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Background: Benzene is a widely dis- 
tributed environmental contaminant 
known to cause leukemia, particularly 
acute nonlymphocFtic leukemia, and 
perhaps other hematologic neoplasms 
and disorders. Few epidemiologic stud- 
ies, 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 camed 
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 74 828 benzene- 
exposed and 35 805 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. Existing 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 

. -  

the HR for all hematologic neoplasms 
combined was 22 (95% confidence in- 
terval [CII = 1.1421, and, for the com- 
bination of acute nonlvmphocytic leu- 
kemia and  related rnyelodysplastic 
syndromes, the RR was 3.2 (95% CI = 
1.0-10.1). For individuals who were oc- 
cupationally esposed 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% CI 
= 1.1-23.7). 1Yorker-s with 10or more 
years of benzene exposure had an RR 
of developing non-Hodgkin's lym- 
phoma of 4.2 1955 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 (Le., distant exposure) (P for 
trend = .005. two-sided). In cant ra t ,  
the risk for the combination of acute 
nonlymphocytic leukemia and related 
myelodysplastic s?ndromes 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 (P for trend 
= 31 ,  two-sided). Conclusions: The re- 
sults of this stud?- suggest that benzene 
exposure is associated with a spectrum 
of hematologic neoplasms and related 
disorders in humans. Risks for these 
conditions are ele\ ated at average ben- 
zene-exposure levels of less than 10 
ppm and show a tendency. although not 
a strong 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 Natl Can- 
cer Inst 1997;89: 1063-711 

*.-lft7/iuti~irrs of arcfiirc. R. B. Hayes. M. Dosem- 
eci. S. Wxholder. L. B. TrJvis. N. Rothman. R. N. 
Hoover. Sf. S. Liner. D:..:.cion of Cancer Epidemi- 
ology 2nd Generic<. S x i n d  Cmcer Insriturc. 
Bzrhesda. MD: S.-S. Y::. G.-L. Li. Chiiie>e ACJ& 

Journal of the National Cancer ~ns~irute. Vol. 89. No. 14. July 16. 1997 REPORTS IOhS 



Benzene is a widespread contaminant 
in the air and groundwater. originating 
from industrial sources, cigarette smoke. 
gmoline. and automobile emissions ( I  1. 
There is scientific agreement that benzene 
causes leukemia. particularly acute non- 
lymphocytic leukemia (ANLL). but con- 
troversy still exists with regard to the 

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 I ) .  These investigxions 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) cmied out a 
national occupational survey and identi- 
fied more than 500 000 benzex-exposed 
workers, characterized by a Sroad range 
of benzene exposure levels (12 ) .  A sub- 
sequent follow-up survey of IS 460 ben- 
zene-exposed and 28 257 unexposed 
workers from 1972 through 1981 found 
an increased risk of mortality due to leu- 
kemia (standardized mortality ntio [SMR] 
= 5.7). but the exposure-response relation- 
ship was not quantified (13). 

Since 1987. the U.S. National Cancer 
Institute has collaborated with the CM.M 
and its team in 12 Chmese cities to iden- 
tify all incident cases of hematolo,' oic 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 selccxd related 
disorders. 

Materials and Methods 
Study Population and Exposure 
Assessment 

level of risk at low exposures (2-4) as 

The benzene-exporcd group con\i>:cd of 74 323 
worker.; emph,yed from 1972 through 1987 in 673 
factories in I2 citieb in China. A varie::. of indubtries 
and occupations uhin;: benrenr: was :i;:Jied. includ- 
ing painting. printing. and the manufsure  of fwt- 
w a r .  point. and other chemicals. A:: unexposed 
ci~mparison group was usembltd from .workers ern- 
ploycd during the same period in w)r i  units where 

bci:rciic w;ih : T I ~ I  ~ i w d  in 69 of these factories and in 
40 ;1JditiiiiiaI ".i<iorich Icxated in the 12 study cities. 
n i c  i i i icxpo.~.!  $roup consisted of 35 805 workers. 
niix inve>tig.::#lin u a s  approved by the CAPkl In- 
siitutioiial Rc,. ~i'u Board in accordance with an &-- 

