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Abstract
Objectives: Epidemiologic studies suggest an association between environmental exposure to benzene and hematologic 
cancers, but the relationship is not firmly established. The aim of this study was to assess the potential association be-
tween residence near hazardous waste sites containing benzene and hospitalization discharge rates for persons having 
hematologic cancers. Materials and Methods: We determined the number of hospital discharges of people with hemato-
logic cancers in New York State except for New York City for the years 1993 to 2008. Descriptive statistics and negative 
binomial regression models were used to compare the rates of hospitalization of residents in zip codes containing haz-
ardous waste sites containing benzene to the rates of discharges from residents in zip codes without waste sites. Results: 
When adjusting for potential confounders we found a 15% increase in the rate of hospitalization for chronic lymphatic 
leukemia (CLL) [rate ratio (RR): 1.15; 95% confidence interval (CI): 1.00–1.33], a 22% increase in the rate of discharg-
es for total leukemia (RR:  1.22;  95%  CI:  1.04–1.43) and a  17% increase in the rate of discharges for total lymphoma 
(RR: 1.17; 95% CI: 1.02–1.35) in the benzene exposed sites. We found greater effects of exposure in African Americans 
compared to Caucasians, females compared to males and people with higher socioeconomic status (SES) compared to 
those with lower SES for several of the diseases studied. Conclusions: After controlling for major confounders we found 
statistically significant increases in discharge rates for several hematologic cancers in persons residing in zip codes contain-
ing benzene waste sites. These results provide additional support for a relationship between environmental exposure to 
benzene and risk of hematologic cancers.
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INTRODUCTION

Hematologic cancers constitute a diverse group of diseas-
es of largely unknown etiology. Even though they are con-
sidered to be a rare group of cancers, more than a 100 000 
new cases of hematologic cancers were diagnosed in the 
United States in 2005. In the same year more than 53 000 
people died from these diseases [1].

There are few established risk factors for hematologic can-
cers, but some associations have been confirmed. Cigarette 
smoking and exposure to ionizing radiation have been 
shown to cause leukemia in some studies [1–3]. Further, 
leukemia is more common in Caucasians than in African-
Americans and more common in males than females [1,4]. 
Immunosuppression, both in transplant recipients and in 
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and consequently tends to vaporize from contaminated 
water into the atmosphere  [14]. Large amounts of ben-
zene are also released into the atmosphere from automo-
bile exhaust, which accounts for up to 85% of the total at-
mospheric amount [15]. Benzene in air is degraded within 
a few days due to reaction with hydroxyl radicals [12]. 
Despite the large amounts in the atmosphere, the most im-
portant source of human exposure to benzene is cigarette 
smoke. Cigarette smoking is responsible for about half of 
the total benzene exposure, compared to the contribution 
from the industry which is  3%  [12]. Cigarette smoking 
does not only expose the smoker to benzene, the level of 
benzene in the indoor air is 50% higher in a home where 
at least one smoker lives, compared to a  home without 
smokers  [16]. For non-smokers, outdoor air remains the 
most important contribution to benzene exposure [15].
Due to the large emissions from industry and transporta-
tion, and due to the exposure from cigarette smoking, ben-
zene is ubiquitous in the atmosphere and can be measured 
in the blood of non-occupationally exposed people [17].
Benzene can readily enter the body via oral, dermal and 
inhalation routes. Because it has slight water solubility, 
high lipid solubility and is non-polar, benzene is expected 
to enter the blood stream through passive diffusion from 
the gut, skin and lungs. Benzene is also expected to bind 
to plasma proteins [12]. 
Benzene is quickly metabolized by the enzyme, cyto-
chrome P450 2E1 (CYP2E1) in the liver and the metabo-
lites appear to be responsible for its toxicity [12]. The reac-
tive metabolites of benzene may act directly on DNA and 
other macromolecules in bone marrow cells, and thus pro-
mote cellular damage and DNA mutations [12]. A study 
on occupationally exposed workers with a phenotype cor-
responding to rapid  CYP2E1 metabolism showed that 
they are more susceptible to benzene poisoning than wild 
type controls  [18]. The enzyme NADPH quinone oxido-
reductase (NQ01) is thought to play an important role in 
the removal of the active metabolites of benzene. Several 

