum-derived substances.
In the first place. there were garage mechanics and drivers
who handle the maintenence of their vehicles. involving
prolonged exposure and frequent cutaneous contact with
petrol or diesel oil (hand cleaning). As for the 49 patients
whose vaned professionsapparently involved no particular
exposure. an appreciable number of the reinterviewed per-
sons were discovered 1 have paraprofessional activities
involving the use of benzeas of other solvents. We have
endeavouredto expressthe Nk of exposure{Arp et al. 1983),
distinguishing different degrees of exposure (primary.
secondary. suspected) and different agents (radiation. ben-
zene. other solvents).

lonizing radiation and benzene have been clearly incrimi-
nated in myeloid malignancies (Goguelet al. 1967: Aksoy et
d. 1976).Their possible implication in lyrnphoproliferative
disorders is not so widely acknowledged but has been
supported by several studies (Arp et al. 1983: Goguel et al.
1967). Some cases of lymphoid leukaemia have been
reported among radiologists (Snith& Doll. 1981). A single

_

instance of benzene intoxication coinciding with HCL has
been noted in the Iiterature (Bescol-Liversac et al. 1982). Of
the 69 reinterviewed patients. 52 admitted exposure. either
related directly to occupation or to paraprofessional activi-
ties. HOL has only recently been recognized as anentity and

remains difficult to diagnose which may account for these
observations not being made sooner.

Laboratoire Central d’'Hématologie.
Hépital Suint-Louis.
75475 Paris cédex 10. France
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ANNOTATIONS CONCERNING THE CORRELATION OF THE IMMUNO-PHENOTYPES OF LEUKAEMIC CELLS
IN ACUTE MYELOID LEUKAEMIAS WITH THE FAB CLASSIFICATION

The publication by San Miguel et al (1986) about the
correlation between cell surface marker analysis in acute
myeloid leukaemias (AML) and the FAB classificationhigh-
ligits a crucial question. namely the exact correlation
between the immunophenotype defined by cell surface
markers and the morphological phenotype defined by the
FAB classification. As a stimulus. we want to contribute a
concise demonstration of our results in this field in order to
provoke further disoussian about the vatidity of the immuno-
type for a more precise specification of the FAB classification.

We have analysed 136 cases of acute myeloid leukaemia
classified according to the FAB-system (Bennettet al. 1976,
1985a. b) by applying the immuncenzymohistochemical
method of alkaline phosphatase in 'sandwich' modification

(Mason & Woolston, 1982) to bone marrow and peripheral
blood smears. with the following panel of the 40 commer-
cially available primary monoclonal antibodies(clusterdesig-
nation. antigen mol wt. not available—NAY: MY 4 (CDW,
14.55). MY 7 (CDW. 13.160). MY 9 (NA. 67-74). MO 1
(CD11.155/94). 12 (NA. 29/34)—Coulter: OKT 3 (CD3, 20).
OKT 4 (CD4.55). OKT 4a(CD4. 60), OKT 6 (CD1.45).0KT 8
(CD8. 31). OKT 9 (NA. 90).0KT 10(NA. 45), OKT 11(CD2.
40), OKM 1(CD11b. 155/94), OKM 5 (NA. 88).0KB 2 (NA.
42), OKB 7 (NA. 175)—Ortho Dtagnostics; AML 2-23 (NA.
NA), PMN 29 (NA,NA). PM 81 (NA. NA). PM 6 (NA. NA)—
Hybritech: Hu-Pl-m 1 (NA. 122/87), B1-3C5 (NA. NA).
FMC-1 (NA. NA). FMC-10 (CDw 15. NA). FMC-32 (CD14.
NA). SRT-20 (NA. NA). 10B-1 (CD21. 140), PHM 6 (NA.
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Reviews and Commentary
BENZENE AND LEUKEMIA

A REVIEW OF THE LITERATURE AND A RISK ASSESSMENT E -

HARLAND AUSTIN, ELIZABETH DELZELL. anp PHILIP COLE - -

The major purpose of this paper & to
review the evidence. primarily epidemio-
logic. pertaining tu the relation between
benzene and leukemia. Benzene is widely
considered to he a leukemogen for human
beings, but its potency is uncertain. Since
low-level expaosiees to benzene charncterize
muny occupntional seilingy, it is impnrtant
ta dcterminc to what. extent.. if at. all, law
expostres incrense leukemin risk. More-
over. as we write, the US Qeccupational
Solety and [Hesith Aduinmsiention s
tempting Lo reduce workplace exposures
from an eight hour time-weighted avernge
level of 1) parts per million {(ppm) to |
ppm. This paper also includes an evalua-
tion and critique of various risk assess-
ments ofhenzene and leukemia. These risk
assessment; were done for policymaking
and were developed to predict the leuke-
mogenic effect of benzene exposures in the

Abbhreviations: (1. confidence interval: pprn. parts
per million: RR. relative risk.

' Deparsment of Epideminiogy. School of Public
/Henlth_ and the Comprehensive Cancer Center, the
University of Alabama at Birmingham. Birmingham.
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vicinity of the present occupational stand- E -
ard of 10 ppm. &

BACKGROUND

In 1981, a Working Croup of the Inter-
national Agency for Research on Cancer
concluded 1lint there was sufficient. @Qvi-
dence that benzene is carcinogenic ta hu-
mans (1). Specificnily, they concluded Lhat
cxposure Lo Lenzene muy damage the he-
matapaictic system and that evidenee (rom
epidemiologie studien establinhes o cmwnld
relation between benzene and acuie mye- .
loeviie leukemin, In the snme report, it wow [~
noted that the evidence linking benzene :
with cancer other than acute myelocytic
leukemia was inadequate. Benzene B 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 I 1974 (4). The reguintion
limits exposure to uan eight-hour time-
weighted average of 10 ppm with a ceiling
concentration of 25 pprn over a 10-minute
period and a peak concentration not to
exceed 50 pprn for more than 10 minutes.
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This regulation was established because
benzene was KNOwn tw be a bone marrow
depressant and because uf its acute toxicity;
benzene was not generally recognized as a
carcinogen at that time. Indeed. in 1974,
the Nationa} Institute for Occupacional
Satety and Health noted that, although
case reports. chromosomal srudies. and sev-
eral epidemiologic studies suggested a link
between benzene and leukemia. the evi-
dence was not sutticient 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 (8). 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
ceiiing level of 5 ppm for any 15-minute
period. This became the Occupational
Safety and Health Administration stan-
dard in 1978 (7). However, a 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-
sence that the Occupational Safety and
Health Administration had not demon-
strated that the 10 ppm standard was un-
safe (8), TNLB.a controversy remains about
the reasonable exposure limit in occupa-
tional settings and especially about the leu-
kemogenic effectof 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 Lo benzene. Here, we
emphasize the epidemiologic studies he-
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 briel sum-
mary of the results of animal studies and

of ¢chromusomal studies is pertinent. since
these have also contributed o the evalua-
tion of the leukemogenicity of benzene.
Animal studies