smiice tiled L i i l i  the U.S. Depanment of Health 
and Iluiiian Scr\ iccq. Subjects were identified 
thriiugli l'ictof: ndinililhtmtive records. from which 
dr:iitiigr:iphic .:d job hirtory h t a  Cjob title snd dates 
ol' ciiiploynic::: I ucre abstncted ( /-I./S). A w n g e  
wcuparicinal :\powre (time-weighted avenge) to 
bcwcne I in r;:::+ o i  < I  p m  per million [ppml. I to 
4. 5 to <IO. !O to <25. 25 to 40. and 350 ppm) 
was estimatcJ by local industrial hygienisrs and 
other ixcup;it!$.nal health personnel. using available 
anihient benrL::e exposure measurements and de- 
tailed pmcluc::on and related process information. 
for \even cx!:ndar periods (1949 through 1959, 
1960 througii lY64. 1963 through 1969. 1970 
through 197-1. 1975 through 1979. 1980 through 
IYU. and 1%:-I for study-specific job titles in each 
factory. Work 5istories were then linked to the ben- 
zene-exposur: data to provide individual time- 
spccitic benz;.N*c.-exposure estimates. 

Subject Fo!!o\v-up 

With the UX of occupational personnel and health 
records and. needed. contacts with physicians. 
colleagues. ne-.[ of h n .  or others. subjects were fol- 
lowed through December 31. 1987. for the occur- 
rence of hem;.:ologic neoplasms and other selected 
hematologic Ji-ordcrs as well as for vital status and 
cause of death For cases of hematologic neoplasms 
and other s&-!ed hematologic disorders. available 
patholosic m.:::rial and medicd records were re- 
viewed by exp; .~  L'.S. and Chinese hematopatholo- 
gists (16). Bccaube myelodysplastic syndromes 
(MDS) (17)  m y  be precursors to AVLL (18) and 
were nor syste::i.itically distinguished from ;LULL in 
past epidemiclopic studies. ANLL and .MDS were 
combined for .cveral analyses. 

On averag:. benzene-exposed and unexposed 
subjects werc rolloued for 10.5 years and 1 I.? 
yeus. respecri.. c'ly. Most person-yen of follow-up 
occurred duricg active employment (SSQ among 
benzene-expoc-.d and 9 I 9  among unexposed work- 
ers): only a si-sll percentage of person-yean were 
atuibutable to irorkers who had moved from the 
study cities ( 2 . 5 5  among benzene-exposed and 
2.49 among .inexposed workers). Approximately 
2% of the st!:d) subjects died during follow-up 
(1369 benzer.: :\posed and 598 unexpoxdl. Only 
I47 ( 0 . 2 9 1  e x ; v w d  and YO (0.35) unexposed work- 
ers were lost : 3 fnilow-up. 

Statistical .?nalysis 

Subjects en::!(T!ed less than 6 months and those 
hired before :I..: exposure assessment period (1949 
through 1987, ' I .fct of e x p o d  md O.Y% of unex- 
posed) were :\<luded from the analysis. Person- 
years at risk *.\ :?: dccutnulated from 6 months ifier 
study entrl, iJ  :lux! I .  1972. or. if hired later. the 
date of hire) : :hc csrliest of  the following events: 
date or'diagnl - I \  111' uxnccr or ;1 related Jihcise. due 
of death. datc . I (  !in( employment in a job ol' un- 
knou n cxpuri.-: (<  1 ' i 01' perstin-yemi. Jur: i ) f  105s 

to follow-up [.I I '; of whjccts). or end of follow-up 
(December 3 I .  1OS7t. Subjects were c a t e g o r i d  by 
occupation.; i i i  Ltutingr applications (iiiostly paint- 
ers). chemic!. pnlduciion. shoe priiduction. and 

. -  

other or mixcd wcupatitins (i.c., mow tlrall oiie 0 1  

the above categories). 
To provide stable ri3k estimates. hir ly hrti;id 

p u p s  were dctinrtf for domion of e x p t i ~ u ~  (<j. 