people with AIDS has been shown to increase the risk of 
non-Hodgkin’s lymphoma (NHL) [5]. NHL is also more 
common in Caucasians than in African-Americans and 
more common in males than in females  [4]. Based on 
epidemiologic findings, Hodgkin’s Disease (HD) can be 
divided into three different diseases: childhood (0–14), 
young adult (15–34) and older adult (> 55) HD [6]. A re-
lationship between Epstein-Barr virus (EBV) infection 
and the risk of HD has been established, but the underly-
ing mechanisms are unknown. Poliomyelitis and tubercu-
losis infections have been linked to young adult HD [6]. 
Older adult HD is more common in males than in females, 
but there is no difference in the younger age groups [4]. 
Except for  HD and acute lymphatic leukemia (ALL), 
the incidence of all hematopoietic cancers increases with 
age [4].
Based on sufficient evidence of carcinogenicity in humans, 
benzene is rated as a known human carcinogen [7]. There 
is a  well established relationship between occupational 
exposure to benzene and increased risk of hematologi-
cal cancers, especially acute myelogenous leukemia [8–9]. 
A  relationship for multiple myeloma and  NHL has also 
been suggested by several studies  [8,10–11]. A  positive 
exposure-response relationship has also been established 
between benzene exposure and the odds ratio of develop-
ing leukemia [9].
Because of its wide use, benzene is among the top 20 most 
produced chemicals in the US. It is used in the produc-
tion of other chemicals (for example styrene, cumene and 
cyclohexane) and in the development of some rubbers, 
dyes, detergents and pesticides [12]. In 2007, almost 4 mil-
lion kilograms of benzene were released from industrial 
sources into the environment in the US. Most of that ben-
zene was released into the atmosphere [13]. Benzene can 
also reach the soil and ground water near industrial waste 
sites and industries that use or make the chemical  [13]. 
It is highly mobile in soil and readily leaches from soil into 
ground water [12]. Benzene is a highly volatile compound 
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were further subdivided into ALL (204.0 and 204.2), CLL 
(204.1), acute myeloid leukemia (AML, 205.0 and 205.2) 
and chronic myeloid leukemia (CML,  205.1). The lym-
phomas were subdivided into  HD (201) and  NHL (200 
and 202). 
The SPARCS data that we used provides the diagnoses 
upon discharge of all in-patients from  212 hospitals in 
New York other than New York City. In addition to the 
diagnoses, the accessible data include the patient’s race, 
gender, age and current zip code of residence. It does not 
identify individuals with multiple hospitalizations or pa-
tients in federally regulated hospitals (nine Veteran’s Ad-
ministration hospitals in New York other than New York 
City), nor does it include out-of-state health care treat-
ment received by New York residents. However, these ex-
clusions represent a very small number in relation to the 
total of approximately two and a half million hospitaliza-
tions per year. The dataset lists only current, not previous, 
residences. We examined only two racial groups (Cauca-
sian and African American) to reduce variability. To ad-
just for age differences we split the population into six 
age groups (ages 1–14, 15–19, 20–39, 40–59, 60–79, and 80 
years and older, respectively). Since ALL almost exclu-
sively occurs in young people, we restricted the analysis 
of that disease to the first two age groups. All the other 
diseases except for HD were examined in the four oldest 
age groups. HD was examined in only the three oldest age 
groups.  HD has a  bimodal incidence pattern with peak 
incidences in early adulthood and in older people (Gla-
ser and Jarret 1996; NCI 2009). We restricted the analy-
sis to the peak in incidence in older people so that only 
one of the three diseases that constitute HD (Grufferman 
and Delzell 1984) would be studied. In addition, there is 
evidence for an infectious etiology of HD in younger age 
groups [22].
There are other important covariates believed to be 
confounders for assessing health care that are not in-
cluded in the SPARCS dataset. We obtained the median 

studies have shown that a polymorphism that reduces the 
activity of NQ01 also increases the risk of benzene poison-
ing [18–20]. 
This study examines the possible role of environmental ex-
posure to benzene coming from hazardous waste sites on 
the rates of hospitalization for hematologic cancers. Our 
hypothesis is that the presence of environmental concen-
trations of benzene promotes leukemia and lymphoma in 
the population. The specific aim is to assess the potential 
association between residence near hazardous waste sites 
containing benzene and hospitalization rates for persons 
with different types of lymphatic and hematopoietic can-
cers among residents of New York.