The carcinogenteity 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 actson
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 tne experimental work
provides an adeyuute animul model for
benzene-induced myelocytic leukemia. Al-
though the studies have demonstrated the
induction of noamalignant hematologic
disorders by benzene, the carcinogenic ef-
fects are confined largely to nonhemato-
logic tissues. In ratsand 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
160 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
exposed to benzene (1, 11). Studies of work-
ers with benzene-induced blood disorders
have consistently shown on increased prev-
alence ol chromosomal aberrations in so-
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matic ceils. Hawever, studies of workers
who had low (<25 ppmi benzene expumnrees
ur wha had no. avert signs ot chronic ben-
Zene paisoning have been inconsistent with
respect to cytogenetic findings. [n addition.
manv of these studies are qitite small. and
most have methodologiend deficiencies, -
cluding inadequate assessment of avernye
or cumulative benzene exposure. failure to
adjust for age differences between groups.
and no dose-response evaluations. More-
over. there are no data that establish a
relation between chromosomal aberrations
and the subsequent development of leuke-
mia nr other disease.

Epidemiologic studies

Fleven epidemiologic studies have eval-
uated the association hetween benzene and
leukemin (11 24 These studies were pre-
ceded hy many case reports of leukemia
patients with indusirinl benzene exposure
and by descriptions of series of leukernin
cases associated with tenzene exposure.
two of which have been updated by Aksoy
(29) in Turkey and by Vigtiani (30)in Italy.

Akaoy (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
general population. However, the vaiidity
of these estimates and the meaningfulness
of the comparison of the leukemia rates of
ahoe wnrkers 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 in shoe and rotogravure factories.
Renzcne exposures were thought tn have
ranged from 26 tn 6 ppm for workers
handling glues 1n shoe factories and firam

200 to 400 ppm tar workers in the rotogra-
viree plants, Vighu estimated Hat 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 estimnte B not adequately docu-
mented.

The epideminlogic studies of benzene and
leukemia are summarized in table 1 They
are reviewed briefly below.

In a hospital-based case-controi study in
France, Girard and Revol (14) evaluated
the association between benzene and leu-
kemia and other hematologic diseaszes. The
cases were hematology service patients, of
whom 140 had acute leucosis (aiso referred
1D as acute leukemia in the study report),
61 had chronic lymphocytic leukemia, ond
56 had myelpid leukemia. There wsrs also
124 controls hospitaiized for nonhemato-
logic conditions. Exposure to benzene and
toluene wns determined by questioning sub-
jecls about chemicuals which they hnd used
during the 10-year period preceding the
hospitalization. Relative risks for benzene
or toluene were 3.3 (85 per cent confidence
interval (CI) =1.2-8.9) for acute leucosis/
leukemia. 4.1 (1.4-12) far chronic lympho-
cytic leukemia. and 1.8 (0.5-6.8) 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
dose-response.

Ishimaru et al. (13) conducted a study of
303 leukemia cases and 303 controls in
Nagasaki and Hiroshima. Japan. The study
evaluated occupational exposures o ben-
zene and to medical x-ravs: potential ex-
posure was determined on the basis of sub-
jects' occupations. The relative risk of leu-
kemia was 25 (95 per cent CI = 1.3-5.0)
for persons with occupations invniving po-
tential benzene or medical x-ray exposure
compared with those with no such expo-
sures.

The main limitation of this study & its
use of nccupntion as a surrogate for benzene
exposure. Each occupation classified as in-
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Retrnspeine
follow.yp.
1940-197)

Urited Staten. 1954 420)

Retrospective
follow-up,

1940-1982

United States, 1968 (21)

Olmsted Co.. MN, 1980 (22)  Cane-control.
1988-1974

United Kingdom, 1081 (23) Case-control,
1960-197%

Retrospactive
follow-up.
1960-19:7

- United States, 1983 (24)

Retrnepective
{ollow.up.
1946-19:°7

United States, 1933 (23)

United States, 1983 (26) Retrospective
follow-yp,
1952-1978

United States, 1082 (27) Case-control,
1964-197)

Case-control,
1964-197)

United States, 1984 (28)

S0 henzene wirkers
Helerent: general papulation

958 henzene workers.
Referent: general population

138 adult leukemia cases;
278 controls

Qil refinery workers:
J6 canes: 218 controln

259 chemical workars.
Refecent: genersl population

4.602 ~hemics) workers.

Referent: 1) general population: 2) 1074
chemical workers with no occupational
benzene esposure

454 oil refinen workers.

Referent: 1) general population; 2) 10%
sample of nonbenzene evpused reflinery
wotkers

Rubher manulacturing workers:
13 Iymphocytic leukemin canes; 10 ntcsle

Lt lymphocytic leukemia cases:
1,350 contenly

Cumulative henzene esmvicure (ppm
montha}

Cumulstive benzene ¢ I
months)

Medical record indica 1 of benrens
posure

Employment indol! ..z lo  rmedium
high benrene expoe=c

Employment during 12471970 4t a
that has used Inrge amounts of benren:

Exposed to benzene fr >5 monthe o«
uouA va. intermittent «vpasure: camule
expoaure {ppm-months: dursrion of .._
sure and time since fir<: exposyre

Employment in benzens relared prod
tion unite; duration +f benrene rels:
work

i

Primary benzene expoc:ire emplyment
jobs insolving direct uwe f benrene

Secondary henzene syoanrs eriployn
in work areas where benzens wa¢ nyed
no direct use in joh

Employment in work a-+vae whers benss
was ysed

* SMR. standandized mortality ratio.
t RR. relative risk.

