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Benzene and the Dose-Related
Incidence of Hematologic
Neoplasms in China

Richard B. Haves, Song-Nian
Yin, Mustafa Dosemeci, Gui-Lan
Li, Sholom Wacholder, Lois B.
Travis, Chin-Yang LI, Nathaniel
Rothman, Robert V. Hoover,
Martha S. Liner*

For the Chinese Academy of
Preventive Medicine-Narional
Cancer Institute Benzene
Study Group

Background: Benzene is a widely dis-
tributed environmental contaminant
known to cause leukemia, particularly
acute nonlymphoeytic leukemia, and
perhaps other hematologic neoplasms
and disorders. Few epidemiologic stud-
s, however, have been able to address
relationships between the extent of ben-
zene exposure and the level of risk. Pur-
pose: A large cohort study was carried
out in China to evaluate the risks of
developing specific hematologic neo-
plasms and selected related disorders
in relationship to quantitative estimates
of occupational benzene exposure.
Methods: A cohort of 74828 benzene-
exposed and 35805 unexposed workers
employed from 1971 through 1987 in
12 cities in China was identified and
followed to determine the incidence of
hematologic neoplasms and related dis-
orders. Estimates of benzene exposure
were derived from work histories and
available historic benzene measure-
ments. EXxisting pathologic material
and supporting medical records were
reviewed to establish diagnoses of dis-
ease. Relative risks {RRs) (i.e., ratios of
incidence rates for specific hematologic
neoplasms and related disorders in the
benzene-exposed group to incidence
rates in the unexposed group) were de-
termined by use of Poisson regression
analysis, with stratification by age and
sex. Results: For workers historically
exposed to benzene at average levels of
less than 10 parts per million (ppm),
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the HR for all hematologic necoplasms
combined was 2.2 (95% confidence in-
terval (CI] = 1.14.2), and, for the com-
bination of acute noniymphocytic leu-
kemia and related rnyelodysplastic
syndromes, the RR was 32 (95% CI =
1.0-10.1). For individuals who were oc-
cupationally exposed to benzene at con-
stant levels of 25 ppm or more, the RR
for the combination of acute nonlym-
phocytic leukemia and related myelo-
dysplastic syndromes was 7.1 (95% C1
= 2.1-23.7), Yorkers with 10- or more
years of benzene exposure had an RR
of developing non-Hodgkin's lym-
phoma of 4.2 {95 CI =1,1-15,9), and
the development of this neoplasm was
linked most strongly to exposure that
had occurred at least 10 years before
diagnosis (i.e., distant exposure) (P for
trend = .003, two-sided). In contrast,
the risk for the combination of acute
nonlymphocytic leukemia and related
myelodysplastic symdromes was signifi-
cantly increased among those with
more recent benzene exposure (P for
'trend = .003, two-sided), but it was not
linked to distant exposure (Pfor trend
= .51, two-sided). Conclusions: The re-
sults of this study suggest that benzene
exposure is associated with a spectrum
of hematologic neoplasms and related
disorders in humans. Risks for these
conditions are elesated at average ben-
zene-exposure levels of less than 10
ppm and show a tendency. although not
astrong one, to rise with increasing lev-
els of exposure. The temporal pattern
of benzene exposure appears to be im-
portant in determining the risk of de-
veloping specific diseases. (J Nat! Can-
cer Inst 1997;89:1063-71]
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Benzene B a widespread contaminant
in the air and groundwater. originating
from industrial sources, cigarette smoke.
gusoline, and automobile emissions (/).
There is scientific agreement that benzene
causes leukemia. particularly acute non-
lymphocytic leukemia (ANLL). but con-
troversy still exists with regard to the
level of risk at low exposures (2-4) as
well as the potential association with
other hematologic neoplasms (5). The
epidemiologic evidence for a dose-
response relationship between benzene
and leukemia derives primarily from three
small cohort studies (6-8) and their recent
updates (9-/1). These investigations have
generally reported on workers exposed to
benzene at relatively high levels, or they
have identified such small numbers of
leukemia cases as to preclude stable ex-
posure-response estimates.

In 1981, the Chinese Academy of Pre-
ventive Medicine (CAPM) carried out a
national occupational survey and identi-
fied more than 500000 benzeae-exposed
workers, characterized by a broad range
of benzene exposure levels (/2). A sub-
sequent follow-up survey of 28460 ben-
zene-exposed and 28257 unexposed
workers from 1972 through 1981 found
an increased risk of mortality due to leu-
kemia (standardized nortality ratio [SMR]
= 5.7). but the exposure—responserelation-
ship was not quantified (13).