MATERIALS AND METHODS

We conducted an ecological study, where the unit of study 
was a subpopulation of a zip code, defined by race, gender 
and age. For each subpopulation we included the median 
household income for the zip code and the percentage of 
the zip code population that lives in an urbanized area.

Study population
We used the New York Statewide Planning and Research 
Cooperative System (SPARCS) to obtain data on lym-
phatic and hematopoietic diseases between the years 1993 
and 2008. Every hospital regulated by and located in New 
York State is required to report all diagnoses (up to a total 
of 15 diagnoses) for each inpatient, upon discharge, to the 
NYS department of health. To classify the diagnoses the In-
ternational Classification of Disease, 9th revision (ICD-9) 
was used [21]. We identified all of the hospitalizations that 
included any of the ICD-9 codes for hematologic cancers 
(ICD-9 codes 200, 201, 202, 203, 204, 205, 206, 207, 208 
and  238.6). We further divided these into more specific 
diseases including: leukemia (204,  205,  206,  207,  208 
and 202.4), lymphoma (200, 201 and 202 except for 202.4) 
and multiple myeloma (MM, 203 and 238.6). Leukemias 
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codes, we collected the total population and the num-
ber of discharges within each subpopulation for each 
year separately and added them together to create the 
person time variable, which then allowed determination 
of the hospitalization rates in the final data set. Table 1 
provides a summary of the characteristics of the studied 
population.

household income (MHI) by zip code and year in all zip 
codes in all New York except for New York City from 
Claritas, Inc.  MHI was used to adjust for socioeco-
nomic status (SES). The study was restricted to the two 
middle quartiles (second and third quartile) of  MHI 
because previous studies have shown that extremes 
of SES, as measured by MHI, have different health ser-
vice access behaviors  [23–24]. We further divided the 
remaining population into three equal percentile groups 
(group 1: 25th–41st percentile; group 2: 42nd–58th per-
centile; group 3: 59th–74th percentile). There are several 
reasons to control for the urbanicity of a  population. 
People living in more urbanized areas are expected to 
be exposed to higher levels of motor vehicle exhaust and 
higher motor vehicle density. Motor vehicle exhaust is 
an important source of environmental benzene [15], and 
greater motor vehicle density has been shown to corre-
late with some types of leukemia  [25]. People that live 
in urbanized areas may also access medicine in differ-
ent patterns compared to those that live in rural areas. 
The  US Census Bureau lists the number of people in 
each zip code that live in an urbanized area, defined as an 
area with a population density greater than 1000 people 
per square mile [26]. We used Census data from 2000 to 
divide the population into four groups. Group one con-
tains the zip codes where none of the population lives in 
an urbanized area (635 zip codes), group two contains 
the zip codes where more than 0, up to 49% of the popu-
lation lives in an urbanized area (144 zip codes), group 
three contains the zip codes where more than 49% and 
less than 100% of the population lives in an urbanized 
area (327 zip codes) and group four contains the zip 
codes where the entire population is living in an urban-
ized area (269 zip codes). 
We obtained the number of people living in each zip 
code by race, gender and age for each year between 1993 
and  2008 from Claritas,  Inc (San Diego,  CA). Since 
the United States Postal Service regularly changes zip 

Table 1. Characteristics for the study population 

Characteristic Total discharges 
(%)

Total person-yearsa 
(%)

Exposure
benzene 7 977 (17.5) 4 740 530 (15.9)
unexposed 37 553 (82.5) 25 145 104 (84.1)

Age [years]
1–14 2 902 (6.4) 5 968 670 (20.0)
15–19 963 (2.1) 2 160 295 (7.2)
20–39 3 404 (7.5) 8 156 125 (27.3)
40–59 9 531 (20.9) 7 982 094 (26.7)
60–79 20 146 (44.2) 4 446 498 (14.9)
80+ 8 584 (18.9) 1 171 952 (3.9)

Gender
male 24 886 (54.7) 14 749 887 (49.4)
female 20 644 (45.3) 15 135 747 (50.6)

Race
African American 1 667 (3.7) 1 547 611 (5.2)
Caucasian 43 863 (96.3) 28 338 023 (94.8)

Income group
1 12 299 (27.0) 8 391 279 (28.1)
2 14 427 (31.7) 9 401 635 (31.5)
3 18 804 (41.3) 12 092 720 (40.5)

