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Abstract
Over the last century, benzene has been a well-studied chemical, with some acute and chronic exposures being 
directly associated with observed hematologic effects in humans and animals. Chronic heavy exposures to ben-
zene have also been associated with acute myelogenous leukemia (AML) and myelodysplastic syndrome (MDS) 
in humans. Other disease processes have also been studied, but have generally not been supported by epidemio-
logic studies of workers using benzene in the workplace. Within occupational cohorts with large populations and 
very low airborne benzene exposures (less than 0.1–1.0 ppm), it can be difficult to separate background disease 
incidence from those occurring due to occupational exposures. In the last few decades, some scientists and physi-
cians have suggested that chronic exposures to various airborne concentrations of benzene may increase the risk 
of developing non-Hodgkin’s lymphoma (NHL) (Savitz and Andrews, 1997, Am J Ind Med 31:287–295; Smith et al., 
2007, Cancer Epidemiol Biomarkers Prev 16:385–391), multiple myeloma (MM) (Goldstein, 1990, Ann NY Acad 
Sci 609:225–230; Infante, 2006, Ann NY Acad Sci 1076:90–109), and various other hematopoietic disorders. We 
present a state-of-the-science review of the medical and regulatory aspects regarding the hazards of occupational 
exposure to benzene. We also review the available scientific and medical evidence relating to benzene and the 
risk of developing various disorders following specific levels of exposure. Our evaluation indicates that the only 
malignant hematopoietic disease that has been clearly linked to benzene exposure is AML. Information from the 
recent “Benzene 2009,” a symposium of international experts focusing on the health effects and mechanisms of 
toxicity of benzene, hosted by the Technical University of Munich, has been incorporated and referenced.
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Introduction

Benzene continues to be a widely used industrial chemical 
in the production of polymers, resins, and synthetic fibers 
(ATSDR, 2007). In the late 19th century and extending into 
the early 20th century, benzene played a key role in the grow-
ing synthetic rubber manufacturing industry, and was used 
by numerous industries as a solvent (Paustenbach et  al., 
1992). Early observations of benzene effects in humans in 
the workplace were difficult to correlate with specific levels 
of exposure. Such difficulty was due mostly to inadequate 
technology for exposure estimation, compared with contem-
porary methods. Dr. Alice Hamilton, who was perhaps the 
premier occupational physician of her era, noted in an early 
review of benzene toxicity that “an excellent precaution” was 
used by a steel manufacturer to prevent workers from being 
overcome by benzene vapors in their holding tanks.

“After emptying, washing out, and steaming out the 
tank, they lower into it a cage of white mice, and if the 
mice are overcome by the vapors the process of flood-
ing and steaming is repeated until the little animals can 
be lowered into the tank without showing any effect” 
(Hamilton, 1929).

During the early 20th century, there were many reports of 
acute human exposures to benzene in the workplace at con-
centrations of benzene relating to certain toxic endpoints. For 
example, exposure to 4700 ppm reportedly produced confu-
sion within 30 minutes of exposure, whereas levels of 6000 
to 9000 ppm produced symptoms of acute poisoning within 
a few hours (Lehmann, 1919). A listing of health effects on 
humans observed over time resulting from various levels of 
exposure to inhaled benzene appears in Table 1.

Benzene has been known to have a depressive effect 
on the bone marrow following chronic exposures, occa-
sionally leading to complete failure of the blood-forming 
elements, or aplastic anemia (Hamilton, 1929). During the 
past 60 years, concerns about the adverse effects of ben-
zene in exposed workers have led to a series of increasingly 
stringent regulatory standards in the United States for ben-
zene in the workplace (Table 2), and in 1978, there was a 
voluntary withdrawal of benzene as an added ingredient 
to consumer products manufactured in the United States 
(National Research Council, 1981). Over the past 25 years, 
concentrations of benzene in various consumer prod-
ucts has generally been between zero and less than 0.1% 
(Williams et al., 2007).

Table 1.  Noncancer human health effects of inhalational benzene exposure.

Benzene 
concentration (ppm) Length of exposure Health effect Reference

19,000–20,000 5–10 minutes Death Flury, 1928; Browning, 1937; 
Goldwater and Tewksbury, 1941; 
Von Oettingen, 1940;  
Gerarde, 1963

6200–9300 30 minutes–1 hour Immediate or subsequent death Hamilton, 1934

4700 30 minutes Confusion Greenburg, 1926

3000 30 minutes Endurable Gerarde, 1963

1570–3130 Several hours Slight symptoms Browning, 1937

1550–3100 6 hours No serious effects Hamilton, 1934

1500–3000 Several hours Slight symptoms Bloomfield, 1951

1500 1 hour Serious symptoms Gerarde, 1963

500 1 hour Symptoms of illness Gerarde, 1963

300 30 minutes Dizziness, headaches Flury, 1928

150 4 months–1 year Pancytopenia Aksoy, 1978

50–150 5 hours Headache, lassitude, weariness Gerarde, 1963

60 1–20 days, 2.5–8 hours/day Mucous membrane irritation, dyspnea Midzenski, 1992

40 1 year Leukopenia in first 4 months Cody, 1993

25 8 hours None Gerarde, 1963

7.6 6.3 years avg Reduced lymphocyte counts Rothman, 1996

2.3 5–10 years avg Reduced neutrophil and RBC counts Qu, 2002

Sources: Paustenbach, 1995; ATSDR, 2007.

Table 2.  History of benzene regulatory standards.

Time period TLV (ppm) PEL (ppm)

≤1946 100 —

1947 100 —

1948 50 —

1949–1957 35 —

1964–1969 25 (ceiling) —

1957–1976 25 —

1972–1986 — 10

1987–current — 1

1977–1996 10 —

1997–current 0.5 —

TLV = threshold limit value, a recommended standard from the American 
Conference of Governmental Industrial Hygienists (ACGIH); PPM = parts 
per million; PEL = permissible exposure limit, an enforceable standard cre-
ated by Occupational Safety and Health Administration (OSHA). All concen-
trations represent time-weighted averages (TWA) unless otherwise noted.
Sources: ACGIH, 1976; OSHA, 1987; Paustenbach et al., 1992; ACGIH, 2001; 
Capleton and Levy, 2005.
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Over the years, there have been significant improvements 
in industrial hygiene practices, which have considerably 
reduced the risk to workers (Hamilton, 1929, 1945; Gafafer, 
1943; McCord, 1931; Hemeon, 1955, 1963; Hamilton and 
Hardy, 1974; ATSDR, 2007; Gaffney et al., 2009). These have 
included the adoption of better skin/respiratory protection 
and engineering controls, substitution of other less toxic 
chemicals for benzene whenever possible, the advent of 
closed systems for performing chemical synthesis in manu-
facturing settings, and increased monitoring of the expo-
sures to workers, as well as biomonitoring of those workers 
in industries that continue to have exposures to benzene at 
concentrations approaching the contemporaneous occupa-
tional exposure limits (OELs).

Although it was established in the 1920s that heavy 
exposures to benzene adversely affected the blood-forming 
organs, there have been several case reports since that time 
suggesting that certain chronic diseases could be associ-
ated with exposures to benzene or even causally linked. 
Early reports focused on abnormalities found in peripheral 
blood, but in the 1950s to 1960s, some scientists reported 
that chronic exposures to certain airborne concentrations of 
benzene seemed to increase the risk for developing leukemia 
(Cronkite, 1961; De Gowin, 1963; Vigliani and Saita, 1964; 
Goguel et al., 1967). In 1977, Infante, Rinsky, and colleagues 
clearly established a link between exposure to benzene and 
an increased incidence of leukemia in an analysis of workers 
occupationally exposed to benzene during the production 
of a natural rubber cast film called “Pliofilm” at two Ohio 
facilities (Infante et al., 1977). Following that report, indus-
trial hygiene practices relating to benzene in the workplace 
changed significantly, resulting in a marked decrease in the 
use of benzene in manufacturing processes, as well as lesser 
degrees of exposure.

The major environmental sources of benzene exposure 
for most persons in Western society are active and passive 
smoking, gasoline vapor emissions, and automotive exhaust 
fumes (Wallace, 1996a, 1996b; Capleton and Levy, 2005). By 
and large, concentrations in the ambient air have decreased 
steadily since the early 1990s. The use of benzene in con-
sumer products likewise has fallen off dramatically (Williams 
et al., 2008). Smokers have been found to experience about 
half of all human exposures to benzene in the United States, 
with 90% of their cumulative lifetime doses coming from 
smoking, with measured body burdens 6 to 10 times that of 
nonsmokers (Wallace, 1996b). In many countries, the permis-
sible concentration of benzene in gasoline is less stringent 
compared to North America, Europe and Australia, and for 
many countries, no standards have been set at all (Figure 1) 
(International Fuel Quality Center, 2008).

Human exposure to benzene continues to occur due to 
its presence in ambient air, cigarette smoke, and some work-
places, and the range of possible adverse effects following 
acute or chronic exposure remains an issue of important 
interest to regulatory agencies and to the public. Over the last 
few decades, some have suggested that exposures to benzene 
could be responsible for an increased incidence of several 

other chronic malignant hematopoietic diseases, including 
multiple myeloma (MM), chronic myelogenous leukemia 
(CML), and non-Hodgkin’s lymphoma (NHL), among others 
(Infante, 2006; Mehlman, 2006; Smith et al., 2007; Savitz et al., 
1997). In our review, we evaluate the scientific and medical 
evidence supporting assertions that diseases other than acute 
myelogenous leukemia (AML) are attributable to benzene. 
We apply an evidence-based methodology to characterize 
our evolving state of knowledge with respect to hematopoi-
etic effects and occupational exposures (Guzelian et al., 2005; 
US FDA, 2009; Greer et al., 2000).

State of the science regarding the effects of benzene 
(1880–2010)
Benzene has been used as an industrial solvent in a variety of 
different industries (Table 3). Since the late 1800s, significant 
exposures to benzene have been noted to result in suppres-
sion of one or more of the blood-forming elements and with 
a sufficient dose and duration have led to the development 
of aplastic anemia (Santesson, 1897; Hamilton, 1929). Our 
knowledge regarding the hematopoietic effects of benzene 
at various levels of exposure has significantly evolved over 
the years. A summary of the various reported hematopoietic 
effects of benzene is presented in Table 4. The two widely 
acknowledged effects following high level, chronic exposures 
to benzene are aplastic anemia and AML.

The following represents a simplified overview, by decade, 
of the evolution of our understanding (state of the science) 
of the health effects related to benzene from both toxicology 
and epidemiology studies. A number of other reviews have 
been written over the past 20 years (Snyder, 2002; Schnatter, 
2005; Pyatt, 2004; Lamm et al., 1989; Austin et al., 1988).

1880s
Autopsies of deaths following incidents of acute inhalational 
benzene poisoning were first reported (Sury-Bienz, 1888).

1890s
Earliest known cases of chronic benzene poisoning were 
reported, where nine cases of “purpura hemorrhagica” were 
seen in young girls using rubber cement with high concen-
trations of benzene in a Swedish tire factory, four leading to 
death (Santesson, 1897). A similar case was reported in a man 
employed for several years in a dye factory, who died with 
spontaneous hemorrhaging and probable myocardial infarc-
tion (Lenoir and Claude, 1897). [Some believe that this latter 
case report is the first evidence of benzene being associated 
with leukemia, but the lack of clinical data describing the 
patient does not provide sufficient basis for this claim.]