ppm). and cuinulative expcxurc (CUI. UI-ltM). and 
,100 ppiii-ycmi to k n x n e .  Each measun' ol kn- 
zene expc~sur~  for each individual wiu: aI111~cd i t ~  

change with time: penon-years and dixea.w even[\ 
were ;Issigned to  benzene+\porure levels with .I I .p  
y e u  la;: lie.. according to the level 1.5 y e m  prc- 
viously). A lag period of  1.5 years was used in inak- 
ing these calculations because more recent CAPO- 

sures are unlikely to be biologically linked to the 
development of diagnosed cancers (19,201. To 
evaluate the rernponl component of disease devel- 
opment funher. we pmitioned the cumulative CSFU- 

sure at 3 given time into recent (1.5 to IO !ex. 
earlier, and distant (10 or more years earlier) esp~i -  
sure. Because 3 substantial number of individu.d. 
were historically exposed to a relatively ctable a\ ~ 

e n g e  m o u n t  of benzene while working. we also 
developed a measure of constant exposure. where 
follow-up was censored 1.5 y e n  after the individu- 
al 's  exposure level changed (<IO. 10-24. and 215 
ppm) for the first time. Ratios of incidence rxes for 
hematologic neoplasms and related disorders in [he 
benzene-exposed group compared with ntes in the 
unexposed group (RRs = relative risks) were deter- 
mined using Poisson regression analysis (2/). \ k i t h  

smtification by age and ses. Tests for l inev  trend 
(two-sided) of increasing risk with increasing ester11 
of benzene exposure were carried out. on the basis or 
the mean of years in durationexposure cartigories. 
the log of the mean of parts per million in average- 
exposure categories. and the log of the m e a  of pans 
per million-yean in cumulative exposure categories. 

5-9. and 310 YeXiJ. average ( < I O .  10-24. and 32.5 

Results 
The RR for all hematologic neoplasms 

combined among workers who were oc- 
cupationally exposed to benzene was 1.6 
(95% confidence interval [CI] = 1.14.7) 
(Table 1). Statisticdly significant ex- 
cesses were found for XNLL (RR = 3.0: 
95% CI = 1.0-8.9) and for the combined 
group of ANLUMDS (RR = 4.1: 9 5 5  
CI = 1.4-1 1.6) (Table 1). Excesses were 
also noted for other leukemias (RR = 
2.0;  95% CI = 0.7-3.4) and non- 
Hodgkin's lymphoma (N.HL) (RR = 3.0: 
95% CI = 0.9-10.5), but the results were 
not statistically significant. 

Increased risk was found for hemato- 
losic neoplasms among workers hired be- 
fore 1971 (the beginning of the cancer 
risk assessment period) (RR = 2.9: 9 5 4  
CI = 1.5-5.4) and thereafter (RR = 2.5: 
95% CI = I .  1-5.4). Fifteen of the 16 ben- 
zene-exposed YHL cases occurred among 
workers hired before 1977, (RR = 4.1: 
95% CI = 1.2-14.4). For AYLL. signifi- 
cantly increased risk was found for work- 
ers hired after 1972 (RR = 5.1; 95% CI 
= l.S-l7.Zj, while the risk for ANLU 
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Table 1. Rclative risk for hematologic neoplasms and related cnnditions. on rhe basis of selected occupational :.h;iractcristics, for workers exposed to benrrne 

Relative r1.L (No. of cscs) 
Pcnon- M c ~  

Other yeus. exposure. Mean All hemtologic 
Study gmup x 10' ppm*.t exposure. y* neoplasm$ NHL Leukrnim ANLL ANLLMDS 1euliemta.s 

~~ 

All exposed subjects 698 22.5 9.3 2.6 158) 3.0(16) 2 . 5 ( 3 )  3.0(21) 4.1 (28 )  2.0(17) 

I . U . 7  0.9- 10.5 1.2-5. I I .0-8.9 1.4-1 1.6 0.7-5.4 
959C1J  = 95QCl  = 9 5 8 C I  = 9 5 8 C 1  = 9 5 8 C I  = 95ciCI = 

ExposcJ subjects: 
y of hire 

e1972 404 24.9 13.2 2.9 (ai 4.1 (15) 2 . 4 ( 3 )  2.6(12) 4.0 ( 19) 3.2 (13) 
3 1972 194 19.2 4.0 2.5 114) 0.5 ( I ) 3.4 ( I ? )  5.1 (9) 5.1 (9) 2.0 (4) 