Since 1987. the U.S. National Cancer
Institute has collaborated with the CAPM
and its team in 12 Chinese cities to iden-
tify all incident cases of hematologic neo-
plasms and related disorders in an ex-
panded study population with 6 additional
years of follow-up. A major focus of the
collaborative effort was to evaluate quan-
titative data with regard to benzene expo-
sure. Here. we assess the exposure—
response relationship between the extent
of benzene exposure and the risk for he-
matologic neoplasms and selected related
disorders.

Materials and Methods

Study Population and Exposure
Assessment

The benzene-exposed group consisizd of 74828
worker.; employed from 1972 through 1987 in 673
factories in 12 ¢ities in China. A varier of industries
and occupations using benzene waus sicdied, includ-
ing painting. printing. and the munufacture of foot-
weur, point. and other chemicals. Aa unexposed
comparison group was assembled from workers em-
ployed during the same period in work units where
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bunzene was mot used in 69 of these fuctories and in
40 additional Cictories located in the 12 study cities.
The unexposed group consisted of 35805 workers.
This investigi::ion waus approved by the CAPM In-
stitutional Review Board in accordunce with an &--
surance tiled vith the U.S. Department of Health
and Human Scervices. Subjects were identified
through factor: admimistrative records, from which
demographic and job history data (job title and dates
of employment were abstructed (/4.75). Average
weeupational svposure (time-weighted avenge) to
benzene tin ruszes of <1 part per million (ppml. | to
<5.5 to <10. 10 to <25, 25 to <50, and =50 ppm)
was estimated by local industrial hygienists and
other occupatienal health personnel. using available
ambicnt benzone exposure measurements and de-
tailed produciion and related process information.
for seven calendar periods ({949 through 1959,
1960 through 1964, 1963 through 1969, 1970
through 1974, 1975 through 1979. 1980 through
1984, and 1983« for study-specificjob titles in each
factory. Work histories were then linked to the ben-
zene-exposure data to provide individual time-
specific benzene-exposure estimates.

Subject Follow-up

With the use of occupational personnel and health
records and. :» needed. contacts with physicians,
colleagues. next of Kin. or others. subjects were fol-
lowed through December 31. (987, for the occur-
rence of hem:tologic neoplasms and other selected
hematologic di~orders as well as for vital status and
cause of death For cases of hematologic neoplasms
and other sefected hematologic disorders. available
pathologic muterial and medical records were re-
viewed by expert U.S. and Chinese hematopatholo-
gists (/6). Because myelodysplastic syndromes
(MDS) (I7) may be precursors to ANLL (/8) and
were nor syste:matically distinguished fran ANLL in
past epidemiclogic studies. ANLL and MDS were
combined for .everal analyses.

On average. benzene-exposed and unexposed
subjects werc followed for 105 years and 11.7
years, respecti:cly. Most person-vears of follow-up
occurred duriny active employment (88% among
benzene-expo.d and 91% among unexposed work-
ers): only a simalt percentage of person-yean were
artributable to workers who had moved fram the
study cities (2.3% among benzene-exposed and
2.4% among unexposed workers). Approximately
1% of the study subjects died during follow-up
(1369 benzen: ¢xposed and 598 unexposed). Only
147 (0.2%) ex;osed and YO (0.3%) unexposed work-
ers were lost :» foilow-up.

Statistical \nalysis

Subjects em:ploved less than 6 months and those
hired before .. exposure assessment period (1949
through 1987, 1.4 of exposed and 0.83% of unex-
posed) were «v.cluded from the analysis. Person-
years at risk =xre sccumulated from 6 months atter
study entry (J ouary | 1972 or. if hired later. the
date of hire) @ - :hc carliest of the following events:
date of diagnd ~i~ o cuncer or u related disease. dute
of death. dutv of first employment in ajob of un-
Known expusie (<1 ' of perstin-yemi. dute of foss
to follow-up <17 of subjects), or end of follow-up
(December 31. 1987). Subjects were categorized by
occupation.; 1 coaungs applications (mostly paint-
as). chemic!l. production, shoe production, and

other or mixed occupuations (i.e., MOW than vne of
the above categories).