Urban Group
1 13 601 (29.9) 9 455 635 (31.6)
2 5 146 (11.3) 3 429 366 (11.5)
3 16 976 (37.3) 11 049 083 (37.0)
4 9 807 (21.5) 5 951 550 (19.9)

Total 45 530 (100.0) 29 885 634 (100.0)

a Sum of the population by ZIP code, 1993–2008.
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For all leukemia, all lymphoma,  CLL,  AML,  CML 
and NHL we included all discharges for persons at 
least 20 years old, and used the following model:

	 Log(expected number of discharges for the disease) =�  
	  log(total person-time) + intercept + �  
	 b1*benzene-exposure + b2*female +�  
	  b3*African-American + b4*age6 +�  
	 b5*age5 + b6*age4 + b7*income3 +�  
	 b8*income2 + b9*urban4 + b10*urban3 �  
	 + b11*urban2 + interactions� (1)

For ALL, we included only people 1–19 years of age, 
and employed the following model:

	 Log(expected number of ALL discharges) =�  
	 log(total person-time) + intercept +�  
	 b1*benzene-exposure + b2*female +�  
	 b3*African American + b4*age2 +�  
	 b5*income3 + b6*income2 +�  
	 b7*urban4 + b8*urban3 + b9*urban2 �  
	 + interactions� (2)

For HD, we included only people 40 years and older and 
used the following model:
	 Log(expected number of discharges for the disease) =�  
	 log(total person-time) + intercept +�  
	 b1*benzene-exposure + b2*female +�  
	 b3*African-American + b4*age6 +�  
	 b5*age5 + b6*income3 + b7*income2 +�  
	 b8*urban4 + b9*urban3 + b10*urban2�  
	 + interactions� (3)

where
age1 is ages 1–14, 
age2 is ages 15–19,
age3 is ages 20–39,
age4 is ages 40–59,
age5 is ages 60–79,
age6 is ages 80 and older,
income1 is the 25th to the 41st percentile of MHI,
income2 is the 42nd to 58th percentile of MHI,
income3 is the 59th to 75th percentile of MHI,
urban1 is living in a zip code where none of the population lives 
in urbanized areas,

Exposure assessment 
The New York State Department of Environmental 
Conservation has identified  818 hazardous waste sites 
(Superfund sites) in the state that pose a  potential 
threat to human health (http://www.dec.state.ny.us/
website/regs/part371a.html). The list includes  85 Na-
tional Priority List sites defined by the US Environ-
mental Protection Agency [27]. Using this database we 
located all waste sites in New York (except New York 
City) that contained benzene. We defined the exposed 
population as all residents of the zip codes containing 
any of the benzene sites (40 zip codes). All zip codes 
that did not contain any hazardous waste sites were de-
fined as unexposed. We also removed all zip codes that 
abut Onondaga Lake and the Hudson River (from the 
river mouth to Hudson Falls) from the clean zip codes 
due to the high polychlorinated biphenyl contamination 
in these waters [28].

Statistical analysis
We calculated hospital discharge rates per  100  000 as 
the number of discharge diagnoses of the specific he-
matologic cancers divided by the total population with 
the same gender, race and age group, residing in the 
same ZIP code category defined by exposure, MHI and 
percentage of the population living in urbanized areas. 
All statistical analyses were performed with  SAS soft-
ware (version  9.2;  SAS Institute  Inc., Cary,  NC). We 
modeled the rates of lymphatic and hematopoietic hos-
pital discharge as Poisson processes. However, when 
Poisson regression, a log-linear model, was applied us-
ing PROC GENMOD (SAS Institute), the deviance test 
for the quality of fit of models and the residual plots in-
dicated extra Poisson variation  [29]. Consequently, we 
used the negative binomial regression model [30]. This 
model is a  log-linear model (i.e., the log of the mean 
number of discharges is determined by the linear com-
bination of covariates). 
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the quality of fit of the models without changing the re-
lationship between the exposure and the outcomes sig-
nificantly.