Exposed subjects: 
occupation 

Coaiingsil 350 21.5 9.4 2.1 1 2 ,  1.6 (4) 2.2 (17) 2.9 (IO) 4.2 (14) 1.7 (7) 
Rubber 34 53.5 1 1 . 1  1.8 13 4.0 ( I 1.3(l) f .0(1) 6.1 ( 2 )  - (0) 
Chemical 88 24.8 8.5 5.0 I 141 7.3 ( 5 )  3.6 (7) 4.5 (I) 4.5 (4) 2.8 (3) 
Shoe 68 21.8 7.9 1.9 15,  1.6(1) 2.5 (4) 1.5 ( I )  1.3 ( I )  3.2 (3)  
Otherhixed I58 17.4 9.8 2.7 (121 4.1 ( 5 )  2.5 (9) 3.1 (5 )  4.4 (7) 2.0 (4) 

All unexposed 405 0 0 l . O ( I I I  1.0 (3) 1 .o (9) 1.0 (4) 1 .o (4) I .o ( 5 )  
subjects (referentfl 

'Time-weighted avenge. lag I .5 y. 
'ppm = panls) per million. 
$Hematologic neoplasms (International Classification of Diseases [ICD]9: 30-208): NHL = non-Hodgkin', lymphoma (ICD9: 200. 102): leukemia (ICD9: 

1(Y-208); ANLL = acute nonlymphocytic leukemia (ICD9:205.0. 206.0. 207.0): MDS = myelodysplvdc s! .!dromes (ICD-02: 9980-9989); other leukemias: 
includes leukemias other than ANtL and leukemias not otherwise specified i,ICXk 204, 205.1-205.9. 206.1-206 9. 207.1-207.9. 208). See (34) for ICD9 and (35) 
for ICD-01. 

8CI = confidence interval. 
!!Coatings: painters and other coating application worken. 
meferent relative risk = 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% C1 = 
I .5- 17.2) hires. Although occupation- 
specific results were limited by small 
numbers. risks for A N L U l D S  were el- 
evated among coatings workers (RR = 
4.1; 95% CI = 1.4-12.6). rubber workers 
(RR = 6.1; 95% CI = 1.1-33.3). chemi- 
cal workers (RR = 4.5; 95% CI = 1.1- 
18.1). and among those with other or 
mixed occupations (RR = 4.4; 95% CI 
= 1.3-15.2). Risk for NHL was also el- 
evated among several occupational 
groups. but only chemical workers 
showed a statistically significant excess 

Benzene-exposed subjects experienced 
significantly incresed risks for hemato- 
logic neoplasms at avenge benzene expo- 
sures of less than 10 ppm (RR = 2.2; 
95% CI = 1.13.2) and cumulative expo- 
sures of less than 40 ppm-years (RR = 
2.2: 95% CI = 1.14.5) (Table 2). Trends 
of increasing risk for hematolo,' OIC 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- 

(RR = 7.8; 95% CI = 1.9-32.5). 

sure. from 0.7 (959  CI = 0.1-7.2) among 
those exposed for fewer than 5 years to 
4.2 (95% CI = 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 AiLIAIDS both showed 
patterns of increasing risk with increasing 
average exposure to benzene, with more 
consistent exposure-response patterns for 
A N L W D S  than for ANLL alone. The 
link of ANLUMDS with avenge expo- 
sure was strongest when restricted to sub- 
jects with constant levels of occupational 
exposure: R R s  rose from 3.2 (95% CI = 
1.0-10.3) for those with constant low- 
level exposures (<IO ppm) to 7.1 (95% CI 
= 2.1-23.7) for those with constant high- 
level exposures ( 3 2 5  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 10 cr more years of 
exposure were 11.7 (95% CI = 2.947.3: 
based on four cases). 5.2 (95% Ci = 1.4- 
19.3; based on five cases), and 2.5 (95% 
CI = 0.8-8.9; based on 10 cases). respec- 
tively. among benzene-exposed workers 
hired before 1972 and 5.7 (959  CI = 
I .5-2 I .5; based on six cases). 3.5 (95% CI 
= 0.6- 19.8; based on two cases), and 7.2 

( 9 j %  CI = 0.8-65.6; based on one case) 
awng workers hired in 1972 or later. In 
nrtitlier time period was longer duntion of 
bciizrne exposure clearly linked to in- 
cr:.ssing risk of ANLUErlDS. Risk for 
ANLWMDS increased with increasing 
cumlative exposure to benzene. but the 
hishest risks were not seen at the highest 
exposure level (cumulative ppm-years: 

cu!iiulative ppm-yean: 3100, RR = 4.4 
195% CI = 1.4-13.51). Although there 
W:I< some evidence of increased risk for 
leckemias other than iLvLL among ben- 
rex-exposed workers (Table 1). clear 
p2::erns of increasing risk with increasing 
exi?osure were not observed (Table 2). 