1900s
Several case reports of acute industrial inhalational poison-
ings were described in the literature. Ironically, individuals 
who attempted to save coworkers collapsing in the work 
environment often experienced higher risk of mortal-
ity than the workers who were initially overcome by the 
vapors (Hamilton, 1929). Occupational settings for these 
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inhalational injuries were often connected to the manu-
facturing of explosives, with exposed workers found within 
the interior of chemical storage tanks that had supposedly 
been boiled out and cleaned of residual benzene (Hamilton, 
1929). These deaths occurred long before obligatory proce-
dures were developed for tank entry.

1910s
Twenty-one cases of acute benzene poisoning were reported 
in Germany in 1910 (Heffter, 1915). The first American cases 
of chronic benzene poisoning were described at a tin can 
factory, where three young girls were working with rubber 
solvent, two of whom died (Selling, 1910). Experiments by 
Selling in animals and his observations that benzene can 
cause a lowering of white cell counts led to the notion that 
benzene could be used as an effective treatment for leuke-
mia (Koranyi, 1912). Hamilton reported on 14 cases of ben-
zene poisoning, identifying a fatality rate of 50% (Hamilton, 
1922). Benzene poisoning in American rubber workers was 
described, specifically in tire builders (Harrington, 1917). 
Three of the five cases presented were fatal.

The first cases of chronic benzene poisoning in Great 
Britain were noted in two men employed at a balloon manu-
facturing plant. Early measurements of occupational benzene 
exposures were described, ranging from 210 to 800 ppm, with 
peak levels over 1000 ppm (Legge, 1920).

1920s
Italian researchers reported seven cases of aplastic anemia 
in young women employed in raincoat factories where 
benzene-containing glues were used. Exposures at the facil-
ity were measured at one part per thousand, or 1000 ppm 
(Meda, 1922).

Workers in the German rubber manufacturing industry 
represented the first reports of chronic benzene poisoning 
(Brucken, 1923). A comprehensive study of American indus-
tries using benzene was conducted in 1926, where weekly 
volumes of benzene usage were seen to range from 50 to over 
10,000 gallons (Greenburg, 1926). Measured air concentra-
tions in these facilities showed mean concentrations of 70 to 
1800 ppm benzene, with peak concentrations ranging from 

Table 4.  Hematopoietic conditions associated with significant exposures 
to benzene.

•  Hematotoxicity

  ◦  Anemia

  ◦  Leukopenia

  ◦  Thrombocytopenia

•  Aplastic anemia

•  Acute myelogenous leukemia

•  Myelodysplastic syndrome

•  Immune dysfunction

  ◦  �Worker and animal data have shown diminished antibody levels 
and impaired cellular immunity

Source: ATSDR, 2007.

1 vol% max

Source:International Fuel Quality Center, November 2008

1.5–3 vol% 3.5–4.9 vol% 5–7 vol% No Standard No Information

Figure 1.  International limits on benzene concentration in gasoline. Source: International Fuel Quality Center, 2008.

Table 3.  Occupations historically associated with benzene exposure.

•  Printing

•  Leatherwork/shoemaking

•  Chemical manufacturing

•  Petrochemicals (refining, distribution, service station operators)

•  Scientific laboratories (particularly glassware cleaners)

•  Rubber manufacturing

•  Coal-based coke production (metallurgical and steel manufacturing)

•  Plastics manufacturing

Source: ATSDR, 2000.
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110 to over 4000 ppm. The author concluded that although 
less toxic solvents should be substituted whenever possible, 
“…with proper care in construction, maintenance, and opera-
tion, the use of benzol [historic term, generally referring to 
coal tar-derived benzene] can be made sufficiently safe to 
warrant its employment” (Greenburg, 1926).

During this period, occupational health guidelines were 
written and they usually recommended that any worker 
who showed a drop of 25% in the white cell count or a total 
white cell count of less than 5000, 25% decrease in the red 
cell count, or a hemoglobin level less than 70% should be 
removed from exposure and sent to another area without 
benzene exposure (Williams and Paustenbach, 2003). The use 
of benzene as a treatment for leukemia was actively consid-
ered in the 1920s (Greenburg, 1926). [Benzene “poisoning” 
was often referred to in early discussions of the health effects 
of benzene, and generally referred to acute toxic chemical 
effects, such as nausea, visual changes, lack of coordination, 
unconsciousness, and death. As more became known in the 
late 1920s regarding intermediate and chronic exposures, 
aplastic anemia was considered the primary adverse effect 
associated with benzene “poisoning.” Other nonmalignant 
hematologic effects have been reported at various levels of 
exposure (Table 1).]

In 1928, two workers at a pharmaceutical manufacturing 
plant developed hematologic disease attributed to chronic 
exposures to benzene, one of whom died of aplastic anemia, 
the other of acute lymphoblastic leukemia. The worker with 
leukemia had worked at the plant for 15 years; the last 5 of 
which were believed to be in a job where excessive benzene 
exposure was experienced. Although no measurements 
of exposure were provided, it was stated that his job was 
considered dangerous, and that none of his fellow workers 
were allowed to spend more than 1 month at a time in the 
job he performed. However, this man was allowed to remain 
in this high-exposure work station for 5 straight years. The 
latency period between his exposures and his diagnosis was 
not described; no bone marrow findings were reported. This 
case has generally been believed to be the first possible case 
of benzene-related leukemia, but the lack of clinical data and 
discussion of other chemical exposures or other risk factors 
in this case report makes it difficult to establish a certain con-
nection to benzene (Delore and Borgomano, 1928).

A French automobile factory was noted to have four work-
ers who developed “purpura hemorrhagica,” two with fatal 
consequences. Workers were described as being on the job 
for less than 6 months (Hamilton, 1929).

1930s
A comprehensive review of the effects of acute and chronic 
benzene poisoning was provided by Hamilton in 1931 
(Hamilton, 1931). The results of animal studies, as well as 
the clinical presentations of people who had experienced 
significant exposures to benzene in the workplace, were 
summarized. Blood, bone marrow, and pathologic findings 
at autopsy were presented, and Hamilton called for more 
research on the effects of benzene, stating that:

“The greater part of the careful, detailed work on the 
action of benzene has been carried out on animals in 
the laboratory and for the most part with the employ-
ment of a technic [sic] which does not in any way repro-
duce what takes place in industrial poisoning of human 
beings. The victims of industrial poisoning whose bod-
ies have come to autopsy are few in number, and their 
cases have not received as careful study, except in rare 
instances” (Hamilton, 1931).

Over the next 20 years, Hamilton would continue to docu-
ment cases of acute benzene poisoning; these are chronicled 
in a book titled Alice Hamilton: A Life in Letters (Sicherman, 
1984).

In the late 1930s, two cases of leukemia believed to 
be related to exposures to benzene were reported in 
Massachusetts (Mallory et al., 1939). One of these was in a 
28-year-old leather worker who was exposed to benzene for 
4 years, at levels that were described as causing “evidence of 
benzene intoxication.” Six years later he developed an aggres-
sive acute myeloid leukemia. The other case was that of a 
12-year-old boy who was the son of a painter and played in his 
father’s shop frequently; he was diagnosed with an immature 
lymphoblastic leukemia. No symptoms indicating excessive 
exposures leading up to their diseases were described.

A possible leukemia arising in a 38-year-old man was 
described in the same year (Erf et  al., 1939). In 1918, this 
man worked with his brother “…in a studio in which benzene 
was used.” That year, his brother developed aplastic anemia 
and died. Subsequently, the patient changed his occupation 
to avoid benzene exposure. Seventeen years later, he started 
using a rubber cement containing benzene for 14 hours a 
day. Less than a year later he was admitted to the hospital 
with weakness and bleeding gums. He left the hospital 5 
weeks later, and died 2 months thereafter. Postmortem 
examination revealed findings consistent with myeloid 
leukemia. An additional case involved a chemist diagnosed 
with leukemia at another institution at age 23. He had worked 
for 18 months, using benzene to synthesize benzoic acid. He 
was admitted to the hospital and discharged after 2 weeks. 
A follow-up visit 2 years later found him to be in “perfect 
health” (Erf et al., 1939).

A study entitled “Benzene Poisoning in the Rotogravure 
Printing Industry in New York City” showed that all 332 print-
ers studied were chronically overexposed to benzene, at air 
concentrations ranging from 11 to 1060 ppm. Evidence of 
poisoning was found in 130 workers, with 6 requiring hospi-
talization (Greenburg et al., 1939). As a result of the study, the 
use of benzene was discontinued, because air concentrations 
could not be consistently kept within safe levels, and chemi-
cals with lesser toxicity were substituted.

1940s
Gafafer’s Manual of Industrial Hygiene, prepared by the 
industrial hygiene division of the National Institute of 
Health, United States Public Health Service, related in 1943 
that “…benzene, with its known harmful properties, has been 
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abandoned as a solvent by many industries.” Maximum 
allowable concentrations of benzene in the workplace were 
then 100 ppm “on the basis of an eight-hour daily exposure” 
(Gafafer et al., 1943).

The next in the series of Hamilton’s reviews of industrial 
toxicology noted that: “Acute benzene poisoning is of little 
importance under modern industrial management. The dan-
ger is well understood, and no longer are men sent unpro-
tected into tank cars or vats” (Hamilton, 1945). She also noted 
that evidence seemed to be accumulating, “…that leukemia, 
myeloid or lymphatic, may be one of the forms benzene poi-
soning may take. Vigliani and Penati collected 10 cases, which 
had been reported by 1938, and Mallory and his colleagues 
have added 2” (Hamilton, 1945).

Marshall Clinton, a medical doctor under the direction 
of Philip Drinker, a Harvard industrial hygiene professor, 
prepared a report on benzene for the American Petroleum 
Institute (API). With regard to leukemia, it was stated that “…
reasonably well documented instances of the development of 
leukemia as a result of chronic benzene exposure have been 
cited” (API, 1948). The possible occurrence of “latent bone-
marrow injury due to benzene without any immediate altera-
tion in blood findings” years after exposure had taken place 
was described, but conclusive proof for this possibility was 
stated to be lacking. The report mentioned that: “…the only 
absolutely safe concentration for benzene is zero.” Later, the 
author of that report stated that he was defining zero as “the 
limit of analytical detection,” which was about 50 ppm at that 
time (Clinton, 1994). This statement is not surprising since the 
report went on to recommend a lower occupational exposure 
limit than the 100 ppm level which was suggested by ACGIH, 
stating: “A limit of 50 ppm or less is strongly recommended, 
particularly where exposures are recurrent” (API, 1948). 
The 50 ppm occupational exposure limit that API proposed, 
although far in excess of modern standards, represented what 
was thought to be a tolerable exposure given the knowledge 
of benzene health effects at that time.

1950s
In the 1950s, over 100 cases of benzene poisoning were 
described in a European shoe factory. Area samples for ben-
zene collected at three workstations had average values of 
318, 433, and 470 ppm (Savilahti, 1956). Blood testing was 
performed in 147 workers, with 73% being found to have some 
abnormality. Low platelet counts were the most common 
finding (62%), followed by anemia (35%) and low white cell 
counts (32%). Thirty-one workers were found to have simul-
taneous effects on all three blood lines (platelet, white blood 
cell, and red blood cell counts). With removal from exposure, 
120 workers recovered after three months, one died, 20 con-
tinued with minor symptoms, six remained on sick leave, and 
1 was still hospitalized after one year (Savilahti, 1956).

1960s
In 1960, Dr. Drinker developed a second edition of his toxico-
logical review for benzene at the request of the API and noted 
that “leukemia as a result of chronic benzene exposure has 

been reported.” The maximum acceptable workplace concen-
tration was 25 ppm over an 8-hour workday (API, 1960).