To provide stable risk estimates. fuirty broad
groups were Jetined for duration of exposure (<5.
5-9, and 210 yeams). average (<10, 10-24, and =25
ppm). and cuinulative exposure (<4, 40-1(X), and
2100 ppm-yeurs) to benzene. Euch measure of KN+
zene exposure for each individual wus aflomed it -
change with time: penon-years and disease events
were assigned to benzene-exposure levels with ; 13
year la. (i.e.. according to the level 1.5 vears pre-
viously). A lag period of 1.5years was used in mak-
ing these calculations because more recent expo-
sures are unlikely to b biologically linked to the
development of diagnosed cancers (/9.2t), To
evaluate the temporal component of disease devel-
opment funher. we partitioned the cumulative expo-
sure at a given time into recent (1.5 to 10 yeurs
eartier) and distant (10 or more years earlier) expo-
sure. Because a substantial number of individuals
were historically exposed to a relatively stabie as-
erage amount of benzene while working. we also
developed a measure of constant exposure. where
follow-up was censored 15 years after the individu-
al's exposure level changed (<10, 10-24, and =23
ppm) for the first time. Ratios of incidence rates for
hematologic neoplasms and related disorders in the
benzene-exposed group compared with rates in the
unexposed group (RRs = relative risks) were deter-
mined using Poisson regression analysis (2/7). with
stratification by age and sex. TeS for linear trend
(two-sided) of increasing risk with increasing extent
of benzene exposure were carried out. on the basis of
the mean of years in duration—exposure categories,
the log of the mean of parts per million in average-
exposure categories. and the log of the mean of pans
per million-yean in cumulative exposure categories.

Results

The RR for all hematologic neoplasms
combined among workers who were oc-
cupationally exposed to benzene was 1.6
(95% confidence interval (Cl] = 1.4-4.7)
(Table 1). Statistically significant ex-
cesses were found for XNLL (RR = 3.0:
95% Cl = 1.0-8.9) and for the combined
group of ANLL/MDS (RR = 4.1: 95%
(A = 1.4-11.6)(Table 1). Excesses were
also noted for other leukemias (RR =
2.0; 95% CI = 0.7-5.4) and non-
Hodgkin's lymphoma (NHL) (RR = 3.0:
95% CI = 0.9-10.3), but the results were
not statistically significant.

Increased risk was found for hemato-
logic neoplasms among workers hired be-
fore 1972 (the beginning of the cancer
risk assessment period) (RR = 2.9: 954
Cl = [.3-5.4) and thereafter (RR = 2.5:
95% C1 = 1.1-3.4). Fifteen of the 16 ben-
zene-exposed NHL cases occurred among
workers hired before 1972 (RR = 4.1:
95% CI = 1.2-14.4). For ANLL, signifi-
cantly increased risk was found for work-
ers hired after 1972 (RR = 5.1; 95% CI
= 1.5-17.2), while the risk for ANLL/
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Table 1. Relative risk for hematologic neoplasms and related cnnditions. on the basis of selected occupationat huracteristics, for workers exposed  benzene

Relative rivk (No. of cases)

Person- Mean
years, exposure. Mean All hematologic Cther
Study group x10° ppm*.t exposure. y* neoplasmsz NHL Leukemia ANLL ANLL/MDS  leukemias
All exposed subjects 698 22.5 9.3 2.6158) 3016) 25038 3.02D 4.1(28) 201N
95% Cl1§ = 95% Cl = 95% Cl = 95% Cl = 95% Cl = 95% Cl =
| 4.7 0.9-10.5 1.2-5.1 1.0-8.9 L4116 0.7-5.4
Exposed subjects:
y of hire
<1972 404 249 13.2 29 (+) 4.1(15) 2429 26(12) 4.0(19) 32(13)
=1972 294 19.2 4.0 25114 0.5 34 (1) 5.1(9) 5.1 (9) 20 (4)
Exposed subjects:
occupation
Coatingsil 350 215 9.4 21 (2% 16(4) 22 (17) 2.9(10) 4.2(14) 17(7)
Rubber 34 53.5 1.1 1.8 40 L3 3.0(hH 6.1(2) -0
Chemical 88 24.8 8.5 50114 7.3(5) 3.6(7) 45(4) 4.5 (4 28 (3)
Shoe 68 21.8 79 1915 L6 25 (4) 15¢1) 13(1) 3.2(3)
Other/mixed 158 17.4 9.8 27 (14 4.1(5 25(9) 31(5) 4.4 (7) 20(4)
All unexposed 405 0 0 1.0015 10(3 1.0 9) 1.0 (4) 1.0(3) 1.0(5)

subjects (referent§

'‘Time-weighted avenge. lag 1.5 y.
*ppm = part(s) per million.