§ Total, exposed and unenposed. Number of wnrkers exposed and uneaposed not stated.
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vulving potential benzene exposure way
have inciuded workers with no exposure to
“benzene, as vell as workers with exposure
to chemicals other than benzene. In addi-
tion, the relative risks were not reported
separately for benzene and medical x-ray

preliminury {indings of u 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 lacations. Rinsky et ai. (18) pre-
sented additional results from this study in
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exposures, and no attempt was made to
quantify leukemia risk according to inten-
sity or duration ol benzene exposure.
Thorpe (18} 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
peen exposed to benzene (potential expo-
sure for at least five years 1 refinery
streans or petroleum products containing

1981. All workers with at least one day of
exposure to benzene during 1940 through
1959 were inciuded, 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 benzens ex-
posure monitoring data 1o describe expo-
sure conditions at the two locations.”Al-
though these chta were sparse, especially
for location 2, the investigators beheved
that exposure tended to be below tha rec-

S~

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 Ohlo in=1447). Thestandardized 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 Cl = 225-
1,154), based on seven observed deaths.

at least ! per cent benzene) or not (noer
only occasional benzene exposure). The as-
certainment both of benzene exposure and
of leukemia occurrence was conducted sep-
aracely by each of the affiliates. The ex-
" pected number of leukemia deaths was de-
rived fran 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 Cl = 37-205),
whereas the standardized mortality ratio
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was 80 for the unexposed

This study has a number of limitations.
Ascertainment of leukemia cases and doc-
umentntion of exposure were inadequate.
In addition, the report indicates that there
was considerable uncertainty about the age
structure of the overall cohort. 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-
ves iy uneemarkable. However, the study B
nesther persuusively positive nor negative

hecause of the lack ofon analysis of leuke-
min mwetality by iaduction period,  1he

unexplained deticit of deaths from leuke-
mia among the unexposed and the lack of
documentation of the methods used to
identify feukemin denths and (o determine
benzene exposure.

In 1977, Intante et ul. (17) reported the

-

Using the fibrous glass workers as the re-
ferent. the standardizedmortality ratio was
473. There were no deaths fran leukemia
among the unexposed rubber hydrechloride
workers: the expected number was not re-
ported but was probably small.

Five of the seven leukemia deaths oc-
curred among men with five or more yean
of benzene exposure (standardized mo d -
ity ratio =2,100). All of the leukemias were
of the myelocytic (acute, 4; ¢hronie, 1) or
monocytic (acute, 1; unspecified, 1) cell
type. Among men who had fiest boen ex
posed to benzene between 1950 and 1959,
there was one denth from myclogenous jeu
kemia compared with 0.5 expected.

Rinsky et al. (19} have recently updated
this investigation. The updated study in-
clides 1,165 men who had been exposed 1o
benzene for at least one day during 1940~
1965 and extends follow-up through 1981.
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The update alsorises 3 joh-exposure linkage
procedure to estimate the cumulative ben.
zene exposure of Lhemen 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 B imprecise. Moreover, the study
contains little relevant data on the expo-
sure levels associated with excess leukemia
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 tw rubber hydrochloride produc-
. It is likely that four of the five men
with leukemia at location 2 had started
working there hefors 1940, and one had
wtarted in 1L [enzeae oy been used oy
a solvent in tire manufacturing; therefore.
manv of [he studv members from loeation
2 mny have been exposed © benzene in
departments other than rubber hydrochlo-

'..,,»,LJ-J-
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expected. Another deceased worker had
myelaomonocytiC leukemia, but this was nor
certified as the underlying cause of deeth
and was not inciuded in the mortality
analysis. The four leukémias were of the
myelocytic cell type. Ottet al. estimated an
incidence rate rntio 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 updatad report. Among a
total of 242 expected deaths fran all causea,
the cumulative exposure category was 0-
499 (midpoint, 250) ppm-months for 131 of
the expected deaths, 500-999 (midpoint,
750) ppm-months for 35, and 1,000+ (nay
1,250) ppm-months for 56, Thus, the aver-
age cumulative exposure of cohort members
B estimated as 554 ppm-montfs, Or about
46 ppm-years. ‘The cumulative benzene ex-
posures were lower than this for three of
five of the leukemia clues. =

The mnjor limitations of this study are
its small size and thus its imprecise esti-
mate of the offeet of benzone on the oecur.
rence of leukenuan, The obseevation that the
cumulative henzene exposure of three of
the five leukemin enses probably was below

0
the average cumulative exposure of the en- q\J'
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tire cohort has several possible implica-f.‘-‘\ Al
tions: there may be a threshold effect of .}
benzene among susceptibles: the leukemias*™ + 3

.

may not have been caused by benzene: or »ii:':  E

ride. and their actual exposure levels may
have been underestimated.
Ott et al. (20) conducted a retrospective

et

follow-up study of 594 Dow Chemical Com-

pany employees occupationally exposed to been incorrect.

benzene in the production of alkyl benzene. Linos et al. (22) evaluated the relation & 3
chlorobenzene, and ethyl cellulose. Men hetween leukemia and benzene in a case- 3
employed in these operations from (938 to control study of 138 leukemia cases and 276 =¥
1970 were identified and followed-up controls. Any mention of a history of ex- S
through 1973, The study was updated to posure to benzene listed in the medical VE
include an additional 362 exposed employ- records wns he sole criterion of henzene 3 B
ees, and follow-up was extended through exposure. The relative risk was 3.3 (95 per 3
rhe end of 1932 (21). Cumulative exposure cent CI = 0.6-28), based on four exposed ;
to benzene was estimated for each cohort cases and three exposed controls. Three of 153
membher. The expected numbers of leuke- the exposed cases had chronic lymphocytic 2:
mia deaths were derived from leukemia leukemia. This study is targely uninforma- T
mortality rates of all US white men. tive because of the limited information on !E

Four leukemia deaths occurred among
henzene-exposed workers. whereas 2.1 were

the benzene exposure estimates may have

henzene exposures and hecause of its small
size.