A summary of the evidence for radiation and various chem-
icals being associated with a higher incidence of leukemia 
was published by a research pathologist at the Brookhaven 
National Laboratory (Cronkite, 1961). In the author’s opinion, 
at that time “…only benzol has been investigated sufficiently 
well to make it appear a serious contender for the part of a 
chemical leukemogen in man.” Up to that point, many cases 
had been presented in the literature, and the “cause of death 
in some instances was ascribed to aplastic anemia, and in 
others, to leukemia,” with reference to the autopsy series by 
Mallory (Mallory et al., 1939). Leukemia was described as an 
immediate consequence of chronic heavy exposures, rather 
than as a disease with a particular latency period. Animal 
studies attempting to show malignant health effects of ben-
zene were described as “equivocal.”

Researchers from Italy provided a review on benzene and 
leukemia, apparently in response to the comments made 
above by Cronkite, stating that “From this [Cronkite’s paper] 
and other American papers on benzene poisoning it seems 
that the European and especially the Italian literature on ben-
zene leukemias is poorly known” (Vigliani and Saita, 1964). 
Six cases of leukemia associated with chronic heavy benzene 
exposure were reviewed. In the two cases where workplace 
concentrations of benzene were available, they reported air-
borne concentrations “ten times greater than the maximum 
allowable values generally accepted” (e.g., at least 500 ppm). 
Three of the six cases had been diagnosed with aplastic ane-
mia prior to their leukemias, and five of the six “…had low 
white-cell counts at the outset that were independent of any 
therapy.” The authors also emphasized that they had never 
seen a case of “chronic myeloid or lymphatic leukemia in 
workers poisoned with benzene.” With regard to previous 
claims of these diseases being caused by benzene exposure, 
“…we must emphasize our view that in some of these cases 
reported in the literature the occupational history was not 
convincing. The number of persons occasionally exposed to 
benzene or exposed to very low concentrations was so high 
that some cases of chronic leukemia could have occurred 
among them as among any other working population…. Great 
caution must be exercised before admitting the benzene 
etiology of chronic myeloid or lymphatic types of leukemia” 
(Vigliani and Saita, 1964). They also noted that: “We are fully 
aware of the fact that no final statement about the existence of 
a true “benzene leukemia” may be made, without a statistical 
analysis of the incidence of leukemia among workers exposed 
to benzene as compared with that among a control group of 
the same age, sex and living habits.” A large fraction of shoe 
and leather workers were noted to be employed at home 
under uncontrolled conditions and the content of benzene 
in the solvents used by various home-based operations was 
characterized as uncertain at best (Vigliani and Saita, 1964).

Overall, the pre-1970s experience regarding the linkage 
between benzene and leukemia largely consisted of occa-
sional case reports and small groups of patients, generally 
with known significant exposures to benzene. In many 
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situations, there was concurrent exposure to other solvents, 
as well as a history of smoking, which resulted in a lack of 
certainty regarding a cause and effect relationship.

1970s
Aksoy, a Turkish hematologist, has been credited with per-
forming the first major epidemiologic study examining the 
effects of benzene on a specific occupational subgroup; that 
of shoe and leather workers. He and his colleagues acknowl-
edged at that time that “…doubt still exists as to the causal 
relationship between benzene exposure and leukemia” 
(Aksoy et  al., 1974), resulting from conflicting animal data 
and a lack of epidemiology data demonstrating an increased 
incidence of leukemia in exposed populations. The incidence 
of leukemia was calculated to be 13 cases per 100,000 in the 
population of 28,500 Turkish workers over a 7-year period of 
observation. Several cases of “preleukemia,” the exact diag-
nosis of which was not defined by the authors, were added to 
the total incidence of leukemia. Their approach likely overes-
timated the true leukemia risk, as some proportion of these 
individuals would not be expected to progress to leukemia, 
and some might even recover if the hematological abnormali-
ties noted were related to prolonged myelosuppression from 
benzene and not true myelodysplasia.

Earlier, Aksoy had summarized his observations of 
leukemia in four shoe workers, who “…were rather heavily 
exposed to benzene vapor for a period varying between six 
and fourteen years. Their places at work were unhygienic, 
and the air concentrations of benzene were between 150 and 
210 ppm during working hours,” with occasional readings up 
to 650 ppm (Aksoy, 1972). Three of the four workers had been 
previously diagnosed with aplastic anemia.

In 1974, a review of leukemia incidence in a population of 
petrochemical workers from eight Exxon affiliates in Europe 
was released, finding a slightly diminished rate of leukemia 
compared with the general populations in the countries 
studied. No individual exposure data were presented, and 
the author noted several difficulties with data collection and 
organization (Thorpe, 1974).

In their text on industrial toxicology, Hamilton and Hardy 
reflected that:

“While there has been no doubt for many years that 
benzene can produce fatal aplastic anemia, the asso-
ciation between benzene exposure and leukemia has 
been a matter of more recent controversy…. Chronic 
myelogenous leukemia appears to be the most com-
mon type associated with benzene exposures, but acute 
myelogenous and acute and chronic lymphocytic varie-
ties have been reported as well” (Hamilton and Hardy, 
1974).

Vigliani and Forni provided an update on benzene health 
effects, stating that over the last 40 years, more than 100 cases 
of leukemia attributable to benzene had been described. 
However, the authors’ use of the term “leukemia” was too 
general to be informative, as their definition included more 

than 20 distinctly different chronic effects on the blood-form-
ing organs. As a result, it was difficult to specifically identify 
a causal link between benzene and any particular disease. 
He and his coauthor felt that “The most convincing cases 
of benzene leukemia are those occurring in factories where 
there were outbreaks of chronic benzene poisoning.” He sum-
marized his experience with rotogravure workers and shoe 
manufacturing where “All of the men had worked in factories 
where the concentration of benzene in the air of the working 
places was well above the threshold limit value.” [At that time, 
the threshold limit value (TLV) was 25 ppm] (Vigliani and 
Forni, 1976). After the rotogravure industry stopped using 
benzene in favor of toluene as its main solvent, the authors 
noted: “…we have seen no new cases of aplastic anemia, nor of 
leukemia due to toluene exposure.” Measured airborne con-
centrations of benzene in rotogravure plants were reported to 
be between 200 and 400 ppm, with peak concentrations up to 
1500 ppm. Shoe factories where workers developed leukemia 
were found to have workplace concentrations between 25 
and 600 ppm, with most measurements being between 200 
and 500 ppm, with some solvents containing 100% benzene 
(Vigliani and Forni, 1976).

Epidemiologic studies on rubber workers in Ohio noted 
slightly reduced mortality from all causes, but detected signif-
icantly elevated numbers of cancers of the stomach, prostate, 
and blood-forming tissues, including leukemia (McMichael 
et al., 1974). The authors concluded that “…until it is demon-
strated that specific exposures or jobs within the industry are 
associated with excess deaths, one can only suspect, rather 
than conclude with confidence, that working in certain jobs 
within the rubber industry entails an increased risk of dying 
from specific causes.”

An expanded follow-up study involving multiple plant 
locations discovered an increased rate of “lymphatic leuke-
mia” in workers exposed to organic solvents, one of which 
was benzene. Acknowledging that this finding was unusual, 
the authors stated that: “The sparse literature in this area indi-
cates that, at least for cases of gross benzene poisoning, the 
leukemia tends to be of either the hemocytoblastic (or stem 
cell) kind or the myeloblastic kind. The association of lym-
phatic leukemia with exposure to organic chemicals appears 
to have no reported precedent” (McMichael et al., 1975). Six 
of the eight “lymphatic leukemia” deaths were of the chronic 
subtype. A third study of the rubber workers showed a slightly 
increased incidence of “all leukemias” with a standardized 
mortality ratio (SMR) of 130 (confidence limits not provided). 
However, when the cases were divided into “myeloid” and 
“lymphatic” categories, the authors found that mortality from 
lymphatic leukemia was strongly associated with working in a 
synthetic rubber plant, whereas myeloid forms did not dem-
onstrate a significant association (McMichael et al., 1976). In 
this study, data on specific subtypes of leukemia were not 
reported. With regard to the McMichael et al. studies, how-
ever, we should note that the tire building process has his-
torically involved a wide variety of chemical exposures at the 
various stages of production, which the authors recognized 
(McMichael et al., 1975).



8    D. Galbraith et al.

Interestingly, a subsequent National Institute for 
Occupational Safety and Health (NIOSH) investigation of the 
synthetic rubber plant studied by McMichael et al. where they 
reported this very strong association with “lymphatic leuke-
mia” was “unable to identify benzene-related exposures” 
(NIOSH, 1979). NIOSH also commented that animal studies 
still had not provided “…reliable information on [benzene’s] 
capacity to produce an increased incidence of leukemias.” 
They thought it “…quite conceivable that leukemias described 
in the earlier experiments in mice after benzene treatment 
have, in large part, developed spontaneously or by virus infec-
tion, rather than being caused by benzene” (NIOSH, 1979). 
They did conclude, though, that the accumulated clinical and 
epidemiologic evidence showed that benzene was a carcino-
gen and leukemogen and recommended that it be replaced 
with less harmful substitutes wherever possible.

The initial report on the incidence of leukemia in rubber 
workers in Ohio (the “Pliofilm” cohort) was published in 
1977. This retrospective cohort study was unique compared 
to previously published cohort reports in that there was felt 
to be very minimal confounding exposures to other types of 
chemicals or dangerous solvents; that is, benzene was essen-
tially the only chemical used at the facility (Infante et al., 1977; 
Paustenbach et al., 1992). Departments and jobs where direct 
exposure to benzene occurred were identified were based on 
a NIOSH-administered worker survey. NIOSH also provided 
detail regarding the Pliofilm manufacturing process, engi-
neering controls, and most importantly, detailed personal and 
area air sampling data describing actual benzene exposures 
over time. After 75% of the worker population had undergone 
evaluation, the authors reported a 5-fold increased risk of 
all leukemias, and a 10-fold increased risk for myeloid and 
monocytic leukemias. No lymphocytic leukemias were noted 
(Infante et al., 1977).

In a comprehensive review of benzene health effects com-
missioned by the American Petroleum Institute, Goldstein 
concluded: “…there is reasonably good evidence that inhala-
tion of benzene is associated with an increased incidence of 
acute myelogenous leukemia, and possibly other hematologi-
cal neoplasms” (Goldstein, 1977).

In 1976, largely due to the Infante et  al. report, NIOSH 
recommended that the benzene PEL be lowered to 1 ppm 
over a 2-hour sampling period in 1976, based on the overall 
conclusion that benzene was leukemogenic. The Department 
of Labor intended to reduce the standard, but was challenged 
in court and in July of 1980, the Supreme Court withdrew 
the 1 ppm standard, stating that further evidence of adverse 
health effects below 10 ppm was needed (Thomas, 1982). This 
decision had long-term significance, as the courts ruled that 
unless adverse effects were observed at the current standard, 
then it did not make sense to reduce the limits on exposure. 
Such an action would require substantial expenditures for 
compliance and enforcement, and society should expect to 
see a demonstrable improvement in worker health (Graham 
et al., 1991).

Aksoy reported in a follow-up study in 1978 that 6 out of 
44 patients with pancytopenia resulting from chronic heavy 

benzene exposure developed leukemias after exposure peri-
ods ranging from 6 months to 6 years. Concentrations of ben-
zene in the workplace were never measured to be less than 
150 ppm, and patients were described as working long hours 
with little to no environmental controls (Aksoy and Erdem, 
1978). In a letter to the Lancet that same year, Aksoy remarked 
that for “moderate or low levels” of benzene exposure, which 
he defined as 10–25 ppm, “…haematological abnormalities 
characteristic of chronic exposure to benzene were not usu-
ally seen” (Aksoy, 1978).