$Hematologic neoplasms (International Classification of Diseases (ICD]9: 200-208); NHL = non-Hodgkin's lymphoma (ICD9: 200. 202); leukemia (ICD9:
204-208); ANLL = acute nonlymphocytic leukemia (ICD9:205.0, 206.0, 207.0: MDS = myelodysplastic syndromes (ICD-02: 9980-9989); other leukemias:
includes leukemias other than ANLL and leukemias not otherwise specified (ICD9: 204, 205.1-205.9, 206.1-206 9. 207.1-207.9, 208). See (34) for ICD9 and (35)

for (CD-02.
§Cl = confidence interval.

ICoatings: painters and other coating application worken.
TReferent: relative rik = 1.0 for unexposed workers. with all risks adjusted for age and sex.

MDS was significantly increased among
both earlier (RR = 4.0; 95% CI = 1.3-
11.9) and later (RR = 5.1; 95% CI =
1.5-17.2) hires. Although occupation-
specific results were limited by small
numbers. risks for ANLL/MDS were el-
evated among coatings workers (RR =
4.2;95% A = 1.4-12.6). rubber workers
(RR =6.1;95% A = 1.1-33.3), chemi-
cal workers (RR = 4.5; 95% Cl = 1.1-
18.1), and among those with other or
mixed occupations (RR = 4.4; 95% Cl
= 1,3-15.2), Risk for NHL was also el-
evated among several occupational
groups. but only chemical workers
showed a statistically significant excess
(RR = 738;95% A = 1.9-32.9).
Benzene-exposed subjects experienced
significantly increased risks for hemato-
logic neoplasms at avenge benzene expo-
sures of less than 10 ppm (RR = 2.2;
95% (A = 1.1-4.2) and cumulative expo-
sures of less than 40 ppm-years (RR =
22: 95% A = 1.1-4.5) (Table2). Trends
of increasing risk for hematolo,zic neo-
plasms were seen with respect to increas-
ing average exposure (including the sub-
cohort of subjects with a constant level of
occupational exposure) and cumulative
exposure to benzene. Risk for NHL in-
creased with increasing duration of expo-

sure. from 0.7 (95% (1 = 0.1-7.2) among
those exposed for fewer than 5 years to
42 (95% Cl = 1.1-15.9) associated with
exposures of 10 or more years, but the
exposure—response patterns were less
clear for the other measures of exposure.

ANLL and ANLL/MDS both showed
patterns of increasing risk with increasing
average exposure to benzene, with more
consistent exposure-response patterns for
ANLL/MDS than for ANLL alone. The
link of ANLL/MDS with avenge expo-
sure was strongest when restricted to sub-
jects with constant levels of occupational
exposure: RRs rose from 3.2 (95% CI =
1.0-10.3) for those with constant low-
level exposures (<10 ppm) to 7.1 (95% ClI
= 2.1-23.7) for those with constant high-
level exposures (=25 ppm). Risk for
ANLUMDS did not increase with dura-
tion of exposure to benzene (Table 2).
The RRs associated with fewer than 5
years. 5-9 years, and [0 cr more years of
exposure were 11.7 (95% A = 2.9-47.3;
based on four cases). 5.2 (95% CI = 1.4-
19.3; based on five cases), and 2.8 (95%
(A = 0.8-8.9; based on 10cases). respec-
tively. among benzene-exposed workers
hired before 1972 and 5.7 (5% A =
[.5-21.5; based on six cases). 3.5 (95% Cl
= 0.6- 19.8;based on two cases), and 7.2
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(93% Cl = 0.8-65.6; based on one case)
among workers hired in 1972 or later. In
neither time period was longer duration of
benzene exposure clearly linked to in-
crzasing risk of ANLL/MDS. Risk for
ANLL/MDS increased with increasing
cumulative exposure to benzene. but the
highest risks were not seen at the highest
exposure level (cumulative ppm-years:
40-99, R = 6.0 (95% A = 1.8-20.6];
cumulative ppm-years: 2100, RR = 4.4
[95% A = 1.4-13.5]). Although there
was some evidence of increased risk for
leukemias other than ANLL among ben-
zene-exposed workers (Table 1), clear
pasierns of increasing risk with increasing
exposure were not observed (Table 2).
We partitioned cumulative benzene ex-
posure into recent (<10 years prior to di-
agnosis) and distant (=10 years prior to
dizgnosis) exposure. NHL was strongly
linked with distant exposure to benzene
(P for trend = .005; based on 13exposed
caszs), but the association with exposure
in :he most recent 10 years was weak (P
for trend = .15; based on 16 exposed
cases). NHL showed no clear link with
waork that involved only recent exposure
(RR = 15{95% A = 0.3-7.6]; based on
three exposed cases) (Table 3). In con-
trost, risk of ANLUMDS was signifi-
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Table 2 Relative risk (RR)* for hematologic neoplasms and related conditions according b extent of exposure to benzene