by e
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Rushton und Alderson (23)conducted a
cuse-control study of leukemia wirhin a
large cohort of workers at eight oil retinee-
ies in the United Kingdom. An earlier ret-
rospective follow-up study of these workers
(31) had reported a standardized mortality
ratio fur leukemia of 34. The case-control
study included J6 leukemna 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-
posurecompared with low exposure was 20
(95 per cent Cl = 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 serdce at the
refineries. The relative rsks for the various

ers at seven plants. The study group in-
cluded men who had been exposed to ben-
zene tor 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) wus calculuted 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 expozed
workers is estimated 1 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 Tates of
exposed workers were compared with those
of US men and with those of an internai
comparison group comprised of 3,074 meén
who had worked at the same or -
chemical piants but who were not_exposed

types of leukemia were not presented. —- ¥ to benzene. :

.—--—.-._

The results of this stidy are supportive

of a leukemogenic effect of benzene or other
solvents Used in conjunction with benzane,
However, the informativeness of the study
is limited by the lack of cata on exposure
levels and by the absence oOf any analyses
by duration of erposure Or by induction
period.

Decouflé et al. (24) evaluated the mor-
tality experience of 258 men employed be-
tween 1947 and 1980 at a chemical manu-
facturing plant. Large amounts of benzene
hod been used at the plant, hut no meas-
urements of benzene levels were available.
Employees had also worked with other
chemicals. These men were followed from
1960through 1977. There were three deaths
from leukemia compared with 0.44 ex-
pected (standardized mortality ratio =882;
95 per cent Cl =141-1,992). The cel] types
of the three leukemias were chronic lym-
phocytic, acute monocytic, and acute mye-
lomonoceytic.

Woung (25) conducted d retrospective fol-
low-up study of 4,602 male chemical work-

For the overall group of 2 xpesed Workers
there wes a slight excess of leukemiadeaths
compared with US men (seven deaths,
standardized mortality ratio = 117; 95 per
cent Cl = 47-242). Four Of these leukemias
were of the lymphocytic cell type, two were
myelocytic (bothchronic), and one was un-
specified Among unexposed workers, there
were no leukemias, whereas 34 were ex-
pected (two-tailed p value = 0.07). The
standardized mortality ratio for all causes
was similar for the exposed workers (stand-
ardized mortulity ratio = 87) and unex-
posed workers (standardized mortality ru-
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. althuugh the Jatter test fur trend,
using the nonexposed internal comparison
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group, yielded 3 one-tailed p value of 0.01.
The standardized mortality ratio increased
With yenrs since (irst. exposure from a value
of 0 for under 10 yean to 182 (fourleukemia
deaths) for at least 20 yean. For men with
cumulative benzene exposure of at least 60
pprn-years, the leukemia standardized mar-
, tulity ratio was 270 based on three deaths.

This study contains some evidence of a
positive relation hetween benzene and leu-
kemia. However. the overall standardized
mortality ratin of 117 for leukemia is not
statistically significant and the slight. ex-
cess cnuld he due to confounding hy expo-
. sure to other chemicals. Moreover, the

427

sion about the risk of leukemia associated
with the low levels of benzene described.

Severnl case-contrnl studies of leukemin
and solvent.exposures have 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
wis peesent in only one of The four rubbere
companies. and it was not. feund for other
leukemiu cell types.

Two of the studies evaluated the relation

L T TSV K VU

, [y ...j":'“"__.z”_ K

¢+ atudv ix tan small to pravide NN adequnte
i between lymphoeytic Jonkemin and expo-

sure to specific solvents, including benzene

assessmeont of dose-response. Beenuse un-
« exposed workers had a deficit of leukemia

~
o et K= il n, g b e
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.. denths. no confidence can be placed in sta- (27, 28). In the study hy Arp et al. (27),

s‘l\ tistienl tests nf trend which include the exposure to tbenzene and to other solvents ! :
\f"\ unexpesed group. The et That none of fhe  WNN determined by linking subjeets’ work "c %
w&  leukemia deaths among the benzenc-ex-  historics with historical information on :

-

1 poned worker wos nente myveloeytie lenke-

mia further detracts from a cuusal interpre-
-, tation ofthe study results,
\ - TS et al. (26) reported the mortality
. experience of 44 men who had been em-
ployed at an oil refinery between 1952 and
\ 1978 and who had worked in benzene-re-
N\ lated production units. Review of industrial
‘- hygiene data for 1973-1982 indicated that
' the median exposure level in these units
wag about0.5 ppm. Conparisongroups con-
sisted of the general US male population
and a 10 per cent sarmple of nonbenzene-
X = exposed workers at the same refinery (n =

specific solvents used in various wark areas
und processes. Subjects were elnssified os
having 'primary™ benzene exposure if they
had worked in areas where benzene was :
used and if their Jobs entailed direct hand- I
ling of benzene or benzene.containing so-
lutions. Subjects were considered © have s
'secondary” exposure if they had worked -
in areas where benzene was used but did 3

not have jobs involving direct contact. 7

Quantitative levels of benzene exposure ‘o
were not estimated. The relative risk of _.

lymphocytic leukemia was 45 for workers 7
with primary benzene exposure and 15 for e
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823). There were no leukemia deaths workers with secondary exposure. Esti- s -

> among the workers exposed to benzene. mated relative risks for exposure to sol- ;
\ "The expected numbers. based on general vents other than benzene were nearly iden- =
3 population rates. were 0.42 for all exposed tical to those for benzene. 45 for primary o ¥
. workers and 0.29 for workers emploved for  exposure and 1.6 for secondary exposure. - :
W at least one vear in a benzene-related unit. Checkowov et al. (28) studied 11 of the '

W

-\, /A1here were five deaths from leukemia and
> Nlvmbhatic cancer among unexposed work-
by ers, but no data were presented on the
/Yexpected number: of deaths. Although this
= ( study found no exces: of leukemia. its small
size and the relatively small proportion (36
per cent) of the cohort with an adequate
follow-up period preclude any firm conclu-

lymphocytic 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
benzene was used: no distinction was made EDE
between primarv and secondary benzene Y E 1
exposures. The relative risk of lymphocytic % .
leukemia was 2.5 for workerswith benzene
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exposure.  Clevited relative risks  were
tound tor workers exposed tu a number of
uther solvents, including acetone, carbon
disulfide, carbon tetrachloride, ethylace-
tate, aund hexane.