Fishbeck, reporting on the health effects of ten Dow 
Chemical employees historically exposed to benzene levels 
exceeding 25 ppm over many years, reported that all ten 
employees had an increase in their mean red blood cell vol-
ume (MCV) in testing performed in 1963. Some had minor 
reductions in hemoglobin levels, and no other significant 
bone marrow or peripheral blood effects were noted. It was 
concluded that “…the exposure experience has not caused a 
lasting deleterious effect on their hematopoietic systems or 
their overall health” (Fishbeck et al., 1978).

1980s
In 1980, Aksoy reported that he had observed several other 
diseases in the Istanbul workers that he thought might 
be associated with exposure to benzene. These included 
malignant lymphoma, (both Hodgkin’s and non-Hodgkin’s 
lymphoma), lung cancer, myeloid metaplasia, paroxysmal 
nocturnal hemoglobinuria (often associated with aplastic 
anemia), and multiple myeloma. The evidence provided 
by Aksoy came in the form of citing individual cases, both 
in Turkey and from other published case reports (Aksoy, 
1980a).

A second article by Aksoy that year described a significant 
decline in the incidence of leukemia following the “phaseout” 
of benzene usage starting in 1969. (Aksoy, 1980b) He also 
emphasized that acute myeloid forms of leukemias were by 
far the most common type observed in benzene-exposed 
workers, “…followed by acute erythroleukemia and preleuke-
mia.” The rare occurrence of chronic forms of leukemia was 
described as “striking.” In discussing other malignancies, he 
noted that all of the cases of lung cancer “…were heavy or 
moderate smokers,” and that in two cases the form of lung 
cancer was oat cell carcinoma, a form of lung cancer heavily 
associated with cigarette smoking. He concluded, for the non-
leukemic diseases he had noted in benzene-exposed people, 
that “Though these case reports [do] not prove a causal rela-
tionship between benzene exposure and the various malig-
nancies, the frequent finding of this association suggests that 
benzene may not only cause leukemia but also be involved in 
other types of malignancy” (Aksoy, 1980b). The issues, how-
ever, of concurrent chemical exposures and alternative risk 
factors are important to note, and are clearly evident in the 
example of lung carcinoma put forth by Aksoy.

Nonmalignant effects of chronic benzene exposures were 
explored by petroleum industry researchers, who observed 
that occupational exposures (40 hours/week) above 50 ppm 
for extended periods could cause diminished numbers 
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of platelets, red cells, or white blood cells. They noted that 
“the clearest relationship between benzene exposure and 
leukemia was demonstrated in studies of benzene exposure 
prior to 1960 when high benzene concentrations (>200 ppm) 
in the air were likely,” and stated that “a standard of 10 ppm 
time-weighted average (TWA) benzene in air is an accept-
able value for protection from any hematological effect” 
(Brief et al., 1980). They went on to summarize the exposure 
experience in petroleum refineries, where they reported “…a 
low probability (<5%) of benzene levels exceeding 1 ppm 
TWA and a negligible chance of exceeding 5 ppm.” Even so, 
they recommended that benzene should be replaced with 
less toxic solvents whenever possible, and that personal sam-
pling of individual workers was the best method of verifying 
exposures. It was their belief that no test at that time was suf-
ficiently reliable to track airborne concentrations to less than 
about 0.5 ppm of benzene; especially in environments with 
mixtures (Brief et al., 1980).

Najean, in a long-term follow-up study of 429 patients 
diagnosed with aplastic anemia, noted that “A possible or 
probable toxic etiology does not discriminate between favo-
rable and unfavorable evolution” of aplastic anemia (Najean, 
1981). In this series, 31% of the initial group were consid-
ered to have disease secondary to toxic drugs or industrial 
exposures; 27% of the surviving 137 patients had suspected 
disease secondary to toxic agents. Less than 1% of patients 
went on to develop leukemia as a complication of their dis-
ease (Najean, 1981).

Rinsky et al. provided an update on their Pliofilm cohort 
in 1981, after 98% of the vital data from the worker popula-
tion had been discovered. Industrial hygiene data and a 
description of the workplace environment were provided, as 
well as job descriptions for the various classes of laborers. 
No additional cases of leukemia fulfilling their study criteria 
were reported; a total of seven cases were described in the 
worker population, all myelogenous or monocytic in cell 
type. The authors concluded that these findings confirmed 
their previous conclusion of increased leukemia risk in the 
cohort (Rinsky et al., 1981).

A review of petrochemical workers exposed to benzene 
concentrations from less than 0.1 to 25 ppm as an 8-hour 
TWA found no differences in red blood cell (RBC) count, 
white blood cell count, hemoglobin, or platelet count (Tsai 
et al., 1983).

Another review by Aksoy stated that “There is no doubt 
about the leukemogenic effect of benzene in man,” citing data 
from his previous studies. He noted an additional possible 
risk factor of cholera vaccinations, which he felt could be 
acting as a promoter for leukemia in those persons exposed 
to benzene. Familial risk factors and differential human sus-
ceptibility were also discussed. The same nonleukemic dis-
ease states were again suspected of being linked to benzene 
exposures, though little new supporting data were provided 
(Aksoy, 1985).

A 1987 update of the Pliofilm study examined all workers 
with at least 1 ppm-day of exposure up to the end of calen-
dar year 1965. Workers were stratified into four categories 

of cumulative exposure: up to 40, 40 to 200, 200 to 400, and 
greater than 400 ppm-years. The authors reported the new 
findings of an apparent excess of MM cases, but reported that 
the calculated mortality ratios for MM did not increase with 
increasing benzene exposures. The authors noted several 
gaps in the available data sets for various jobs, stating that 
these were filled by interpolation of existing data. Based on 
an observed positive trend of increased leukemia risk with 
benzene exposure, the authors recommended a lowering of 
the occupational exposure limits, which were then 10 ppm (as 
an 8-hour time-weighted average) (Rinsky et al., 1987).

In 1988, a review of the evidence linking benzene to leuke-
mia was performed, concluding that the available epidemio-
logic data supported the notion that chronic heavy exposures 
to benzene were associated with an increased risk of develop-
ing acute myelogenous leukemia, even though the evidence 
came from a single “relatively small study by Rinsky” (Austin 
et al., 1988). The rest of the accumulated epidemiologic data 
were believed by the authors to be very weak in demonstrat-
ing a possible causative relationship between benzene and 
leukemia, even at historically very high levels of exposure. 
“However, the available data are too sparse, or suffer other 
limitations, to substantiate the idea that this causal associa-
tion applies at low levels (i.e., 1–10 ppm) of benzene.” A cri-
tique of previously published risk assessments was provided, 
along with the authors’ own risk assessment for benzene 
(Austin et al., 1988).

Goldstein provided a lengthy review of benzene toxicity 
in 1988. In describing benzene’s effect on the bone mar-
row, he opined: “As anticipated for an effect of this nature, 
there is an apparent threshold, i.e., at some benzene dose no 
overt decrease in blood count is observed.” Furthermore, “A 
decrease in peripheral blood counts has not been observed 
in any species at exposure doses below the current U.S. 
Occupational Health Standard of 10 ppm TWA” (Goldstein, 
1988). In discussing the Italian and Turkish experience with 
benzene, he noted that measurements of ambient benzene 
levels exceeded 200 ppm, and that replacement of the glues 
in the shoe and leather workers with solvents not containing 
benzene “…put an end to this outbreak of overt hematological 
consequences due to benzene exposure” (Goldstein, 1988). 
He also explored the nonleukemic associations described 
by Aksoy, relating that “The causal relationships have not yet 
been established,” and “…in no case does the evidence appear 
to be sufficiently clear-cut to overwhelmingly demonstrate 
a causal relationship between benzene and one or more 
human lymphatic tumors” (Goldstein, 1988).

Goldstein discussed a 1985 study of benzene exposure in 
the United States petroleum industry by Runion and Scott 
(Runion and Scott, 1985), where “…87% of exposures were 
below 1 ppm and 98% below 10 ppm TWA.” In describing 
the difficulties in the surveillance of a population exposed 
to benzene, Goldstein stated that each component of a com-
plete blood count had a wide range of normal values, and 
that interpreting findings just barely different from “normal” 
was unclear. In addition, routine surveillance of even a small 
work force was “likely to find at least one blood count below 
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the statistically normal range.” Also, changes over time could 
also be difficult to address: “A major cause of such a change 
over time can simply be laboratory variability, particularly as 
a small change of such a nature is not of clinical pertinence 
and thus unlikely to be of concern to a routine clinical labora-
tory” (Goldstein, 1988).

In a separate analysis, Goldstein worked with Kipen 
and Cody to examine the blood studies from the Pliofilm 
cohort from 1940 to 1975 and determined that “…benzene 
exposure for the cohort during the 1940s was significantly 
higher than in subsequent years.” However, although they 
observed significant effects on the peripheral blood findings 
at these high levels of exposure in the 1940s, Goldstein et al. 
also found “…that surveillance of blood counts to monitor 
populations of workers exposed to benzene may not readily 
detect cohort effects of exposures in the range of the current 
standard of 1 ppm, as during the 1950s and beyond these 
workers had exposures likely exceeding these values with-
out apparent aggregate depressions in their blood counts” 
(Kipen et al., 1989). Kipen et al. concluded that: “these data 
suggest substantial limitations of hematologic examination of 
populations to detect abnormalities in populations currently 
exposed to benzene” (Kipen et al., 1989).

1990s
In a Monsanto study of the peripheral blood effects from 
chronic low level exposures to benzene, 200 workers with 
exposures to benzene in air ranging from 0.01 to 1.40 ppm as 
an 8-hour TWA were evaluated. The “no effect” level for pro-
ducing blood effects in humans at the time of publication was 
judged to be 25 ppm. Using a multiple regression approach 
to control for the effects of smoking and other possible con-
founding variables, the authors found no effects for benzene 
exposure on any of the main peripheral blood parameters 
(red and white cell counts, hemoglobin, platelet count, and 
MCV) (Collins, 1991).

Rushton performed a mortality analysis of refinery and 
distribution center workers employed for at least one year 
from 1950 to 1975, an update of two prior reports on the 
same population (Rushton, 1993). Consistent with earlier 
findings, overall mortality was significantly less in the 
worker population, felt to be related to a healthy worker 
effect. Total observed deaths from leukemia in both worker 
cohorts were similar to expected numbers. However, 
workers with medium to high exposures were found to 
have twice the risk of developing leukemia compared to 
workers with low exposures. Earlier findings suggesting an 
increased risk of myelofibrosis were not observed in the 
follow-up study.

Paxton and colleagues performed a comprehensive review 
of additional data released and published by NIOSH involv-
ing the Pliofilm cohort (Paxton, 1994). Several observations 
were made:

The absence of additional cases of multiple myeloma in •	
the 1987 update “weakened to nonsignificance” the prior 
published association with benzene exposure.

No increased incidence of solid tumors was observed, •	
going against animal studies that suggested this might 
be an additional toxic endpoint in humans.

The assembled exposure and disease data were felt to be •	
“…consistent with a threshold model for leukemogenesis 
by benzene” (Paxton et al., 1994).

Leukemia deaths in the entire cohort occurred exclu-•	
sively in workers who started employment prior to 1950, 
suggesting that later worker exposures may have differed 
substantially from earlier years.

A more detailed review of exposure data concluded that •	
estimates of leukemia risk reported by Rinsky et al. over-
estimated actual risk by an order of magnitude, and that 
exposure estimates derived by Paustenbach et al. (1992) 
agreed with those of Crump and Allen (1984) attempting 
to identify the minimum lifetime dose that increased the 
leukemia risk.