We partitioned cumulative benzene ex- 
posure into recent (<IO years prior to di- 
agiiosis) and distant (210 years prior to 
di::yosis) exposure. NHL was strongly 
IiilAed with distant exposure to benzene 
(P for trend = .005; based on 13 exposed 
~ 3 . 2 ~ ) .  but the association with exposure 
in :he most recent 10 years was weak (P  
fcr trend = .15; based on 16 exposed 
c a w ) .  NHL showed no clear link with 
W o r k  that involved only recent exposure 
( R R  = 1.5 [95% CI = 0.3-7.61; based on 
thl-cc exposed cases) (Table 3). In con- 
t r s t .  risk of ANLUMDS was signifi- 

40-99, RR = 6.0 [95% CI = 1.8-20.61; 
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Table 2. Relative risk (RR). for hemvolagic neoplasms and related conditions Jccoding Io extent of  exposure to benzene 

All I ~ : : I I : I I O ~ I ~ I C  nLnpl;r\ms 
C.i.C\ 24 16 
R R  -.- 3.1 
95'i ClX 1.14.2 1.5-6.5 

7 7  

NHL 
c2.L.s 7 2 
R R  2.7 1.7 
95': CI 0.7-10.6 0.3-10.2 

LeuAcrnm 
CAC> I5 13 
RR 2.0 3.7 
'95'7 CI 0.94.5 1.6-6.7 

ANLL 
C .\es 7 9 
R R  2.0 5.8 
95'; CI 0.6-7.0 1.5-18.9 

ANI.LS1DS 
C;l.es I 1  9 
RR 3.2 5.8 
957  CI 1.0-10.1 1.8-18.8 

CSeS 8 4 
RR 1.9 2.1 
95'; CI 0.6-5.9 0 . 6 7 3  

W c r  'xkemiu 

. k?XJn  -y, 
x IO' 352 I57 

18 

1.15.7 
2.a .w3  

7 
4.7 .04 

I .I- I a. I 

IO 

0.9-5.7 
2.3 .02 

5 
2 6  .04 

0.7-9.9 

a 
4.1 .01 

1.2-13.2 

5 
2.1 2 7  

0.6-7. I 

1 aa 

11 8 I I  16 17 25 

I .M. I 1.3-7.6 I J6.6 1.5-6.6 1.6-6.9 1.0-3.9 
?.I 3.2 2.9 ,002 3.1 3.3 2.0 

7 0 3 I 4 I I  
3.0 - 3.5 .I5 0.7 3.3 4.1 

0.8-1 1.6 - 0.7-17.3 0.1-7.2 0.7-14.7 1.1-15.9 

12 7 7 I4 I 1  13 
1.7 4.0 2.S .W 4.0 3.1 I .5 

0 .741  1.5-10.7 1.0-7.4 1.7-9.6 1.3-7.5 0.6-3.6 

6 4 5 9 6 6 
1.9 4.9 4.4 ,008 5.6 3.6 1.6 

0.5-6.8 1.2- 19.8 1.2- 16.4 1.7-18.7 1.0-12.9 O.IJ.~ 

IO 4 a IO 7 I 1  
3.2 5.1 7.1 .0003 6.6 4.3 2.8 

1.0-10.3 1.3-20.6 2.1-23.7 2.0-21.6 1.3-14.5 0.0-9.1 

6 3 2 5 5 7 
1.6 3.2 1.4 .31 z 7  2.7 I .4 

0.5-5.1 0.5-13.4 0.3-7.4 0.7-9.7 0.9-9.3 O S J . ~  

324 aa 121 249 n o  278 

18 I I  29 I .: 
.:r 2.2 2.9 2 7  .w 

1.14.5 1.3-6.5 1.J-5.2 

6 I 9 3 
.01 3.3 1 . 1  3.5 n: 

0.8-13.1 0.1-1 1.1 0.9-13.2 . 