These studies do not provide persuasive
evidence of a causal relation between ben-
zene and lymphocytic leukemiaamong rub-
ber workers. The contidence intervals of
the relative risk estimates are wide, tetlect-
ing the imprecision of these estimates, and
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-
fieation was not mutually exclusive with
regard to soivents, it s possible that the
observed association betwesn benzene and
lymphocytic leukemia & due, not to ben-
zene, but to other solvents whose use is
curreluted with rhe use of benzene.

In addition to the studies described
above, investigations of large groupsof 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). Work-
ers in these industries are exposed to 0l-
vents other than benzene and to other
chemicals as well. Several authors have
noted that because of this, leukemiy ex-
ceases among rubber and refinery workers
should not be attributed solely w benzene.

In the aggregate. the epidemiologic evi-
denee sugaesta o listh bt weeen benzene sl
leukemia. However, this evidence is not
conclusive because it comes primarily fran
the single relatively small study by Rinsky
et al. (1. The other epidemiologic data
provide, at Lest, weuk evidence of 4 causal
association between benzene and leukemia.
No study rules out the possibility that oh-
served associations between benzene and
leukemia are attributubte, at least in part,
to confoundingby solvents other than ben-
zene. As uthers have pointed out (28), this
possibility has nut heen explored ade-

-
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quately in the rubber industry, an obser-
vation which also upplies to the petrochem:-
ical industry and to other industries in
which there is widespread exposure to
many splvents. Also, because the majur per-
tinent studies have been small. little con-
fidence can be placed in available quanti-
tative estimates of the magnitude ot any
association: Measures of benzene exposure
levels for relevant time periods are ex-
tremely sparse in all of the studies. There-
fore, considerable doubt remains about the
leukemogenic effect of benzene at specific
exposure leveisand especially at low levels.

RISK ASSESSMENTS

. The expression T assessment” de-
scribesthe final step in a long process. The
process usually begins with an effort, often
based solely on experimental findings. in

animals, to describe a dose-response rela-(;‘,:

tion between a carcinogen and a cancer.
This phase of the process usuully involves
extrapolation from observed, usually high,
dose levels to hypothetical, usually low.
dose leveis. The process then continues by
the making of a generalization to man on
the basis of the results in animals. This
gereralization involves a number of as-
sumptions to equate both the manner of
dosing and the manner of responding of
animals and man. These assumptions are
usyally not subject to evaluation. ol
In other instances, the process of R
axvessment does not employ findings from
animals but rathee uses epidentiologie Gnd-
ings on human beings. {n such instances,
the dillicoition of the anind (o man gen
eralization are irrelevant. Nunetheless, Ui
process may still lead to results of dubious
validity. There are two cominon reasons tor
thin: |1 the available data are sparse and 2)
the peuple studied experienced yuite high
exposures so that some extrapolation B
necessary to predict effects at lower doses.
Efforts to describe a risk assessment tor
henzene and leukemia are in the secund
category. There are little meaningtul am-
mal data. Dura for human beings ure i
and relate to uncertain, but probably rather
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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
have used ‘linear” and ‘exponential”
models to relate benzene exposures to leu-
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” B directly
proportional to the dose. usually measured
as lifetime cumulative exposure. For ex-
ample. if 15 years of exposure to 10 ppm
{150 ppm-years) of benzene B associated
with a twofold excess of leukemia deaths,
then it isassumed that 30 years of exposure
to 10 ppm (300 ppm-years) of henxene
would cause a fourfold excess. This linear
model is generally considered *consérva-
tive” in that it probably overestimates the”
Ieukemogenlc effects at low doses. It must
be borne in mind, however, that the validity
of a linear model in the benzene-leukemia
risk assessments is not established.

The cancept of a “threshold” is menning-
ful for the benzenc-lenkemia risk assess-
ments and relates directly to the issue of
what. ¢constilutes a meuningful measure of
benzene exposure. Most of the benzene-
feukemia risk assessments are based on
cumulative benzene exposures: these are
ohtained hy multiplvinyg years of exposure
by the average ambient benzene levels.
Thus. exposure to | ppm benzene for 10
years B 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-
cinngen risk assessments. the motivation
heing its simplicity. Nonetheless, it mav
not he particularly meaningful. The human
hody metabolizes and excretes with no ap-
parent harm low levels of toxic substances
thnr are harmful at higher levels. This mav
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be true of henzene. That K thers may be a
level ofbenzene exposure below which no
leukemogenic effect occurs. Thus,a lifetime
of exposure to benzene at 1ppm may entail
no increased leukemia K. although anon-
threshold linear model using a cumulative
exposure measure might entail an apprecia-
ble excess risk. A related problem is that of
peak exposures. No adequate provision B
made in the risk assessments for the pos-
sibly high, perhaps very high, benzene lev-
els that may be uniquelw harmful. These
intermittently high exposures are of special
concernwith 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 anemia (56), Thus,
it Bplausible thatthe excess leukemia mor-
tality observed among the Pliofilm cohort
was due to transient high expcsures,

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 arc few human studies
relevant to an evaluation of the relation
between henzene and leukemia. and those
that exist are small. Thus. estimates of the
levkemogenic effect of henzene are impre-
cise. Aneven more serious limitiation Bt
the levels of henzene to which the workers
in these cohorts were exposed ore essential-
ly unknown. These particular limitations
must be considered in the confext of the
more general limitations of carcinogen risk
assessments. A reasonable argument cauld
be made that the data pertaining to benzene
and leukemia are inadequate for the pur-
poses of a meaningful risk assessment.
Nonetheless. such risk assessments have
been and probablv will continue to be done.

Five benzene-leukemia risk assessments
are reviewed helow. 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 2 benzene-lenkemia risk assessment re-
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sult. We wish only to consider the various
assumptions ot these risk assessments and
Lo evaluate the extent to which their results
agree or differ.