 Over the next few years, there continued to be analyses of the 
likely exposure of the Pliofilm cohort and, ultimately, the US 
Environmental Protection Agency (EPA) and the American 
Conference of Industrial Hygienists (ACGIH) TLV committee 
fundamentally gave equal consideration to the various expo-
sure estimates and derived a “weight of evidence” approach 
to identify acceptable levels of exposure.

A study involving 19 separate cohorts totaling 208,000 
petroleum workers in the USA and UK was analyzed for the 
incidence of individual leukemia subtypes. The authors did 
not find an increased risk for any leukemia subtype, including 
AML. They hypothesized that this was due to benzene expo-
sure in the petroleum industry being “…substantially lower 
than needed to reach the observed threshold.” This threshold, 
based on data from the Pliofilm cohort, was believed to be at 
least 200 ppm-years by the authors, and possibly as high as 
400–500 ppm-years (Wong and Raabe, 1995).

In 1996, Ward et al. reexamined the blood screening data 
from the Pliofilm cohort in the 1940–1975 time period, using 
Rinsky’s estimates of exposure from 1987. The authors acknowl-
edged the difficulty of their task, since little exposure data were 
available in the 1940–1946 time period, and neither laboratory 
documentation describing any methods used to analyze blood 
samples nor changes in the laboratory routines and instrumen-
tation over time were found. The authors determined that “in 
a group of workers with substantial benzene exposure,” that 
there was evidence for an exposure-response relationship for 
benzene and effects on white blood cell count (WBC), with 
a lesser effect on red blood cells. [The authors estimated that 
maximum daily benzene doses in the worker population were 
34 ppm; however, they did not consider either the exposure 
estimates of this cohort conducted by Crump and Allen (1984) 
or Paustenbach et al. (1992).] No other changes in blood testing 
results were thought to be of significance [Smoking and recent 
infection do not appear to have been considered] (Ward et al., 
1996).

Yin et  al. provided an expanded update for a large 
Chinese worker population initially studied in the late 
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1980s, reporting on about 75,000 benzene-exposed work-
ers and a control population of around 36,000 workers with 
no benzene exposure. The authors found an increased risk 
of myelogenous leukemia in the worker population, par-
ticularly AML, but also CML to a lesser degree (AML risk 
provided the only statistically significant leukemia subtype 
relationship). They also reported elevated increased risks 
for developing acute lymphocytic leukemia (ALL) and 
non-Hodgkin’s lymphoma, but did not find an association 
with Hodgkin’s disease, multiple myeloma or chronic lym-
phocytic leukemia (CLL) (Yin et al., 1996).

Hayes et al. extended the analysis of the Yin et al. cohort to 
include estimates of worker exposures, concluding that work-
ers with relatively low-level chronic exposures to benzene 
(average workplace exposures less than 10 ppm and cumu-
lative exposures less than 40 ppm-years) were at significant 
risk for developing hematologic malignancy. With increasing 
levels of exposure, the authors detected a marginal tendency 
for increased risk for nonlymphocytic leukemia (ANLL) and 
for the combined category of ANLL and myelodysplastic syn-
drome (MDS) (Hayes et al., 1997).

Because their reports have had a measurable impact on 
the perceived health effects of human exposures to benzene 
at fairly low doses, it is worthwhile to note a few aspects of the 
Yin and Hayes et al. studies (conducted in cooperation with 
the National Cancer Institute).

There were no corrections or considerations for multi-1.	
ple or alternative exposures in the worker population. 
According to Wong, 95% of the exposed Chinese work-
ers were also exposed to other chemicals, and only 5% 
described themselves as being exposed only to benzene 
(Wong, 1999).

The exposed population was considerably older, on aver-2.	
age, than the unexposed population with respect to age 
at first employment. Twenty-five percent of the benzene-
exposed group was older than 30 at first employment, 
compared with only 11% of the unexposed group (Yin 
et al., 1996; Hayes et al., 1997).

There were significantly more women in the exposed 3.	
compared with the unexposed group. If, as some have 
opined, women were more susceptible to the effects of 
benzene (Brown et  al., 1998; Duarte-Davidson et  al., 
2001), this sex discrepancy could magnify the effects of 
benzene in the two test populations.

Wong observed that prior to the National Cancer 4.	
Institute (NCI) involvement in the Chinese worker stud-
ies, the investigators did not attempt to measure expo-
sure in the cohort as a whole, but only reported benzene 
measurements in the leukemia cases (Wong, 1999). 
Overall, Wong felt that worker exposures were seriously 
underestimated by NCI and the Chinese Academy of 
Preventive Medicine, and that these estimates had a 
profound impact on the dose-response data reported 
in the Yin, Hayes, and later publications involving this 
cohort (Hayes et al., 2000).

No disease category or combination of disease catego-5.	
ries reported by Hayes et al. demonstrated a consistent 
dose-response trend for cumulative benzene exposure 
and increasing risk of disease (Hayes et al., 1997).

The implicit assumption made by Hayes that MDS rep-6.	
resents an early stage of AML is debatable. Combining 
these two diseases to achieve more statistical signifi-
cance may not be valid, particularly if MDS patients in 
the cohort did not uniformly go on to develop leukemic 
transformation (Hayes et al., 1997).

Both study populations in 7.	 Yin et al. (1996) were noted 
to have much lower all-cause mortality numbers when 
compared to the general population of the region. The 
reasons for significant mortality deficits in the study 
populations were unclear, but the authors suggested 
that this could have been related to diagnostic criteria 
for malignancy in the regions being different from their 
study criteria. Data for local mortality were restricted to 
the 1973–1975 time period, and rates were not available 
for all 12 cities being represented in the study (Yin et al., 
1996; Hayes et al., 1997).

 Because of the concerns raised in the Hayes study, a series of 
additional studies were initiated in China to help deal with 
the shortcomings in their original work. Some of the results 
were presented at the International Conference on Benzene 
held in 2009 (Bird et al., 2010).

In 1996, Rothman et  al. evaluated a subset of patients 
from the Yin and Hayes studies. He looked at 44 workers with 
relatively high exposures to benzene (average of 31 ppm as an 
8-hour TWA) and then compared them to 44 age- and gender-
matched controls, evaluating the two groups in terms of a variety 
of hematologic measurements (Rothman et al., 1996). He found 
that these workers had reduced total white blood cells, plate-
lets, red blood cells, and hematocrit values compared to control 
subjects. For workers who were never exposed above 31 ppm 
on 5 days of sampling (with a median 8-hour TWA exposure 
of 7.6 ppm), only the absolute lymphocyte count (ALC) was 
statistically significantly different compared to controls.

Rothman et al. concluded that the ALC was the most sensi-
tive indicator of benzene-induced toxicity to the bone mar-
row in the population studied, particularly at the lower levels 
of exposure (less than 31 ppm). It was noted that: “Individual 
benzene air levels in these factories were much higher than 
we had expected to find, based on historical monitoring 
data.” As a result of improved occupational standards and 
workplace practices over the prior few decades, the authors 
opined that: “exposure patterns in the three factories evalu-
ated in this study are not representative of general exposure 
patterns in China today” (Rothman et al., 1996).

A cohort study of 19,000 service station workers in Nordic 
countries exposed to low levels of airborne benzene did not 
find an increased risk for leukemia, nor for acute myelogenous 
leukemia specifically. Average exposures were estimated to be 
less than 1 mg/m3 (approximately 0.3 ppm) (Lynge, 1997).

In 1999, Khuder conducted a study of 105 petroleum 
workers exposed to low levels of benzene over an 18-year 
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period. He suggested that “CBC values” could serve as a 
useful tool to monitor workers. In 3855 total complete blood 
count (CBC) records, the means, medians, and the majority 
of the CBC results were within the normal ranges provided 
by the laboratories. None of the individual CBC parameters 
studied had a mean for any year of the period studied that 
was outside of the normal reference range, and none of the 
individual CBC parameters was correlated with the degree of 
benzene exposure. The average TWA exposure for the work-
ers studied was 0.81 ppm. It was concluded that “whether 
chronic, low-level benzene exposure can affect the RBC 
count, hemoglobin, MCV and platelet count values cannot 
be stated conclusively in the study presented here. However, 
our findings are consistent with the existence of a threshold 
for hematological insult…. It is possible that higher levels of 
exposure are needed in order to show any effect on the WBC 
or RBC counts” (Khuder et al., 1999).

Goldstein, in a letter to the editor to the publishing jour-
nal, Journal of Occupational and Environmental Medicine, 
took issue with the Khuder et al.’s conclusion of the value of 
CBC results in monitoring low-level exposures to benzene 
(Goldstein and Cody, 2000). In particular, he pointed out 
that “…the finding of small but statistically significant effects 
within the normal range over a 17 year period may simply 
be due to aging of the cohort. It is generally accepted that 
in men, red cell parameters decline with age beginning at 
approximately age 30.” The study also had the curious finding 
of a decrease in the MCV, contrary to what has been normally 
noted in animals and humans subjected to benzene exposure. 
The authors did not employ a control group for comparison, 
and Goldstein and Cody noted that none of the individual 
CBC components showed any relationship to benzene expo-
sure, making the value of the testing, particularly for low-level 
exposures, seem questionable.

A small nested case-control study on Canadian petroleum 
distribution workers who experienced long-term, low-level 
exposures to benzene was reported in a 1996 paper by 
researchers at Exxon (Schnatter et  al., 1996). The authors 
stated that in workers with daily exposures (8-hour TWA) 
to benzene ranging from 0.01 to 6.2 ppm that there was 
no observed increased risk for developing leukemia with 
increasing cumulative exposures. Reflecting on their study 
and three previous epidemiologic studies with lifetime expo-
sures under 100 ppm-years (Bond et al., 1986; Paxton et al., 
1994; Wong, 1987) the risks for all types of leukemia were 
“…approximately evenly distributed around 1.0” (Schnatter 
et al., 1996).

A similar study of petroleum distribution workers by 
Rushton and Romaniuk concluded that there was no associa-
tion between benzene exposure and lymphocytic leukemias, 
acute or chronic. There was the suggestion of an association 
with myeloid forms of leukemia, but the findings did not dis-
play a consistent dose-response, with zero cases reported in 
the highest category of exposure (≥45 ppm-years). The authors 
observed that over 80% of the workers had less than 5 ppm-
years of benzene exposure, making estimates for risks above 10 
ppm-years highly imprecise (Rushton and Romaniuk, 1997).

2000 to the present
Scientific advances in toxicogenomics and molecular biology 
have enabled an increasingly detailed perspective regarding 
proposed mechanisms of benzene-related disease, “precur-
sor” stages to malignancy, and suggested factors (genetic, 
environmental, dietary, etc.) that could result in an increased 
predisposition for malignant hematopoietic disease. Although 
scientific disciplines have made use of an array of greatly 
improved tools to study the health effects of benzene over 
the last 10 years, we unfortunately are still searching for a 
clear understanding of the mechanisms underlying leuke-
mic transformation related to benzene exposure (Mondrala 
and Eastmond, 2010; Laskin et al., 2000; Kalf, 2000; Irons, 
2000; Larson, 2000; French and Saulnier, 2000). The specific 
lifetime cumulative doses of benzene over time leading to a 
heightened risk for disease also remain uncertain, although 
studies seem to have narrowed the likely threshold dose to 
somewhere between 40 and 400 ppm-years; a surprisingly 
wide range in light of nearly 100 years of study.