I 1  a 19 9 
.YS 1.9 3.1 2.7 . l ) l  

0.84.7 I.ZS.0 1.2-6.0 

5 5 I I  - 
.SI 1.9 4.3 3.6 ,116 

0.5-7.0 1.1-16.0 1.1-11.6 

7 7 14 4 
.-r8 2.7 6.0 4.4 01 

0.8-9.5 1.8-20.6 1 . ~ i 3 . s  

6 3 a 5 

1.9 .36 .a: 2.0 2.1 
0.6-6.6 0.5-9.0 0.66.0 

300  119 279 
-- 

'R-ferent: RR = 1.0 for unexposed workers, with all risks adjusted for age and KX. 

t S H L  = non-Hodgkin's lymphoma; ANLL = acute nonlymphccytic leukemia: MDS = myelodysplastic syndroma: other leukemia: includes 1eu;:rnias other 

$FPm = pan(s) per million. 
ST!IIS category encompasses a p u p  of person-yem for workers who were always exposed 31 the indicated levek 
]If \dues are two-sided. 
?Croups for trcnd test: unexposed m d  exposure of <IO. 10-39, 4-99, 100-399, and 
WI = confidence interval. 

than .XWL and leukemias not otherwise specified (see Table 1 for ICD codes). 

ppm-yeus. 

cantly increased among those who had 
on]) recent benzene exposure (RR = 6.0 
[ 9 j 5  CI = 1.9-18.43; based on 14 ex- 
posed cases). Risk of ANLUMDS was 
also strongly associated with increasing 
amciints of recent (P for trend = .003) 
but not distant (P for trend = .51) expo- 
sure. 
SHL was linked to distant cumulative 

exFosure to benzene among coatings 
workers (the largest occupational group, 
mok:ly painters) (P for trend = .IO: based 
on ' h e  exposed cases) and among those 
wit!? other benzene-exposed occupations 
(P Fh,r trend = .005; based on 10 exposed 
ca>:\). ANLUMDS was linked to recent 
cui**lilativr exposure among coatings 
w o r k s  (P for trend = .OOl; based on 14 
e x p w d  cases) and among workers in 
o th r  occupations (P for trend = .06; 
basc'd on I4 exposed cases). When the 
ye:!. o f  initial employment in study facto- 
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ries (<1960, 1960-1971. and 31972) was 
included in the statistical re,gression mod- 
els. the findings were unchanged (data not 
shown). 

Discussion 
In earlier reports (22.23). 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 IO 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 A . i L  alone. Risk for NHL increased 
with duration of exposure and N 2s strong- 
est among workers who had di>::int (2 I O  
years) exposure. No excess was noted for 
NHL among workers hired siiice 1972. 
but foilow-up for this group \vas rela- 
tively short. 

In rodents, benzene causes .! range of 
neoplasms. including lymphor .:s and tu- 
mors of epithelial origin. but. fi-r reasons 
not understood. increased risk fdr granu- 
locytic leukemias has not bee:i reponed 
(24-26). In earlier epidemiologic studies. 
benzene has been linked mo.: strongly 
with ;LULL. while results for 0: :xr  hema- 
tologic neoplasms have been ir:onsistent 
(5). However, the epidemioIog;< tlaubasc 
for qwtitativr assessment of i.incer risk 
associated with benzene ex;'osure is 
sparse. 

No increases in risk were 5wnd in ;I 
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Table 3. Relvrrc nsk (RR) .  for ulectcd hern.:t*lopc conditions among hcnacne-exp.wd workcn according IO recency of exposure 

S H L t  ANLUMDSt 

Recent exposure. ,ym-yrh: Recent exposurc. ppm-yrsS 

Di\tant c x y w r c .  ppm-yng None <?O 240 Total None c40 rJO Tod  
- 

None 
c;L\cs 
P-Y (XlU’)Il 
R R  
955 crq 

CLUS 
P-Y ( X I 0 7  
RR 
959 CI 

C s e s  
P-Y (XI07 
RR 
YS% CI 

Total 
cases 

RR 
95% CI 

4 0  

340 

P-Y (x103) 