RESULTS

Crude analysis showed statistically significant increases 
in discharges for all of the diseases examined except 
for  AML and  MM when comparing benzene-exposed 
to unexposed populations. When we applied the main 
effects models, CLL, total adult leukemia and total lym-
phoma had significantly elevated rates of discharges in 
the benzene-exposed populations compared to the un-
exposed (Table  2). We also looked at the crude rates 
of discharges for some of the diseases within the two 
racial and three income groups. The crude rate of dis-
charges for CLL, NHL, all adult leukemia and all lym-
phoma were significantly larger among Caucasians as 
compared to African-Americans. This is consistent with 
data from the National Cancer Institute  [4]. For  HD 
there was no significant difference by race (Figure 1). 
The crude discharge rates were (with the exception 

urban2 is living in a zip code where more than 0, up to 49% of 
the population lives in urbanized areas,
urban3 is living in a  zip code where more than  49% and less 
than 100% of the population lives in urbanized areas,
urban4 is living in a zip code where the entire population lives 
in urbanized areas.

The modeling process began with the creation of a main 
effects only model to adjust for potential confounding. 
Following that, for each population, the main effects 
models were examined for effect modifiers in the expo-
sure vs. outcome association. In particular, all interactions 
of exposure with age, gender, race, MHI and urban level 
were considered. We thus obtained the final models dis-
played above.
A  residual analysis was conducted for each final mo
del, and extreme values were identified in many of the 
analyses. We removed the observation with the larg-
est standardized Pearson residual from the analysis 
of CLL, CML, HD, NHL and MM and removed the two 
observations with the highest standardized Pearson re-
siduals from the analysis of AML. With that we improved 

Table 2. Lymphatic and hematopoietic diseases, relative risks (RR) with regard to residence in a zip code containing a benzene waste 
site compared to one without a benzene waste site, ages 20 and above except as noted

Disease Crude rate
RR (95% CI)

Rate for main effects model 
RR (95% CI) P-value for main effects rate

ALLa 1.28 (1.15–1.43)* 0.95 (0.62–1.46) 0.807
CLL 1.25 (1.18–1.32)* 1.15 (1–1.33)* 0.048
AML 1.01 (0.92–1.1) 0.94 (0.77–1.15) 0.539
CML 1.24 (1.09–1.4)* 1.09 (0.83–1.43) 0.551
HDb 1.29 (1.13–1.47)* 1.07 (0.93–1.24) 0.356
NHL 1.09 (1.05–1.13)* 1.26 (0.96–1.66) 0.089
MM 1.05 (0.99–1.12) 1.01 (0.82–1.24) 0.911
Leukemia 1.15 (1.1–1.2)* 1.22 (1.04–1.43)* 0.014
Lymphoma 1.10 (1.06–1.14)* 1.17 (1.02–1.35)* 0.024

ALL  — acute lymphatic leukemia, CLL  — chronic lymphatic leukemia, AML  — acute myeloid leukemia, CML  — chronic myeloid leukemia,  
HD — Hodgkin’s Disease, NHL — non-Hodgkin’s lymphoma, MM — multiple myeloma.
a Age 1–19; b Ages 40 and above. * Statistically significant at p < 0.05.



HAZARDOUS WASTE SITES WITH BENZENE AND LEUKEMIA        O R I G I N A L  P A P E R S

IJOMEH 2011;24(4) 333

lymphoma, resulting in a stronger positive relationship be-
tween benzene exposure and the disease outcomes in Afri-
can Americans than in Caucasians. We further found that 
income was a  significant effect modifier for CLL, leuke-
mia, NHL and lymphoma, resulting in a stronger positive 
relationship between the exposure and the disease out-
comes in the lower as compared to higher income groups 
(Figures 3 and 4). 
Gender was a  significant effect modifier for  AML. We 
found a 26% increase in the rate of discharges for AML in 
the benzene-exposed as compared to unexposed females 
(RR: 1.26, 95% CI: 1.01–1.58). In the exposed males there 
was a  23% decrease in the rate of discharges compared 
to the unexposed males (RR:  0.77,  95%  CI:  0.61–0.98). 
Both gender and race were effect modifiers for the re-
lationship between exposure and discharges for  MM. 
We found a  80% elevation in the rate of discharg-
es for  MM in exposed as compared to unexposed 

of  CLL) either not significantly different between the 

income groups (HD, all adult leukemia) or signifi-

cantly different and higher in the higher income groups 

(NHL, all lymphomas) (Figure 2). 