Reflecting this uncertainty, Ross noted in a comprehen-
sive toxicologic review of benzene toxicity that “there is no 
conclusive evidence for a single metabolite or combination 
of metabolites as being responsible for benzene toxicity.” 
Benzene was accepted as being an inducer of aplastic ane-
mia, myelodysplasia, and acute myeloid leukemia following 
chronic exposures, but other diseases of the bone marrow 
were not identified as having an association with benzene 
(Ross, 2000; Gross et  al., 2010; Irons et  al., 2010; Ross and 
Zhou, 2010).

The issue of disease latency for benzene exposure and its 
association with future malignant disease has been a topic of 
discussion for a number of years. For example, Finkelstein, 
in a review of original data from the Pliofilm cohort, found 
that the greatest risk for developing leukemia was related to 
benzene exposures sustained in the 10 years prior to diag-
nosis, with exposures more than 15 years from diagnosis not 
being significantly different from matched unexposed con-
trols (Finkelstein, 2000). This observation was later reinforced 
in the Rinsky update of this cohort reported in 2002 (Rinsky 
et al., 2002).

Glass also commented on the question of latency, conclud-
ing from her review of the Health Watch data that “benzene-
induced leukemia can be restricted to the period up to 15 
years prior to diagnosis” (Glass et al., 2004). More recently, 
Richardson performed another review of mortality data from 
the Pliofilm study, determining that the association between 
benzene exposure and leukemia mortality was strongest in 
the 10 years immediately following exposure, was weaker in 
the 10–20-year period, and that there was “…no evidence of 
association 20 or more years after exposure” (Richardson, 
2008).

In the last 10 years, several refinery studies have been pub-
lished, addressing the question of increased mortality from 
leukemia and other hematologic malignancies. In 2001, a 
comprehensive cohort mortality study of over 3000 employ-
ees from a petroleum refinery over the period from 1959 to 
1997 did not find any increased mortality from leukemia or 
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any of its subtypes in all workers, or in the subgroups of main-
tenance workers or process workers. Duration of employment 
was used as a surrogate for worker exposures, as insufficient 
exposure data were available to construct quantitative expo-
sure indices (Wong et al., 2001).

In 2003, a cohort mortality study of over 25,000 Canadian 
petroleum workers hired between 1964 and 1994 did not find 
any evidence of increased mortality from leukemia, lym-
phoma, or other lymphohematopoietic malignancies. Again, 
length of employment was used to estimate lifetime expo-
sures, and “similar exposure group” (SEG) codes were used to 
categorize workers by location, department, job description, 
and dates of employment. The SEG codes contained estimates 
of likely exposure constructed by an industrial hygienist using 
available pertinent data (Lewis et al., 2003).

The Australian Health Watch study of petroleum industry 
employees has provided two reports in this decade. In 2001, 
it was reported that there was an increased incidence of mul-
tiple myeloma, as well as a statistically significant increase in 
the incidence of “all leukemias combined.” If these results had 
been confirmed, because they were associated with fairly low 
doses, they would have been important. The authors noted, 
however, that “…the combining of all leukaemias into a single 
‘leukemia’ entity is somewhat arbitrary, since their differing 
occurrence and natural histories suggest that they are prob-
ably different diseases” (Gun et al., 2000). Leukemia mortality 
in the cohort was slightly but not significantly elevated, with 
an overall leukemia mortality ratio of 1.16 (confidence inter-
val [CI] = 0.66–1.18). Numbers of the individual leukemia sub-
types were not provided (Gun et al., 2000). Total hydrocarbon 
exposure was estimated from employee job codes, ranked 
by a committee of industrial hygienists into seven categories 
of exposure; uncoded jobs were assigned an intermediate 
“default” category of exposure.

In the latest 2005 Health Watch update, the previously 
reported leukemia excess in the cohort disappeared (Gun 
et  al., 2005). Neither total leukemia incidence, nor total 
leukemia mortality were appreciably elevated (1.07 stand-
ardized incidence ratio [SIR] and 0.99 SMR, respectively). 
Interestingly, chronic forms of leukemia were observed more 
frequently than acute forms, at variance with previous studies 
that have evaluated chronic exposures to benzene. This find-
ing is not unexpected given the lack of statistically significant 
differences observed in the first study. Furthermore, neither 
duration of employment nor magnitude of benzene exposure 
appeared to be related to leukemia incidence. The authors 
acknowledged that “…only acute ANLL is likely to be causally 
related to benzene exposure,” while noting that there was no 
excess of ANLL in the cohort compared to the general popu-
lation. Low-dose exposures leading to disease were also not 
seen, as there were no cases of ANLL seen in the three lowest 
occupational exposure categories described by the authors 
(Gun et al., 2005).

After the publication of the Health Watch 2001 update, 
Glass et  al. (2003) published the results of a nested case-
control study, finding that leukemia risk was increased at 
cumulative lifetime benzene doses of just 2 ppm-years or 

more. They stated that their data did not provide any evi-
dence of an exposure threshold for developing hematopoietic 
malignancy, and did not find any association with NHL or 
MM (Glass et  al., 2003). In a letter to the editor, Schnatter 
suggested that there was an unusually low rate of leukemia 
in the control population, and that the relative risk numbers 
reported by the authors were uncharacteristically high when 
compared with similar case-control studies involving ben-
zene, even “higher than those found in more highly exposed 
cohorts used in risk assessments” (Schnatter, 2004).

Goldstein also pointed out that a substantial number of 
the leukemia cases reported by Glass were of the chronic 
lymphatic leukemia subtype, “a disease that has not been 
shown conclusively to be caused by benzene” (Goldstein, 
2004). Specifically, Glass reported 17 chronic leukemias, and 
11 cases of AML (Glass et al., 2003). Goldstein suggested that 
surveillance bias, or testing the case population of exposed 
workers more than the unexposed control population, could 
have led to preferential case discovery, and could explain the 
“…unusually low levels of benzene exposure associated with 
leukemia” (Goldstein, 2004).

Despite the lack of association for leukemia with benzene 
exposure in the 2005 Health Watch Report, Glass et al. (2006) 
found that low-dose benzene exposure was related to the 
incidence of other forms of leukemia. In a reanalysis of their 
2003 study, they acknowledged the problems with their origi-
nal reference group and combined their two lowest exposure 
groups to serve as a comparison for their “heavy” exposure 
group. This new comparison changed their odds ratio from 
98 in the original study to 51.9, which then dropped to 7.8 
when they accounted for exposures related to “high expo-
sure events,” or industrial accidents/spills that were judged to 
have been relevant for individual job types (Glass et al., 2006). 
Leukemia subtype incidence was also calculated for various 
exposure subgroups, combining the three lowest exposure 
groups and the two highest exposure groups into “low” and 
“high” categories due to small numbers of cases. Glass et al. 
reported a single statistically significant finding; an increased 
risk of ANLL in workers with exposures >8 ppm-years. They 
noted difficulty in comparing their findings to other epide-
miologic studies involving benzene exposure, which had 
primarily been based on mortality, not incidence (Glass et al., 
2006). Interestingly, the latest Health Watch Report (the par-
ent population for the Glass et al. nested case-control study) 
found no cases of AML diagnosed in the lowest three (of 
seven) job exposure categories, ordered by total hydrocar-
bon exposures. Leukemia incidence was also not statistically 
different from the general population with an SIR of 1.06 (CI 
0.53–1.90) (Gun et al., 2005).

A small study of shoe factory workers in Italy found increas-
ing leukemia mortality risk with increasing cumulative ben-
zene exposure (Costantini et al., 2003). Their results, however, 
are difficult to assess, as exposures to benzene were noted 
by the authors to be reduced to zero after 1965 and more 
than half of the deaths from “hematolymphopoietic cancer” 
occurred after 1985, more than 20 years after there was no 
further benzene exposures at the plant. Leukemia subtype 
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analysis showed that there was only one case of “acute 
leukemia” and one case of “acute myelogenous leukemia” in 
these post-1985 cases, and eight cases of non-ANLL subtypes 
(including three cases of multiple myeloma and two cases of 
NHL). Thus, the frequency of diseases traditionally associ-
ated with heavy chronic exposures to benzene was drasti-
cally reduced after cessation of benzene exposure, and the 
bundling by the authors of diseases into a combined “blood 
malignancy” category is of unclear value in understanding 
the contribution of benzene to mortality in these workers.

In 2002, Rinsky et  al. provided another update on the 
disease incidence in the Pliofilm cohort (Rinsky et al., 2002). 
Five additional benzene-exposed workers were found to have 
died from leukemia, but a careful examination of the cohort 
revealed that the relative risk of leukemia from chronic ben-
zene exposures clearly diminished over time. Whereas earlier 
studies of these workers suggested an increased risk for MM, 
the 2002 update largely reversed these findings. There were 
four additional cases of multiple myeloma described: three 
of which were judged to be in workers without exposure 
to benzene; the last was exposed for only a month, with a 
cumulative benzene exposure of just 0.10 ppm-years. Latency 
issues were also problematic in this update, as 6 of the 15 
deaths from leukemia occurred more than 30 years after the 
worker’s first exposure to benzene, a result that is generally 
considered to be well outside the expected latency period for 
benzene and leukemia. Thus, for 40% of the Pliofilm leukemia 
cases, benzene exposures at the plant were unlikely to have 
played any significant role in their disease, particularly for 
workers with excessive disease latency who were employed 
less than a year at the facility.

An updated mortality study of petrochemical workers at 
two California refineries found that there were no significant 
increases in mortality from leukemia overall, or from any 
individual subtype. Multiple myeloma, however, was sig-
nificantly increased, but only in workers who started employ-
ment before 1949 (Satin et al., 2002).

In 2002, occupational exposures to benzene in gas and 
electric utility workers in France were evaluated, under the 
assumption that exposures to petroleum solvents would 
entail exposure to benzene as a component of those sol-
vents (Guenel, 2002). They found that the risk of leukemia 
was increased “…only among workers with first exposure 
to benzene before 1960,” but even this subgroup did not 
achieve statistical significance. There were very few cases in 
this study, and the only association that did achieve statistical 
significance was the finding of an increased rate of “all acute 
leukemias,” combining myeloid and lymphocytic subtypes, 
at the highest level of exposure in the cohort. The authors 
stated that “no association with a particular leukemia cell 
type was apparent.” Contrary to the findings of most other 
epidemiologic studies involving benzene, they found that 
leukemia seemed to be more associated with benzene expo-
sures “…after allowing for a 10–20 years latency period, i.e., 
with distant past exposures.”

Peripheral blood hematologic effects from benzene expo-
sures in Chinese workers were studied, finding that depressions 

in red and white blood cell counts seemed to correlate with lev-
els of benzene exposure (Qu et al., 2002). However, contrary to 
the findings of Rothman et al. (1996), the authors reported that 
neutrophil counts were more sensitive to benzene effects than 
lymphocyte counts, with little effect from exposure duration. 
Mean neutrophil counts also displayed an opposite trend with 
benzene exposure intensity, increasing in number from the 
lowest exposure group to the next two groupings of cumulative 
exposure, then decreasing in the highest mean exposure group. 
This study used a relatively small control group (51 unexposed 
subjects and 130 exposed workers), and exposures to other 
chemicals, as well as prior smoking and occupational histories 
were not well described.

A study of hematologic parameters in petrochemical work-
ers with benzene exposure was conducted, looking at six 
separate complete blood count measurements. The authors 
found that there was no increased incidence of any blood 
component abnormality among exposed employees. Mean 
exposures were reported to be 0.60 ppm in the 1977–1988 time 
frame, and 0.14 ppm in the 1988–2002 time frame. The study 
was limited by not having individual exposure data, nor did 
it evaluate possible confounding variables, such as personal 
lifestyle or other chemical exposures (Tsai et al., 2004).