3 
218 
2.5 

0.5-13.2 

0 
136 

3 
354 

I .5 
0.3-7.6 

5 
218 
3.7 

I .O- 13.9 

9 
I36 
9.1 

1.8-19.7 

I4 
354 
6.0 

I .9- 18.4 

Referent Reftrcnt 

0 
3 - 

3 
97 
3.4 

0.7-17.4 

0 
3 - 

3 
97 
2.4 

0.5-10.7 

4 
46 
7.4 

1.8-19.7 

7 
147 

3.8 
1.1-13.0 

7 
I97 
2.5 

0.7-8.7 

I 
46 
2.6 

0.3-25.3 

4 
I47 
3. I 

0.7-14.3 

1 
31 
6.4 

1.04 I .  1 

7 
I59 
4.7 

1.2- 18.9 

9 
I97 
4.9 

1.3- 18.9 

6 
I59 
2.7 

0.8-9.8 

0 
6 

0 
6 

I 
31 
1.0 

0.2- I 8.5 

0 
9 - 

8 
347 
3.4 

0.9-13.0 

8 
342 
1.9 

0.5-10.8 

0 
9 

9 
347 
2.9 

0.9-9.3 

19 
342 
5.3 

1.8-15.6 

Linear vend tests: (never cqused [referent]. A to <IO, 10-.:9,10-99, 100-399. and 3400 ppm-yn, in time period). 

Recent exposux. P = .15. 
Distant exposure. P = .005. 

NHL ANLlMDS 
Recent exposure. P = ,003 
Disrvlt cxposurr. P = SI 

*Referent: RR = 1.0 for aexposed workers. wirh dl r i A  adjusted for age and KX. 
TNHL 
%Recent exposure: cumuhve benzene exposure (pans pe: million [ppm]-yeus, lag 1.5 yeus) in period e10 ye= prior to diagnosis. 
$Distant exposure: cumuhve  benzene exposure (ppm-yes .  lag 1.5 yeus) in a10 yevs prior ro diagnosis. 
I1P-Y (XI@‘) = person-ycn per 1ooO. 
¶CI = confidence inrent; 

non-Hodgkin’s ::rmphoma; ANtL = acuu noni) mphocyuc leukemia: MDS = rnyelcdysplvtic syndromes (Jcc Table 1 for ICD codes). 

case-conuol study (3, a i  leukemia (based 
on 14 exposed cases). nultiple myelom 
(based on seven exposxi cases), or NHL 
(based on nine exposd asses) among Ca- 
nadian petroleum disa5ution workers ex- 
posed predominantly :a less than 1 pprn 
benzene. Also, among Scandinavian ser- 
vice station workers exposed on avenge 
to less than 1 ppm bezene, no excesses 
were found of Ieukemia (based on 28 ex- 
posed cases) or acute nyeloid leukemia 
(based on 13 exposed cases) (I). .4mOng 
4607 benzene-expose2 and 3074 unex- 
posed U.S. workers 16h risk rose in an 
txposure-response faskion for lymphatic 
and hematopoietic c a ~ ~ e r s  (based on 18 
cases) and for leukeaia and aleukemia 
(based on six cases) uith respect to ben- 
zene exposure categcezed as none. less 
than 15 ppm-yews, 15-59 ppm-years. and 
60 ppm-years or more. In another study 
(7) among 956 benzece-exposed workers 
in Michigan, seven dexhs caused by lym- 
phatic or hematopoieli; cancer were iden- 
tified. including four aused by leukemia 
(all myelogenous leukemias). Average 

expcsures to benzene were 1-5 ppm for 
b e t  of the individuals who died of leu- 
ker i3  and about 18 ppm for the fourth. 
Cor.pared with general population rates, 
total deaths caused by myelogenous leu- 
kemia, were significantly elevated: the 
R R b  were 1.7 among workers with less 
than 12 ppm-yem’ cumulative benzene 
e x p w r e  (based on two cases) and 2.5 
arncng workers with 83 ppm-years or 
moi? of benzene exposure (based on one 
C351).  