When examining the interactions, we found that race 

was a significant effect modifier for CLL, HD, NHL and 

* Significant compared to African-Americans (P < 0.05). 
CLL — chronic lymphatic leukemia, NHL — non-Hodgkin’s 
lymphoma, HD — Hodgkin’s Disease.

Fig. 1. Crude hospital discharge rates for Caucasians 
and African Americans (discharges per 100 000 person years) 
for some leukemias and lymphomas.

* Significant compared to income group 1 (P < 0.05). Group 1 is the 
lowest income group. 
Abbreviations as in Figure 1.

Fig. 2. Crude hospital discharge rates for different income 
groups (discharges per 100 000 person years) for some 
leukemias and lymphomas.

Relative risk of hospitalization for different types of leukemia 
in relation to benzene exposure and 95% confidence intervals 
(displayed as error bars) in the subgroups defined by the interactions 
between income and exposure, and race and exposure.  
P-values for the interactions: CLL, African American vs. Cauca-
sian: 0.015; CLL, income group 2 vs. 1: 0.016; CLL, income group 3 
vs. 1: 0.0015; All leukemia, African American vs. Caucasian: 0.24;  
All leukemia, income group 2 vs. 1: 0.28, All leukemia, income 
group 3 vs. 1: 0.0015. 
Abbreviations as in Figure 1.

Fig. 3. Results of application of the negative binomial 
regression model for leukemia.
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of studies of the effects of benzene in the work place, this 
study is unique in that it is an ecological study of the gen-
eral population. Environmentally exposed populations re-
ceive benzene concentrations several orders of magnitude 
lower than the occupationally exposed populations  [31], 
but the exposure is more chronic and effective over a lon-
ger period of time. Additionally, the environmental ex-
posure affects the entire population, instead of a healthy 
working population that usually is predominantly male. 
Furthermore, using hospital discharges instead of indi-
vidual level data magnifies the presence of disease in the 
population, thus allowing comparisons to be made for 
a rare disease outcome.
Previous population studies of benzene exposure have 
yielded inconclusive results, perhaps as a consequence of 
lower concentrations or smaller population size. An Italian 
ecologic study looked at rates of leukemia and lymphoma 
in a residential district near a coke plant compared to an-
other district lacking a  coke plant and to the entire sur-
rounding area [32]. It found statistically significant eleva-
tions of leukemia, all lymphatic and hematopoietic diseas-
es and NHL in male residents of the district with the coke 
plant compared to the other areas, but failed to show such 
associations in females. A  study on residents near 11 oil 
refineries in Great Britain did not show any elevation in 
lymphatic or hematopoietic cancers  [33]. One ecologic 
study in Sweden found a significant relationship between 
car density and childhood leukemia  [25]. A  population 
based case control study in northern Italy similarly found 
a significant relationship between traffic density (vehicles/
day) and childhood leukemia [34]. However, another study 
that looked at a population from a previous case control 
study in Los Angeles was not able to find any association 
between traffic density and childhood leukemia [35]. 
The Superfund waste sites in the US have been exten-
sively studied, and are considered “a major environmen-
tal and public health concern in the United States and 
elsewhere” [36]. In 1997 the US EPA reported complete 

African American females that was statistically significant 
(RR: 1.80, 95% CI: 1.18–2.74). Exposed Caucasian males 
had 28% fewer discharges for MM than unexposed Cau-
casian males (RR: 0.72, 95% CI: 0.54–0.97). There were 
no statistically significant differences between the exposed 
and unexposed populations in the rates of discharges 
of  MM for African American males and Caucasian fe-
males. We did not detect any statistically significant differ-
ences in discharges for ALL and CML between benzene-
exposed and unexposed populations.

DISCUSSION

Our study focused on the association between environ-
mental exposure to benzene in the general population, 
and the rate of hospital discharges for persons with he-
matopoietic cancers. This relationship has previously not 
been extensively studied [31]. While there are a number 

Relative risk of hospitalization for different types of lymphoma in 
relation to benzene exposure and 95% confidence intervals (displayed 
as error bars) in the subgroups defined by the interactions between 
income and exposure, and race and exposure.  
P-values for the interactions: HD, African American vs. Cauca-
sian: 0.0088; HD, income group 2 vs. 1: 0.59; HD, income group 3 
vs. 1: 0.21; NHL, African American vs. Caucasian: < 0.0001; NHL, 
income group 2 vs. 1: 0.065, NHL, income group 3 vs. 1: < 0.0001;  
All lymphoma, African American vs. Caucasian: 0.0011; All lymphoma, 
income group 2 vs. 1: 0.84; All lymphoma, income group 3 vs. 1: 0.027. 
Abbreviations as in Figure 1.