Benzene-exposed group

Average, ppmi Constant, ppm$§ Duration, yrs Cumulative, ppm-yrs Unex-
—=  poned
Hemuohogic P for P for P foe P o reterent
conditiont <10 10-24 >25 trend] <10 10-23 >25  trend <5 5-9 210 trend <30 40-99 =100 rendy  group
All Fematologre acoplasms
Cuses 24 16 18 2 8 3] 16 17 25 18 ] 29 3
RR 2.2 31 2a  .003 b8 3.2 9 002 31 33 2.0 24 2.2 29 27 A
95+ Clu 142 1565 1457 031 1.3-:76 1.3-66 1.5-66 1.6-68 1.0-39 L1445 1365 1J52
NHL
Cuses 7 2 7 7 0 3 I 4 11 6 | 9 3
RR 2.7 17 47 04 3.0 - 35 .15 0.7 33 4.2 01 33 1.1 35 02
952 Cl 0.710.6 0.3-10.2 1.2-1a1 08116 — 0.7-17.3 0.1-7.2  0.7-147 1.1-15.9 0.8-13.1 0d-11.1 0.9-i3.2 .
Leukemia
Cases 15 13 10 12 7 7 14 1t 13 1 a 19 9
RR 2.0 3.7 2.3 02 17 4.0 2 009 4.0 31 1.5 98 19 31 2.7 04
95¢: C! 0945 1637 0957 0741 1.5-10.7 1.0-74 1.7-96 1375 06-3.6 0847 1.2-80 1.2:60
ANLL
C.es 7 9 5 6 4 5 9 6 6 5 5 11 -
RR 20 5.8 26 .04 19 4.9 44 008 5.6 36 16 81 19 4.3 3.6 06
95% ClI 0.6-7.0 1.8-189 0.7-9.9 0.5-68 1.2-198 1.2-16.4 1.7-18.7 1.0-129 0457 0.5-7.0 L1-16.0 L.1-11.6
ANLL/MDS
Cases Lt 9 a 10 4 a 10 7 11 7 7 4 4
RR 32 5.8 4.1 01 3.2 5.1 71 .0003 6.6 4.3 28 48 7 6.0 4.4 01
93% Cl 1.0-10.1 1.8-188 1.2-13.2 10-103 1.3-20.6 2.1-23.7 2.0-216 1.3-148 0.9-91 0.8-9.5 1.8-20.6 1.4-13.5
Other "»ukemias
1Nes 8 4 5 6 3 2 5 5 7 6 3 a 5
RR 19 2.1 Al 27 16 3.2 14 31 27 2.7 1.4 .83 2.0 2.1 19 .36
95 Ct 0.6-59 0.6-78 0.6-7.1 0.5-52 038-13.4 03-74 0.7-9.7 0893 0.5-46 0.6-6.6 0.5-9.0 0.6-6.0
Person-y.
x 10 352 157 1aa 324 aa 121 249 170 278 300 119 279

*Referent: RR = 1.0 for unexposed workers, with all risks adjusted for age and Kx.
TNHL = non-Hodgkin's lymphoma; ANLL = acute nonlymphocytic leukemia: MDS = myelodysplastic syndromes: other leukemia: includes leukemias other
than ANLL and leukemias not otherwise specified (see Table 1 for ICD codes).

trpm = pary(s) per million.