In another study of 250 Chinese workers published in the 
same year, it was found that exposures to less than 1 ppm 
of benzene in air could give rise to reductions in several 
white blood cell parameters and platelets (Lan et al., 2004). 
However, there were several potential problems with this 
study:

There were substantially more smokers, both numeri-•	
cally and proportionately, in the control group compared 
with the study groups. This difference was most notable 
in the lowest benzene exposure group (28% smokers in 
control group, 18% smokers in exposure group).

There were no data provided on past smoking behav-•	
ior in the study participants. The effects of cigarette 
smoking can linger for years, and the degree of former 
usage in subjects who may have recently quit could be 
important.

“…a significant residual smoking effect on white blood 
cell count after quitting smoking was observed in our 
follow-up of 6.5 years” (Sunyer et al., 1996).

“It is possible that the association of smoking with the 
leukocyte count persists because ex-smokers have 
bronchial inflammation that declines gradually with 
time since quitting” (Petitti and Kipp, 1986).

Control subjects were noted to have the highest inci-•	
dence of “recent infection” of any of the study groups. 
Consistent with this, the standard deviation of the total 
white blood count in control subjects was reported to be 
substantially greater than that reported for the low and 
high exposure groups. These observations could indicate 
that a few control subjects were ill, leading to elevations 
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in their WBC counts and a larger SD for the control 
group, which might have impacted the study findings.

Pregnancy status and use of oral contraceptives, in a •	
study population that was predominantly female (about 
2/3 of subjects) were not controlled for, which may have 
led to systematic bias from failing to consider these 
potentially confounding variables (Fisch and Freedman, 
1975; Dodsworth et al., 1981).

 Of note, comparison of the low and intermediate benzene 
exposure groups revealed that a substantial proportion of the 
hematologic parameters studied (total WBC, granulocytes, 
CD8 T cells, natural killer (NK) T cells, monocyte counts, 
and lymphocyte counts) increased or stayed the same with a 
5-fold mean increase in benzene exposure, results that coun-
tered the overall trend described by the authors.

In 2004, a cohort mortality study of 2266 chemical work-
ers exposed to benzene since 1935, a mild increase in total 
leukemia was noted (SMR = 1.14) as well as a slight increase 
in ANLL (SMR = 1.11). The magnitude of risk appeared to 
increase with higher cumulative exposure to benzene, but 
did not seem to be related to intensity of exposure. Exposures 
below approximately 30 ppm-years were not seen to result 
in an increased risk for ANLL or total leukemia (Bloemen 
et al., 2004).

A detailed review of case-control and cohort studies of 
benzene-exposed workers was performed by Schnatter et al. 
(2005), characterizing these according to industry focus, 
presence and adequacy of exposure assessment, presence of 
leukemia subtype determination, and quality of controlling 
for potential confounding variables. The authors concluded 
that there was a consistent finding of increased risk for AML 
with benzene exposure across the studies they reviewed, a 
relationship that seemed to be more significant with increas-
ing study quality. This relationship did not hold for any other 
leukemia subtype. Instead, sporadic and inconsistent asso-
ciations were described for other forms of leukemia, although 
the authors noted that sparse data, particularly for ALL, pre-
cluded more definitive conclusions.

A broad review of occupational exposures and their rela-
tionship to hematologic cancers was provided by research-
ers in France in 2005. Radiation exposure and “high daily 
exposure to benzene (more than 10 ppm)” were described as 
being strongly associated with AML. “Cohort studies of work-
ers in the petroleum, gas and electricity industries have not 
shown any significant excess risk of other types of leukemia, 
and in particular of chronic myeloid leukemia.” The authors 
also concluded that there was insufficient evidence to claim 
a causal association for benzene exposure and either NHL or 
multiple myeloma (Descatha et al., 2005).

In 2005, Sorahan reported on a large cohort of over 5500 
benzene-exposed workers in England and Wales prior to 
1967. Acute nonlymphocytic leukemia (ANLL; often used 
interchangeably with AML, but is a bit more inclusive a term) 
was found with an increased frequency that was not statisti-
cally significant; all other forms of leukemia were not found 
in excess. Though the study had a relatively small number of 

cases, the authors concluded: “…this study does not support 
claims that exposure to benzene affects risks for lymphohae-
matopoietic malignancies other than ANLL” (Sorahan, 2005). 
Exposure data for individual cases were not available.

A small cohort of 311 Dutch nylon workers exposed to 
rather high cumulative doses of benzene (average of 159 
ppm-years) from 1951 to 1968 was studied up to 2001 to 
evaluate the risk of leukemia. The authors concluded there 
was “No excess leukemia despite substantial exposure to ben-
zene” (Swaen et al., 2005). They further opined that despite 
the small sample size (only 311 workers were followed), 
their findings supported the notion that leukemia risk from 
benzene likely had a threshold of exposure that needed to be 
surpassed prior to generating an increased risk of developing 
leukemia. They reported an SMR of 85.6, with a very wide CI 
of 1.1 to 433.

In an update of North American synthetic rubber work-
ers, researchers found a slightly increased incidence of total 
leukemia (SMR = 116), mostly in long-term hourly workers. 
The study included employees from any of eight synthetic 
rubber plants who worked for at least one  year prior to 1992, 
and used work histories to classify individual into various 
occupational subgroups. Workers were exposed to a wide 
variety of chemicals, but no exposure data were presented, 
and the excess of leukemia seemed to be concentrated in 
workers hired in the 1950s. Leukemia subtype information 
was absent in 28% of the cases. The authors stated it was dif-
ficult to make definitive statements about risks for individual 
leukemia subtypes due to the small numbers of cases, lack 
of information on nonoccupational variables (such as smok-
ing, diet, weight), and relatively small overall increased risk 
(Sathiakumar et al., 2005).

A review of occupational benzene exposures at a chemical 
manufacturing facility by Williams and Paustenbach looked at 
3700 air samples of benzene across a variety of job categories 
and plant locations (Williams and Paustenbach, 2005). These 
represented personal worker sampling, area TWA measure-
ments, and short-term area measurements. The authors con-
cluded that chemical operators in the facility sustained daily 
TWA benzene exposures of about 2.0 ppm from 1976 to 1981 
and 1.0 ppm from 1982 to 1987. The results supported a long 
held belief that in the major corporation, since about 1955, 
airborne concentrations of benzene have tended to decrease 
over time, consistent with the changes in either the ACGIH 
TLVs or OSHA PELs (as originally proposed by Crump and 
Allen in 1984) (Williams and Paustenbach, 2005). No health 
effects were evaluated.

In 2007, Natelson provided a review of benzene and acute 
myeloid leukemia from a clinical perspective. He studied 
benzene dose and latency issues, discussed mechanisms 
of disease, chromosomal studies, and certain occupational 
cohorts. He concluded that in developed countries, due to 
improved industrial hygiene and reduced exposures to work-
ers, AML was not likely to occur as a result of benzene expo-
sure in modern petrochemical facilities (Natelson, 2007b).

Tsai et  al. (2007) performed a cohort mortality study of 
10,621 employees in the petroleum refining industry who were 
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employed between 1948 and 2003. No statistically significant 
increase of overall leukemia or any leukemia subtype was 
discovered. In workers with 20 or more years of employment, 
there were seven cases of ANLL observed, compared with six 
expected, resulting in an SMR of 1.20. The authors opined that 
their results were consistent with the notion that benzene 
exposures in the past at the facility were too low to result in 
an increase in ANLL or AML (Tsai et al., 2007).

Which hematopoietic diseases are associated with 
benzene?
Benzene exposure and acute myelogenous leukemia 
(AML)
Acute myelogenous leukemia, acute myeloid leukemia, and 
acute nonlymphocytic leukemia are terms frequently used in 
the literature to describe a group of hematopoietic diseases of 
acute onset that are distinct from those with lymphocytic ori-
gins. Most frequently, the malignant cell type is a myeloblast, 
or predifferentiated monocyte or myelocyte. In about 5–10% 
of cases, however, the condition involves erythroblasts (pred-
ifferentiated red blood cells) or megakaryoblasts (cells that 
eventually differentiate to produce platelets) (List et al., 2004). 
These cell types are contained within the French-American-
British (FAB) classification as M6 and M7 leukemias. There 
were 13,300 new cases of AML expected in the United States 
in 2008, with over nine out of ten cases occurring in adults 
(American Cancer Society [ACS], 2008a). Of all the claims 
about the chronic hazards of exposure to benzene, the weight 
of evidence from the epidemiology literature is that AML is the 
only leukemia clearly shown to be elevated. Many government 
health agencies have weighed in on the relationship between 
benzene and future risk of developing AML.

“Epidemiological studies and case reports provide clear 
evidence of a causal relationship between occupational 
exposure to benzene and benzene-containing solvents 
and the occurrence of acute myelogenous leukemia 
(AML)” (ATDSR, 2007).

“Epidemiological studies of benzene-exposed workers 
have demonstrated a causal relationship between ben-
zene exposure and the production of myelogenous leu-
kaemia. A relationship between benzene exposure and 
the production of lymphoma and multiple myeloma 
remains to be clarified” (WHO, 1993).

“The strongest epidemiological evidence that benzene 
causes cancer is from several cohort studies in various 
industries and geographical locations, which found that 
occupational exposure to benzene increased the risk of 
mortality from leukemia (mainly acute myelogenous 
leukemia)” (NTP, 2005).

“There is sufficient scientific evidence from the numer-
ous human epidemiological studies to assume a causal 

relationship between benzene exposure and acute 
non-lymphatic leukaemia” [Multiple myeloma and 
NHL were specifically excluded from this relationship] 
(ECB, 2007).

The NCI study reported a minimally statistically significant 
increased risk of ANLL with a relative risk (RR) of 3.0 (95% 
CI 1.0–8.9). However, the data did not demonstrate a con-
sistent increased risk of malignancy with increasing expo-
sure duration or cumulative exposure. Combining ANLL 
and MDS cases into a single disease category resulted in a 
stronger association with benzene exposure (RR of 4.1, 95% 
CI 1.4–11.6) (Hayes et al., 1997).

The Pliofilm cohort provided a broad range of worker 
exposures to benzene and, unlike many other industrial 
cohorts, had few other confounding chemical exposures. 
The initial published study for the Pliofilm cohort occurred 
in 1977, and reported a 10-fold risk of dying from “…myel-
ogenous and monocytic leukemia” (Infante et al., 1977). In 
1987, Rinsky et al. reported a standardized mortality ratio of 
3.37 for all leukemias in the entire population, with workers 
having less than 40 ppm-years of exposure not observed to 
have any measurably increased risk. Workers at higher levels 
of exposure did demonstrate an increased mortality trend 
for leukemia, with the highest exposure group (more than  
400 ppm-years) being 66 times more likely to die from leuke-
mia than control subjects. Rinsky’s follow-up study, reported 
in 2002, showed that the leukemia risk diminished over time, 
falling to an aggregate SMR of 2.56 for all leukemias in the 
population (Rinsky, 2002). Of the 17 leukemias reported in 
the history of the Pliofilm study, 14 were myeloid and only 
one was lymphoid. Two cases were unspecified.

McCraw et  al. described a retrospective mortality study 
of white males at an oil refinery in Illinois, finding a statis-
tically significant excess of deaths due to leukemia, chiefly 
AML (McCraw et al., 1985). A subsequent case-control study 
showed that cases were not exposed to more benzene com-
pared to controls, and the reasons for the excess leukemia 
could not be identified (Austin et al., 1986).