Fig. 4. Results of application of the negative binomial 
regression model for lymphoma.
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sites in areas where they live [40–41]. The difference in sus-
ceptibility between Caucasians and African Americans may 
also have a genetic origin. There are reported ethnic differ-
ences in the occurrence of activity-reducing polymorphisms 
in CYP2E1 [42], which could cause differences in suscepti-
bility to benzene exposure between Caucasians and African 
Americans. Whether or not these differences contribute to 
the ethnic differences in the disease outcomes seen in our 
study remains unclear. We are unable to find an explana-
tion for the gender differences in the exposure to outcome 
relationship that we found for AML and MM. It is also im-
portant to note that no association was found between waste 
sites and ALL, a disease primarily of children. 
There are several limitations in our study that makes it im-
possible for us to prove cause and effect, as is the case for 
any ecologic study. We have measured benzene exposure 
and response only at an aggregated level, rather than for in-
dividuals, which could possibly introduce aggregation bias. 
We have adjusted for several potential risk factors for the 
outcome, but our adjustments for SES and traffic density 
are crude and at a zip code level only. We have not adjust-
ed for cigarette smoking, which is an important source of 
benzene exposure, nor for exposure to ionizing radiation — 
a risk factor for several of the diseases studied. These risk 
factors may confound the results in the unlikely event that 
their frequencies are associated with the exposure. We have 
no information on duration of residence in the current ZIP 
code, which could lead to a migration bias that can affect 
the validity of ecologic studies, particularly for long-latency, 
chronic diseases [43]. We have no control for past occupa-
tional or residential exposures that are not correlated with 
an existing and identified hazardous waste site. 
One might argue that if, despite the methodological limi-
tations and the crude exposure assessment, we find ele-
vated levels of some hematologic cancers, the real rela-
tionship is likely to be much stronger. The results we have 
obtained in this study are those which we hypothesized 
based on past occupational studies. Perhaps the strongest 

exposure pathways (consisting of a  source of contami-
nation, an environmental medium, a  point of exposure, 
route(s) of exposure, and a receptor population) in 530 of 
the 1450 NPL sites [36]. Of the 530 sites with complete ex-
posure pathways, 21% contained benzene. At 91% of the 
sites with completed exposure pathways, the exposure oc-
curred through contaminated ground water. Associations 
with several forms of cancer and residence near a hazard-
ous waste site have been shown in previous studies [37,38].
A case study of a residence using gasoline-contaminated 
ground water in  1994  [39] measured concentrations of 
benzene in the air in different parts of the home after 
one individual had taken a 20 minute shower in the bath-
room. The results suggested a  pulse of benzene moving 
from the shower stall to the rest of the house over a period 
of 60 minutes after the shower. The estimated benzene ex-
posure resulting from the shower was 2 to 3.5 times higher 
than the dose received during a concurrent 6 hour occupa-
tion in the house. Forty percent of the exposure resulted 
from inhalation and 60% from the dermal pathway.
When adjusted for a number of potential confounders we 
found statistically significantly elevated levels of discharges 
for all adult lymphoma combined, all adult leukemia com-
bined and CLL in the benzene exposed zip codes compared 
to those without exposure. The relationships between the 
exposure and outcome for several hematologic cancers were 
stronger in population groups that normally have a lower in-
cidence of these diseases (African Americans and persons of 
lower income). These findings suggest that the exposure to 
benzene promotes several forms of hematologic cancers and 
that some population groups are more susceptible, geneti-
cally or environmentally, to the exposure than others. The 
greater effects of benzene exposure seen in the less affluent 
and African American populations may be due to a higher 
tendency among these populations to live in the vicinity of 
the hazardous waste sites within the zip codes defined as 
exposed. That in turn, might be due to either a  selective 
migration to these areas or due to placement of new waste 
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measured along with medical documentation of these dis-
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Our observations suggest that an environmental exposure 
to benzene leads to an increased risk of developing sev-
eral forms of adult hematologic cancers that necessitate 
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tions. These differences may be attributable to the tenden-
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the relationships suggested here are causative.
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