§This category encompasses a group Of person-years for workers who were always exposed at te indicated leveis.

IIP values are two-sided.

qGroups for wrend test: unexposed and exposure of <10. 10-39, 40-99, 100-399, and =400 ppm-years.

#C1 = confidence interval.

cantly increased among those who had
onl: recent benzene exposure (RR = 6.0
[95% Cl = 1.9-18.4}; based on 14 ex-
posed cases). Risk of ANLUMDS was
also strongly associated with increasing
amcunts of recent (Pfor trend = .003)
but not distant (Pfor trend = .51) expo-
sure.

SHL was linked to distant cumulative
exposure to benzene among coatings
workers (the largest occupational group,
mo-:ly painters) (Pfortrend = .10; based
on ‘hree exposed cases) and among those
witl: other benzene-exposed occupations
(P “or trend = .005; based on [0 exposed
cas:<). ANLUMDS was linked to recent
cur-nlative exposure among coatings
workers (P for trend = .001; based on [4
exposed cases) and among workers in
other occupations (P for trend = .06
bused on 14 exposed cases). When the
yea: of initial employment in study facto-
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ries (<1960, 1960-1971, and =1972) was
included in the statistical regression mod-
els. the findings were unchanged (data not
shown).

Discussion

In earlier reports (22,2.3), we showed
that employment in benzene-exposed jobs
in China. regardless of the exposure level.
was linked to hematologic disease mortal-
ity and the incidence of leukemia, NHL.
MDS, and aplastic anemia. This investi-
gation provides evidence that benzene
may cause hematologic neoplasms and re-
lated disorders at average exposures of
less than 10 pprn and cumulative expo-
sures of less than 40 ppm-years. Increas-
ing risks for ANLL were linked with in-
creasing levels of benzene exposure,
particularly for exposures that had oc-
curred within the 10 years prior to diag-
nosis. and showed a stronger link for the

combined categories of ANLL/ IDS than
for ANLL alone. Risk for NHL increased
with duration of exposure and w as strong-
est among workers who had dis:ant (210
years) exposure. No excess was noted for
NHL among workers hired since 1972,
but foilow-up for this group was rela-
tively short.

In rodents, benzene causes : range of
neoplasms. including lymphom.:s and tu-
mors of epithelial origin. but. f~r reasons
not understood. increased risk for granu-
locytic leukemias has not been reponed
(24-26). In earlier epidemiologic studies.
benzene has been linked mos:i strongly
with ANLL, while results for oilier hemu-
tologic neoplasms have been ir.consistent
(5).However, the epidemiologi. dutubase
for quantitative assessment of c.incer risk
associated with benzene ex;osure is
sparse.

No increases in risk were »und in a
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Table 3. Refanve risk (RR)* for selected hemu:ologic conditions among henzene-exposed workers according 1o recency of exposure

NHLt

ANLL/MDSt

Recent exposure. ppm-yrs:

Recent exposure. ppm-yrs$

Distant exposure, ppm-yrs§ None <30 =40 Toal None <40 =40 Total
None
Cuses 3 0 3 5 9 U
P-Y (x10Y) Referent 218 136 354 Referent 218 1% 354
RR 25 —_ |.5 37 A 6.0
95% aQ 0.5-13.2 —_ 0.37.6 [.043.9 2.8-29.7 1. 9H84
<30
Cases 0 3 | 4 0 3 4 7
P-Y (x10%) 3 97 46 147 3 97 46 147
RR —_ 34 26 3.1 —_ 24 74 3.8
95% Cl 0.7-17.4 0.3%.3 0.7-14.3 0.510.7 1.8-29.7 1.1:13.0
=40
Cases 0 1 7 9 0 | 6 7
P-Y (x10% 6 32 159 197 6 32 15 197
RR —_ 6.4 4.7 49 —_ 2.0 z 25
95% CI 1.041.1 1.2-189 1.3-18.9 0.2-185 0.8-9.8 0.7-8.7
Tortal
cases 0 8 8 0 9 19
P-Y (x10% 9 347 342 9 347 A2
RR — 34 19 P — 29 5.3
959%C! 0.9-13.0 0.8-10.8 0.99.3 1.8-15.6

Linear trend tests: (never exzused [referent]. >0 © <10, 10-79, 40-99, 100-399.and =400 ppm-yrs, in time period).

NHL

Recent exposure. P = .15,
Distant exposurz. P = .005.