The White et ai. risk assessment

One risk assessment has been made by
White et al. (57) of the Office of Carcinogen
(dentitication and Classitication, US Oc-
cupational Safety and Heulth Administra-
tion. These investigators used the so-called
one-hit. non-threshold model. Although
this B an exponential mathematical model,
it is essentially linear in the range of ben-
zene exposures considered. Foe clarity, the
results are approximated 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 hydrochloride work-
ersoriginally reported by Infante et al. (17)
and later updated by Rinsky et al. (18)
(hereafter teymed thb Pliofilm study) and
the tirst report of the study of Dow chemi-
cal workers by Ott et al. (20). White et al.
considered other epidemioiogic studies of
benzene and leukemia inadequate for the
purpose of u risk ussessment.

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\/d
) = ——— ) =2
& P"( 100 )(d)'

where P, = risk of death from leukemia for
a white man trom age 20 through 84 vears
with no occupational exposure to benzene
(0, 000 gecortdimg (o Whde et ol
SMR = the standurdized mortality ratio—
the mortality rte ol leukemin mmong work -
ers expused to benzene divided by the rate
aimong men in the general population and
multphed by TO8 G standardized mortality
ratio of 2,100 was used hy White et al.); d

the avernge cthuubiabive Licsize e CXpONGT
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sustained by members of the Pliofilm co-
hort expressed N ppm-years (415-1,500
ppin-years according to White et al.); and
d, = the cumulative benzene exposure (ex-
pressed in ppm-years) for which an esti-
mate of the excess leukemia mortality &
desired.

Thus, for example, if 1,000 men were
exposed in the workplace for years to 10
ppm ot benzene (300 pprn-years per man),
this moditied version of the White et al.
risk assessment predicts that between 28
and 101 of the exposed men will die from
benzene-induced leukemia. TS is as com-
pared with a baseline of seven deaths
among unexposed men. Throughout the re-
mainder of tis paper we will use an expo-
sure level of 300 ppm-years ta compare the
results of the various risk assessments.

The standardized mortality ratio of 2,100
was obtained from the observation of five
leukemia deaths compared with 0.23 ex-
pectedamong men who had been employed
for five or more years. \Whiite et al. excluded
workers with fewer then five years of em-
ployment because the elevated leukemia
risk was observed largely among the long-
term employees. This is a prejudicial justi-
fication for excluding the short-term ¢m-
ployees. A more defensible besis for their
exclusion is that over hall of these men had
been employed for less than one year, and
therefore had little benzene exposure.
Nonetheless. White et al. do apply their
rivk assessment method to exposure dura-
tions as short as one year. It is inappro-
priate to derive a model excluding the ex-
perience of those with short exposure du-
rations and, yet, to apply it to this very
same situation.

The ambient benzene levels experienced
by the Pliofilm workers were considered to
be cqual to the then vaerent recommended
stundards. This assumptivn B controver-
sial. Infante et al, (58) maintain that this
assumiption uverestunates the actual ben-
zene exposures (and, hence. that their risk
assessanenil piderestinuden exeesn lonke
mia mortality). Others (HY, 60) helieve that
the netunl bhenzene exporiares were consid
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erablv higher than the recommended stan.
dards. A paint of agreement is that the
actual henzene exposures sustained by
members of thePliofilm cohort are un-
known. as Infante etal. (58) recognize. This
uncertainty about the benzene levels is the
major limitation of a risk assessment based
on the Pliofilm cohort. White et al. ob-
tained a lower bound for the average ben-
zene exposure (415 ppm-years) by multiply-
ing the average recommended standards for
1937 through 1954 (83ppm) 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
years. These bounds cover a broad range of
benzene exposures and neither is likely to
accurately describe the benzene exposure
of atypical worker. Itisunclear why White
et al. did not estimate individuai cumula-
tive henzene exposures by multiplying each
year ofemployment of each subject by the
standard prevailing in that year and then
summing these exposure years. Thin 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 belaw).

White ct al. also did a risk assessment

hased upon the resuits of the first repart of

Sthe Dow shudy. This sk nysesament
yielded results similar to those ohtained
from the Pliofilm data. As mentioned ear-
U lier, the men in the Dow cohort probably
ﬁyere 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
mortality ratio of 200: rather. a relative
incidence rate 0f3.73 is used. This relative
incidence rate s based upon the Occurrence
of three myelocytic leukemia cases among
the cohort compared with 0.3 expected. 1t
is emphasized that this risk assessment B

oased nn anly three leukemia cases and so
is very imprecise.

The International Agency for Research on
Cancer risk assessment

The International Agency for Research
on Cancer (1) also has estimated that hen-
tene levels similar to those experienced by
men in the Pliofilm cohort are likely to
cause an excess of 140-170 leukemia deaths
per 1,000 men exposed for a working life-
time. The estimate of 140 exgess 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 firan leukemia in
the absence of benzene exposure B 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 assnciated with a working lifetime
(45 years) at similar levels. However, it can
be inferred from table 11 of Rinsky et al.
(18) that the average duration of employ-
ment among men who had worked for at.
least five years was about 11yean. Presum-
ably. 45, as opposed to 11.years of exposure
at such benzene levels wouid cause about a
fourfold higher excess. The figure of 170
was obtained by considering that the over-
all excess in the Pliofibn enhort was 460
pee cent (e, the e of lenkemin nmony
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 overail excess wouid increase
“smoothly” (presumably, linearly) from
zero just after initial exposure to about
2,400 per cent after 45 vears (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 1000 men was ob-
tained.

In our opinion, their second risk assess-
ment is wrong. The problem B evident in
their sratement that “the overall relative
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risk ol 3.4 in the Rinsky study derives from
leukaemia cases who had an average of 85
years of- exposure.”™ A relative risk does not
derive from leukemia cases: it B obtained
from the comparative mortality experience
of exposed and unexpused persons. The
authors should have used the average em-
ployment duration ot the entire cohort (3.2
years. our estimate based upon intormation
in Rinsky et al. (13)) rather than that ot
the leukemia cases. Thus, the estimate of
the excess aiter 45 years of exposure would
be about 6,500 per cent (i.e., 460 x 45/3.2)
rather than 22,400 per cent. If this correction
B made, the result would be about three
titnes as high.

The authors judged that the Pliotilm co-
hort members had been exposed to between
10 and 100ppm 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
in 140-170 cases of leukemia per 1,000 ex-
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 yean. ThLB, this statement is
not justified by the results of the Pliofilm
study. According © the WIte et al. risk
ussessment (57), 45 yeurs oOf exposure to
UK ppm benvzene would produce between
about 420 and 1,500 excess leukemia deaths
per 1.000 men. RBecause of the pioblems
discussed above, little confidence can be
placed in the risk assessment done by the
International Agency for Research on Can-
cer, and their methodology B not applied
to an exposure situation of 300 ppm-years.