I n  a third cohort study (8), 1165 rubber 
hydrachloride manufacturing workers in 
the TJnited States were followed through 
19s:. and I5 deaths caused by lymphatic 
or I:trnatopoietic cancer, including nine 
cac>cd by leukemia (six by ANLL) and 
focr caused by multiple myeloma, were 
idt..:iified. The leukemia deaths occurred 
am,.ng workers who were generally ex- 
p o ~ d  to benzene at levels of more than 
20 ;’prn, and the risk increased with in- 
cre:..\ing exposure, showing significant 
exL x e s  with cumulative exposures of 
grc::icr than 200 ppm-years, consistent 

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) (71) but 
indicate that risk for the non-AML leuke- 
mias (based on eight cases) was also in 
excess (27). Other investigatots (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 (8.1 f), our 
study shows excess risk at relatively low 
levels of exposure (<IO pprn avenge and 
4 0  ppm-yean 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 Icv- 
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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 (18). Earlier, we showed 
(22) that MDS was linked to employment 
in benzene-related jobs (RR = x :  95% CI 
= 1.7 to x ;  based on seven cases). and 
here we relate ANLUIDS to the extent 
of benzene exposure. Earlier mortality 
studies of benzene-exposed populations 
may have failed to identify this associa- 
tion because .LIDS 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, ANLmlDS was linked to recent 
benzene exposure, and additional distant 
exposure did not appear to funher in- 
crease risk. This finding suggests that re- 
cent benzene exposure is predictive of 
subsequent risk for AiiL&IDS, 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 (Januuy 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 
(15) ,  charxrerizing only average expo- 
sure levels over broad time periods. We 
have shown (32)  that o u r  benzene- 
exposure mnking and the occurrence of 
benzene poisoning are in good agreement. 
providing indirect support for the generd 
validity of our approach. but the precise 
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. 
calibntion of exposure levclh was not 
possible. particularly for disti.iguishing 
small differences in low-levcl c: \.posures. 
Hematologic disease diapnosc. for this 
investigation were based on c:it,:l'ul noso- 
logic review of available path(>Itrgic ma- 
terial and related documentatiorl by expert 
hematopathologists (16). an inipi ovcment 
over previous death certific.:tc.-based 
studies (6 . i , l l ) .  This effort %.is of par- 
ticulv importance in China, b t.c.iuse ' .' re- 
cent nationwide vital statistics ::nd cancer 
incidence validation studies ar: unavail- 
able. Because benzene-exposec! workers 
Ye known to be at excess risk ''or leuke- 
mia. it is possible that addititml early 
cases were identified in  the exposed 
group compared with the ulicxposed 
group due to more thorough sur?  cillance. 
Such a bias. however. could not have 
been substantial, because overall excesses 
were similar when restricted to exposed 
and unexposed deceased indiviLiuals (22). 

We compared disease rates ..;;long the 
benzene-exposed population - i i t h  rates 
among a nonexposed industri:ii popula- 
tion. This comparison was an Advantage 
because population data on caiicer inci- 
dence and monality rates in China are 
limited and because an earlier >tudy (33) 
found that comparisons of canc:r rates in 
benzene-exposed workers wi:h general 
population rates tended to underestimate 
leukemia risk among benzenc-exposed 
workers. Our earlier investigation in this 
cohon ( 2 2 )  showed that benzrr:-exposed 
and unexposed workers were closely 
comparable for total mortality (XR = 1.1; 
95% CI = 1.0-1.2) and cmce: mortality 
(RR = 1.1; 95% CI = 1.0-1.i) but that 
death rates in both groups we:> substan- 
tially lower than those expected by com- 
parison with available vital sta:istics data 
for China. This latter finding u!!derscored 
the need for an internal compxison with 
an unexposed population 0 1 '  Chinese 
workers from the same geogr:!$ic areas. 

A s  in most industrial ser:ings. the 
workers in this investigation u ?re likely 
exposed to a number of chen-icals other 
than 'benzene and the observed :isks could 
be due to some other expo>~!-c.s. How- 
ever. the subjects in this stud! :\ere em- 
plo>ed in a variety of  OCWF :ions. and 
exces>cs of hematologic disea.2 were not 
restricxd to a piinicular subxr of ben- 
zene-related occupations. wit!. [he pos- 
sible exception of the notably h;;hcr risks 
for S H L  among chemical w c ~ ~ k x s .  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 CIS. 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 IO ppm 
benzene. the proportionally smaller in- 
creases in risk with increasing exposure. 
the elevated risk for .ANLU;C.fDS with re- 
cent exposure, and the possible links with 
NHL are all provocative new observa- 
tions that should enhance our efforts [O 
understand benzene carcinogenesis in hu- 
man populations. 
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LMedical Science.. Beijing. China). 
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