ANLL/MDS
Recent exposure. P = .003
Distant exposure, P = .51

*Referent: RR = 1.0 for :nexposed workers. with all risks adjusted for age and kx.
+NHL = non-Hodgkin's :ymphoma; ANLL = acute noniy mphocyuc leukemia: MDS = myelodysplastic syndromes (see Table I for ICD codes).
$Recent exposure: cumulzive benzene exposure (parts pe: million [ppm]-years, lag 15 years) in period <10 years prior to diagnosis.

§Distant exposure: cumulitive benzene exposure (ppm-years. lag 1.5 years) in 210 years prior to diagnosis.

{IP-Y (x10%) = person-vexrs per 1000.
4C! = confidence interval

case—conwol study (3) of leukemia (based
on 14 exposed cases). multiple myeloma
(based on seven exposed cases), or NHL
(based on nine exposed <ases) among Ca-
nadian petroleum disziution workers ex-
posed predominantly o less than 1 pprn
benzene. Also, among Scandinavian ser-
vice station workers exposed on avenge
to less than 1 ppm bezzene, NO excesses
were found of [eukemia (based on 28 ex-
posed cases) or acute myeloid leukemia
(based on 13 exposed cases) (). Among
4602 benzene-exposed and 3074 unex-
posed U.S. workers 6), risk rose in an
exposure~response fasiaion for lymphatic
and hematopoietic caccers (based on 18
cases) and for leukemia and aleukemia
(based on six cases) uith respect to ben-
zene exposure categerized as none. less
than 15 ppm-yews, 15-59 ppm-years. and
60 ppm-years or more. In another study
(7) among 956 benzere-exposed workers
in Michigan, seven deaths caused by lym-
phatic or hematopaietic cancer were iden-
tified. including four waused by leukemia
(all myelogenous leukemias). Average

expusures to benzene were 1-5 ppm for
thre= of the individuals who died of leu-
kemia and about 18 ppm for the fourth.
Cor.vared with general population rates,
total deaths caused by myelogenous leu-
kemia, were significantly elevated: the
RRs were 1.7 among workers with less
than 42 ppm-years’ cumulative benzene
expusure (based on two cases) and 2.5
ameng workers with 83 ppm-years or
more of benzene exposure (based on one
case).

In a third cohort study (8), 1165rubber
hydrochloride manufacturing workers in
the "“nited States were followed through
1981, and 15 deaths caused by lymphatic
or ':ermatopoietic cancer, including nine
caured by leukemia (six by ANLL) and
focr caused by multiple myeloma, were
ideified. The leukemia deaths occurred
am--ng workers who were generally ex-
pos=d to benzene at levels of more than
20 ppm, and the ik increased with in-
creusing exposure, showing significant
exc2sses with cumulative exposures of
grester than 200 ppm-years, consistent
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with an exponential in risk with increas-
ing cumulative dose (8).Updated reports
(11,27) on this cohort, with follow-up
through 1987, show similar dose-
response results for acute myeloid leuke-
mia (AML) (based on six cases) (Z/) but
indicate that risk for the non-AML leuke-
mias (based on eight cases) was also in
excess (27). Other investigators (10.28)
suggest that exposures in this cohort may
have been higher, but this suggestion has
also been disputed (29).

In contrast to the findings among rub-
ber hydrochloride workers (8,17), our
study shows excess risk at relatively low
levels of exposure (<10 pprn avenge and
<40 ppm-years cumulative), but it shows
a relatively modest dose-response effect,
with proportionally smaller increases in
risk at increasing levels of exposure.
While the precise shape of the benzene
exposure—response curve can only be es-
timated with caution from either of these
studies, our larger study is in agreement
with human (30) and rodent (31) meta-
bolic studies showing a shift at higher lev-

REPORTS 1069



els of benzene exposure in the proportion
of the likely toxic precursors. such as hy-
droquinone and muconaldehyde.