The Carcinogen Assessment Croup risk
assessment

The Carcinogen Assessment Croup ot
the US Environmental Protection Agency
(61) has also done a benzene-leukemia risk
assessment. The Group attempted to esti-
mate the number ot excess leukemia deaths
in the general population attributable to
exposure to benzene as an air pollutant.

However. their methoedology can be upplied
to an occupativnal jetting.

The Group's risk assessment was based
upon the results of the Pliotilm 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 Plofilra cohort

members had been exposed to between
about 24 and 40 ppm of benzene. However,
they erroneously assumed that these men
had been employed for 25 to 35 years,
whereas their actual period of employment
was considerably shorter. If their risk as-
sessmentisapplied to aworkplace exposure
of 300 ppm-years, an estimate of about 15
excess leukemia deaths per 1,000 men B
obtained. However, because of the errors
discussed above, no confidence can be
placed in this estimate.

The Carcinogen Assessment Croup also
based a risk assessment on the results vt
the Dow study. In doing so, they this time
correctly estumated the durntion ol employ-
ment of the cohort. Applying their risk
assessment to 300 ppm-years of benzene
yields an excess of 47 myelocytic leukenna
deaths per {,000 men so exposed. This re-
sult B similar to that obtained by White e
al. (57). The Group also attempted to use
the results of the study by hksoy (29) i1 a
risk assessment. However, it is difficult to
interpret the result because of the muany
limitativas of Aksoy's study anti we there-
fore do not consider this risk ussessment
meaningful.

The Rinsky et ai. risk assessment

This risk assessment B based upon the
update of the Pliofilm cohort ( 191and i»> un
improvement over that done by White ot
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al. (57) insatar ag a cumulative measure of
henzene exposiire was obtained (nr each
cohort member.

Rinsky vt al. t19) report standardized
morality ratins 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 correspanding number of leu-
kemia deaths and the standardized mortal-
ity ratios (which have been divided by 100
so that thev can be compared with the odds
ratios presented below) are 2 and 1.1; 2 and
3.2: 2 and 11.3: and 3 and 66, respectively.
Thus, there B a strong positive relation
hetween cumulintive henzene exposure and
leukemia rnortality in this study.

These investigators, however, did not. use
the results of the cohort study to do the
risk assessment, hut, instend, did n nested
e congrob stady (10 matched comd rols peer
case) and Used conditional logistic regres-
sian Lo derive nn exposure-response reln-
Lion between cumulative benzene exposure
and leukemia mortality. Based upon their
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 10ppm
far 30 years beginning at age 20 years.

In our Opinion. their risk assessment
should have derived from the results of the
cohort study rather than from those of the
case-contrnl studv. Presumably, an esti-
mate of cumulative benzene exposure was
available for ail cohort members. Thus. the
need to restrict the analysis to a subset of
the suhjects B undear. More importantly,
if their maodel is applied tn the data ob-
tained in the cohort study. the estimated
ndds ratios for the four categories of cu-
mulative benzene exposure presented ahove
(using midpoints of exposure categoriesand
480 ppm-years for the highest. open-ended
categnry! are i.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

433

both a measure of the relative rate of dis-
ense among the exposed compared with the
unexposed and therefore should be similar.
It is apparent that the Rinsky et al. model
overestimates the observed standardized
mortality ratios in the upper two exposure
categories, especially in the highest. As an
alternative risk assessment hased 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
12, 23 136. and 65, respectively. Our
model provides a considerably hetter fit. to
the observed standardized mortality eatios
than does the model of Rinsky et al. Our
predicted number of excess leukemia
deaths for 1,000 men exposed to 10 ppm
henzene for 30 vears heginning nt ape 220
yeurs busetl npon Lhic Poisson segrossion
model is 8.

The Crump and Allen risk assessment

Crump and Allen (63) also have done a
benzene-leukemia risk assessment. Their
risk assessment B based upon the results
of the Pliofilm cohort, the Dow cohort, and
Wong's study of chemical workers.

These investigators Used twn 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 B 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 s 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 25
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 ail benzene exposures -
hined morethan 15 yearsinthe past. Their
relative risk mudel used in conjunction with
lifetime cumulative. exposure yielded the
highest rigs. Since the other risk assess-
ments discussed above used a rtlative 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 Bemphasized 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
oose.

Crump and Allen estimated that 40 years
of exposure beginning at age 20 years to 10
ppm benzene would cause 38 excess leuke-
mia deaths per 1,000 men so exposed. By
simple linear interpolation, we estimate
that their risk assessment method applied
for 0 years te 10 ppm (beginningat 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 wing a relative risk muodel 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-
kaniu deaths versus about 3.0 expected,
yielding a standardized mortality ratio of
268. Their risk assessment result based
upon the Pliofilm couort 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 teginning 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-
ever, they point out that this excess i1s due
Largely to a deticit of leukemia mortality

among the unexposed and therefore place
little confidence in it.

Sume 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 men were exposed. Crump and
Allen's estimates of the benzene exposures
are generally higher (and therefore their
nk assessment results are lower) than
those of Rinsky et al., especially for expo-
suns sustained between 1940 and 1948.
However, Crump and Allen calculated that
if their exposure estimates ars decreased to
levels more comparable with those of Rin-
sky, their nisk assessment results would
increage by about only 25 per ot. -

Qur risk assessment

We have used the method suggested by
Entetline (64) for our risk assessment. An
estimate of lifetime excess leukemia deaths
attributable to benzene is obtained by di-
viding tbe difference between the observed
and expected number of leukemia deaths
by the tol number of expected deaths (ail
causes) in the eohort. The underlying as-
sumption of this method is that the pro-
portional excess leukemia nortality ob-
served during the follow-up periodwill con-
tinue until all cohort members have died.
If a cohort is followed untl most of its
members are deceased, the method will be
accurate. On the other hand, if acohort has
been followed fur only u small fraction of
its life expectancy, this risk assessment
method must extrapolate the proportional
excessto future deathsand hence the result
B likely 1 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 = 2.68). The total number of ex-
pected deaths was 33L.6. Therefore, the
number of excess leukemia deathsper 1,000
exposed Men B estimated as

1,000 x (6.34/331.6) or 19.
To apply the method to an exposure situa-
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tion Of 300 ppm-vears, the benzene expo-
sures experienced by the Pliofilm workers
must he considered and. furthermore. it B
assumed That exeesa leukemin mortality is
directly proportional to cumulative ben-
zene dose. [t can be inferred from table 2
of their repnrt that the average cumulative
henzene 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 (00 ppm-years/69 ppm-years)
= R3 per 1.000.