MDS is a known precursor of acute
myeloid leukemia after treatment with al-
kylating agents (/8). Earlier, we showed
(22)that VDS was linked to employment
in benzene-relatedjobs (RR = =; 95% CI
= 1.7 to =, based on seven cases). and
here we relate ANLL/MDS to the extent
of benzene exposure. Earlier mortality
studies of benzene-exposed populations
may have failed to identify this associa-
tion because MDS has only begun to be
more widely recognized in the past 10-15
years and patients may die of complica-
tions relating to the cytopenias of MDS
before its evolution to ANLL. In our
study, ANLL/MDS was linked to recent
benzene exposure, and additional distant
exposure did not appear to further in-
crease risk. This finding suggests that re-
cent benzene exposure is predictive of
subsequent risk for ANLL/MDS, analo-
gous to the short latency and wavelike
increase then decrease in risk seen for
several forms of radiation-induced leuke-
mia (19) and for chemotherapy-related
AML (18). In contrast. recent exposure
was only weakly linked to NHL, suggest-
ing that benzene-related NHL may be as-
sociated with a longer induction period.
Our study included workers who were
hired before the period of risk analysis
began (January 1972), and we do not have
information on the number of hemato-
logic neoplasms that occurred in this ear-
lier time period. Continued follow-up of
the cohort. particularly those hired since
1972. will provide improved insight into
the temporal development of benzene-
associated diseases.

While this investigation in China sub-
stantially increases the number of person-
years of follow-up and. in particular, the
number of hematologic neoplasm out-
comes for determining quantitative rela-
tionships between benzene exposure and
disease risk. certain design aspects should
be recognized. As in previous epidemio-
logic investigations, benzene-exposure
estimates were based on historic data
(/3), characterizing only average expo-
sure levels over broad time periods. We
have shown (32) that our benzene-
exposure ranking and the occurrence of
benzene poisoning are in good agreement.
providing indirect support for the general
validity of our approach. but the precise
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calibntion of exposure levets was not
possible. particularly for distinguishing
small differences in low-level ¢ posures.
Hematologic disease diagnoses for this
investigation were based on car.{ul noso-
logic review of available pathologic ma-
terial and related documentation by expert
hematopathologists (/6). an improvement
over previous death certitic:te-based
studies (6.7,11). This effort wus of par-
ticular importance in China, beciuse re-
cent nationwide vital statistics und cancer
incidence validation studies ar: unavail-
able. Because benzene-exposed workers
are known to be at excess risk ‘or leuke-
mia. it is possible that additivnal early
cases were identified in the exposed
group compared with the usexposed
group due t0 more thorough surs eillance.
Such a bias. however. could not have
been substantial, because overall excesses
were similar when restricted to exposed
and unexposed deceased indivicuals (22).

We compared disease rates ..inong the
benzene-exposed population -vith rates
among a nonexposed industrial popula-
tion. This comparison was an advantage
because population data on cancer inci-
dence and mortality rates in China are
limited and because an earlier ~tudy (33)
found that comparisons of cancer rates in
benzene-exposed workers with general
population rates tended to undcrestimate
leukemia risk among benzenc-exposed
workers. QUr earlier investigation in this
cohon (22) showed that benzer:-exposed
and unexposed workers wers closely
comparable fortotal mortality (RR = 1.1;
95% Cl = 1.0-1.2) and cancer mortality
(RR = 1.1; 95% Cl = 1.0-1.%) but that
death rates in both groups were substan-
tially lower than those expected by com-
parison with available vital stu:istics data
for China. This latter finding u:derscored
the need for an internal compurison with
an unexposed population ol Chinese
workers from the same geographic areas.

As in most industrial se:ings, the
workers in this investigation wecre likely
exposed to @ number of chemicals other
than 'benzene and the observed :isks could
be due to some other exposures. How-
ever. the subjects in this study were em-
ploved in a variety of occup :ons. and
excesses of hematologic disea~c were not
restricted t0 a particutar subsct of ben-
zene-related occupations. withs the pos-
sible exception of the notably higher risks
for NHL among chemical werkers. This

observation suggests that the effects arc
more likely due to the common exposure
to benzene than due to other exposures.

While this study is larger than previous
investigations and includes workers with
a wide nnge of exposures to benzene. the
estimates of risk. as measured by statisti-
cal Cls. are still fairly broad. and would
benefit from the larger numbers that could
be provided by continued follow-up of
this population. Nevertheless. the obser-
vation of doubled risk for ANLUMDS at
an avenge exposure of less than 10 ppm
benzene. the proportionally smaller in-
creases in risk with increasing exposure.
the elevated risk for ANLL/MDS with re-
cent exposure, and the possible links with
NHL are all provocative new observa-
tions that should enhance our efforts to
understand benzene carcinogenesis in hu-
man populations.
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