We also applied Enterline’s method 1t
the Pliofilm cohort for follow-up through

1975 (18} so that the result could be com-
pared witti That of White ot al. (§87). The

observed number of leukemin denthys ox of
that time was seven versus an expectation
of 1.25. The total number of expecied
deaths was 161.3. We assumed, as did
White et d.. 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 3.2years. The result Ban excess
of about 51 leukemia deaths per 1.000 men
exposed to 300 ppm-years benzene. This
result agrees reasonably well with that ob-
tained by White et ai. for long-term workers
only. It should be mentioned that the cu-
mulative benzene exposure level assumed
hy 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
Dnw cohort in which there were four leu-
kemia deaths observed versus 2.1 expected
{21). These men had an average cumulative
henzene exposure of about 46 ppm-years
and the total number of expected deaths
was 268.6. Thus. it & estimated that 300
ppm-vears of benzene exposure would

result in

(1.9/268.6)

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

The retrospective follow-up study of re-
inerv workers hy Tsai et. d. (26) included
estimates of benzene exposures. These
workers were typically exposed to less than
| ppm of benzene (median. 0.5 ppmi. The
average duration of employment was about
seven venrs, resulting in nn average cumu-
lative benzene exposure of about 3.5 ppm-
years. [f these refinery workzes were sub-
jected to the same benzene-induced leuke-
min martality as were the Pliofilrn workers.
thetr overall stnndoedized mortalilv mtio
would be about 112, Therefore, the obset-
vation that there was no leukemia death
nhserved compared with 0.42 expected does

noé contrndict The resnlis of [he nbove risk

assessments. Tsal's study B simply ch)f“"
smnll and the henzene exposures too lowly,

for it to contribute to the benzene-leukemin
risk assessment.

The study by Wong (25) of chemical -

workers also contains estimates of benzene
exposures. There were 3,536 men “contin-
uously' 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-years & estimnted as:

(1.57/613)
X (300 ppm-vears/30 ppm-years)

= 26 per 1.000.

The result does not agree well with that of
Crump and Allen (63). The discrepancy &
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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unexpused in this study. Foe These reasons,
we helieve thut Wang's study B not as
informative to a risk assessment as are the
Pliotilm and Dow studies.

Summary of risk assessments

Five rik assessments for benzene-
induced leukemia have been reviewed.
Tuble 2 presents a summary of the results
of four ot the risk assessments based on
the Pliotilm and Duw cohorts. along with
our own estimares. Some ot 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 Croup 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 ¢t al. (19), are
reasonably consistent.

The result reached by Rinsky et ida. is
considerably higher than the others. It is
difficult  understand why and, untortu-
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-controi study derives. Our result

using Poisson regression B 32 excess leu-
kemia deaths per 1,000 men exposed to 300
ppm-years. while our result based upon En-
terline’s method B 83. Since the Rinsky et
al. result does not agree with the others.
including two independent ik assess-
ments lours and that of Crump and Allen:
oased upon the same cohort. we helieve

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
borne N mind that the ather studies were

—either very small or suflersd serious meth-
odological problems, so"that,”despite h e
observation that they seem 10 support the
resuits of a MK assessment based upon the
Pliofilm study, little confidence can be
placed in them.

TABLE 2

Numbwrs of bfetune vgoess (rukemia deaths per 1000 wackers esposed to 10 ppm benzene for 0 vears. as
estemted By 0arious risk assessancnis
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TasLE 1
Summary of vpideminingie studics from which the risk agsesement resuits presented here are derced

437

levkerma dentha

Toani Cumuintve
Ntasty benzene
rref. no expected -
- ne. Observed Expecirn destha | Sxpomre
{in ppm-vears:
Plinfilm study (19) 9 27 332 69 -

Dow studv 121) 4 2.1 269 16
Tani ot al. (26 0 "2 b 1
Waong ot al. (25) - 4. A1 o
Tneal 19 96 1.273 42'

* A wenghted avernge according to the expected number of deaths i ench study.

The resultt of the epidemiologie studies
which we considered in our henzene-
lenkemin risk assessment are displaved in
table 2. ‘The overall standardized mortality
ratio from these four studies B 198. A
weighted average (weighted according to
the expected number of total deaths) of the
cumulative benzene exposures sustained by
the men in these cohorts B about 42 ppm-
years. Thus, an overall estimate of the
number of excess leukemia deaths associ-
sted with 300 ppm-years of occupational
exposure to benzene i obtained as:

(19 — 9.6)/1.273
X (300 ppm-vears/42 ppm-years)
= 53 per 1,000.

Using the lower and upper 95 per cent
confidence limits of the overall standard-
ized mortality ratio. 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 [.000, respec:
tiveiy. The estimates for 30 years of expo-
sure beginning at age 20 years to the pro-
posed new standard of 1ppm benzene are
one-tenth of these results.

SUMMARY

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

standnrd s nssocinted Wit an inoedinate
excess of leukemia.

The epidemiologic liternture on benzene
and leukemia supports the inference that
benzene causes acute myelocytic leukemia.
However, the availahle data are too sparse,
or suffer other limitations, to substantiate
the idea that this causal association applies
at low levels (i.e.,, 1-10 ppm) of »enzene.
Nonetheless. under the assumption that
causation does apply at such tow levels. a
number of authors, including ourselves,
have performed riskassessments using Sin
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
of 30 years. there would occur about 50
excess deaths due to leukemia in addition
tthe baseline expectation of seven deaths.
However, this estimate is speculative and
whether or not enough confidence can be
placed in it to justify a lower occupational
henzene standard remains a decision for
policy makers.
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