Sathiakumar et al. described a positive association between 
oil and gas field work and AML, with a trend of increasing 
risk with increasing duration of employment (Sathiakumar 
et  al., 1995). Kirkeleit et  al. examined hematologic disease 
incidence and mortality statistics for upstream petroleum 
workers in Norway from 1981 to 2003, reporting a signifi-
cantly increased risk of developing AML (RR = 2.89, 95% CI: 
1.25–6.67), particularly for workers employed earlier in the 
study period (Kirkeleit et al., 2008).

In contrast to these studies, many other occupational 
studies of chemical workers and petroleum industry work-
ers in the United States and Canada (Bloemen, 2004; Wong 
and Raabe, 1995; Wong and Raabe, 2000; Tsai et  al., 2004; 
Swaen et al., 2005; Satin et al., 2002; Lewis et al., 2003) have 
not shown statistically significant increases in the rates of any 
lymphohematopoietic malignancies, including all leukemias 
and AML looked at as separate categories of disease. These 
findings might be partially explained by the level of worker 



Benzene and human health    17

exposures in these industries likely being considerably 
less than those experienced by the Pliofilm cohort, worker 
populations studied in China, and the upstream petroleum 
industry.

Regulatory agencies and various scientific bodies are in 
agreement that significant exposure to benzene (in excess 
of 40 ppm-years) results in an increased risk for myeloid 
forms of leukemia, chiefly AML. It is difficult to define the 
exact dose-response relationship for humans, since there are 
clearly differences in interindividual susceptibility. The World 
Health Organization (WHO) appears to agree with the early 
Rinsky findings, that exposure to 1 ppm as a time-weighted 
average exposure to benzene over a 40-year working career 
(40 ppm-years) has not been associated “with any increased 
deaths from leukemia” (WHO, 1993).

There is an ongoing debate regarding the level of cumu-
lative exposure to benzene that might represent a disease 
threshold for developing AML (Rushton and Romaniuk, 1997; 
Schnatter et  al., 1996; Williams et  al., 2008; Johnson et  al., 
2009). Some scientists believe that there are data suggesting 
that some risk of various effects on the blood, including AML, 
exists at very low doses and they point to the Lan et al. (2004) 
study, which reported peripheral blood effects at workplace 
benzene concentrations of less than 1 ppm (assuming life-
time exposure for 8 hours/day, 5 days/week). If benzene at 
these low doses impacts peripheral blood cell counts, then 
one might conclude that benzene could be having an effect 
on the bone marrow.

Although evaluating peripheral blood progenitor cells may 
be the least invasive method of evaluating more immature 
components of the blood, it cannot be assumed to reflect 
what is occurring at the level of the bone marrow in an 
occupationally exposed individual, particularly at very low 
doses. In other words, demonstration of impaired function 
in a peripheral blood cell cannot be assumed to reflect cel-
lular damage or abnormalities in other body compartments, 
nor has it been shown whether these possible changes have 
prognostic significance for any acute or chronic disease proc-
ess (Stockstad, 2004).

The Glass nested case-control study of Australian petro-
chemical workers (Glass et al., 2003) also reported that very 
low level exposures could lead to leukemia, far below what 
was previously believed. As we noted earlier, however, this 
study does not provide enough information to establish 
a solid foundation regarding benzene risks at low doses of 
exposure. For example, a substantial fraction of their cases 
were chronic leukemias, both CLL and CML, diseases that 
have historically had less compelling associations with ben-
zene exposure (and are classified in different categories of 
disease by the WHO) (Glass et al., 2003; Swerdlow et al., 2008). 
Addressing “all leukemias” as a single entity is a problematic 
epidemiological approach when seeking to understand the 
malignant potential of benzene, due to the significant differ-
ences in these various hematopoietic diseases. Attempts to 
characterize subgroups of leukemia (such as ANLL) in their 
study were hampered by low case numbers, leading to risk 
estimates with very poor precision, and cases of leukemia 

were supported by histologic confirmation of disease in only 
half of the cases cited. The very low rates of leukemia in the 
control population used also are suspect, as pointed out by 
Schnatter (Schnatter, 2004).

Some researchers have suggested that the metabolism of 
benzene may differ at low concentrations of exposure com-
pared to higher levels. That is, some researchers have sug-
gested that different metabolites are formed at different rates 
at different doses. Kim et al., for example, reported that indi-
viduals exposed to airborne benzene concentrations of less 
than 0.1 ppm metabolized benzene about nine times more 
efficiently than heavily exposed workers. They concluded 
that the health risks of low and very low exposures may be 
underestimated by toxicokinetic models currently in use, 
particularly for exposures less than 3 ppm (Kim et al., 2006). 
Rappaport has recently expressed the belief that there are, 
in fact, multiple enzymatic pathways for benzene metabo-
lism: a low concentration enzyme, or “high-affinity” enzyme, 
operant at low levels of exposure, and a high concentration 
enzyme, or “low-affinity” enzyme. The “high-affinity” enzyme 
he believes to be more likely to generate toxic metabolites 
compared with the “low-affinity” enzyme (Rappaport et al., 
2010).

Various genetic polymorphisms of genes involved in ben-
zene metabolism have been proposed as biomarkers to iden-
tify members of the population who may be at increased (or 
decreased) risk of developing adverse biologic effects follow-
ing benzene exposure (Ross and Zhou, 2010). Understanding 
the various permutations of these genetic polymorphisms in 
a given population, and how they might affect individual sus-
ceptibility, however, is an extremely complex task, but may 
well deliver considerable benefits for our understanding of 
the intricacies of benzene-related disease susceptibility. An 
excellent review of this topic has been provided recently by 
Dougherty et al. (Dougherty et al., 2008).

Back in the early 1980s, in an attempt to break the stale-
mate that had occurred between the various stakehold-
ers (e.g., regulatory agencies, the regulated community, 
nongovernmental organizations [NGOs], and academics) 
involved in drafting legislation regarding carcinogens, the 
term “practical threshold” was offered. This term seems to 
be particularly appropriate for benzene. For purposes of this 
discussion, a practical threshold represents a risk that is too 
small to be measured in an epidemiology study or toxicology 
study. In short, one cannot rule out that a particularly sus-
ceptible person in a very large population might not develop 
a particular disease, but that the risks are so low that they 
cannot be accurately quantified. In many cases, there may 
actually be no increased risk at a particular level of exposure, 
but science is unable to determine an answer one way or the 
other. This concept was recently discussed by the Canadian 
Science Advisory Panel, which was asked to evaluate the risk 
of mesothelioma associated with exposure to low concen-
trations of chrysotile asbestos (Health Canada, 2009). They 
noted that it would be very difficult to show that there were 
or were not health risks associated with doses that seemed to 
produce risks of less than 1 in 10,000 in human populations.
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A substantial fraction of toxicologists support the notion 
that there is a safe dose for virtually all substances, even geno-
toxic carcinogens (Scott, 2008; Waddell, 2006; Hooker et al., 
2004; Weisburger, 2001), which aligns with the views of the 
ACGIH and the OSHA, the two bodies providing the predomi-
nant leadership in the United States regarding tolerable or 
acceptable exposures of worker’s to airborne chemicals.

Studies of human DNA repair mechanisms have shown 
that the various repair pathways are impressively efficient at 
identifying and repairing mutations (Hartwig, 2010; Wogan 
et al., 2004). These mechanisms are responsible for identify-
ing and repairing millions of DNA mutations every day in 
each of us. Virtually all of these mutations occur in the con-
text of the biochemistry of everyday life (Ames et al., 2000). 
Most persons are exposed to benzene and other carcinogens 
on a daily basis as a result of smoking, environmental tobacco 
smoke, gasoline, emissions from vehicles, and industrial 
emissions. Beyond that, a certain proportion of the reactive 
metabolites associated with exposure to industrial chemicals 
are produced naturally in the body or result from normal 
dietary sources (e.g., phenol, hydroquinone, etc.) (Medinsky 
et al., 1995; MacDonald et al., 1994; Ames et al., 2000). For 
example, a glass of “citrus punch” may contain up to 3–5 μg 
of benzene (US FDA, 2007), and many components of our 
diet are known to contribute to our body burdens for ben-
zene and other chemicals of concern (EFSA, 2005; US FDA, 
2007; Binner et al., 2007). The total daily intake of inhaled 
benzene for the average nonsmoking person in Western 
society is about 200 μg per day (Wallace, 1996a, 1996b). We 
believe, based upon an appreciation of background levels 
of environmental and dietary exposures, that there exists a 
daily and lifetime dose of benzene that is sufficiently small 
so as to not increase the risk of adverse effects for virtually 
everyone in our society, what would generally be termed 
a “safe” dose. This dose represents a level of exposure that 
would not represent a level of concern to warrant regulatory 
or other protective action (Travis and Arms, 1987; Wilson 
et al., 1987; Capleton and Levy, 2005).

A very interesting perspective on the evolving concept of 
disease thresholds was recently shared at the recent Benzene 
2009 conference in Munich. Dr. Zarbl cited the example of 
the changing definition of “no residue” requirements for vari-
ous pesticides and other chemicals by regulatory authorities 
resulting from improvements in analytical capabilities to 
measure smaller and smaller chemical quantities over the 
years (Zarbl, 2010). He felt that society could well be on the 
verge of a similar shift in the area of environmental toxicol-
ogy, this time fueled by major advances in toxicogenom-
ics. Instead of calculating or estimating allowable levels of 
chemicals by relying upon “no observed adverse effect levels” 
(NOAELs) in animal and/or human studies, the concept of 
a NOTEL was suggested, or a “no observed transcriptional 
effect level.” This approach might eliminate the urge to rely 
upon various low-dose cancer models for estimating the risk 
at very, very low doses (Zarbl, 2010).

The issue of childhood leukemias and their possible 
relationship to environmental benzene exposure was also 

recently explored. Following a comprehensive review of 
case-control and cohort studies, it was concluded that there 
is insufficient epidemiologic support for such a relationship, 
and that the literature to date has been characterized by a 
lack of exposure data, and the frequent failure to separate 
out cases of childhood AML from ALL. A wide variety of con-
founding variables were also discussed by the authors (Pyatt 
and Hays, 2010).

Wong et al. (2010a) reported on the findings of a hospi-
tal-based case-control study for the development of AML 
in Shanghai, China, as part of the Shanghai Health Study. 
Environmental and occupational risk factors, including 
benzene exposures, were evaluated for their potential risk 
contribution for workers developing AML or AML subtypes 
as classified by WHO. The authors provided the results of 
univariate and multivariate analyses based on worker expo-
sures to specific chemicals and provided risk calculations for 
various occupational and industrial worker categories. For 
benzene, the authors stated:

“Our study confirmed that benzene exposure was sig-
nificantly associated with an increased risk of AML-total 
(OR = 1.43, 95% CI = 1.05–1.93) ... analysis indicated that 
the group affected by benzene exposure most was AML 
[recurrent cytogenetic abnormalities] (RCA) (OR = 1.61, 
95% CI = 1.00–2.61). The largest subgroup within the cat-
egory of AML-RCA was [acute promyelocytic leukemia] 
(APL) (n = 124). A borderline significant risk was found 
between benzene exposure and APL (OR = 1.95, 95% 
CI = 1.00–2.61) … benzene exposure was significantly 
associated with the specific subtype AML with t(8;21)
(q22;q22) with an OR of 4.26 (95%CI = 1.01–17.96). The 
risk of AML with t(8;21)(q22;q22) appeared to be most 
strongly associated with recent first exposure in or 
after 2000 (OR = 11.97, CI = 1.44–99.64)” (Wong et  al., 
2010a).

The question of whether there exists a threshold for benzene 
exposure related to AML, identifying the precise dose for 
such a threshold, and identifying particularly susceptible 
subgroups in the population (who surely have a different 
threshold dose), are topics that will likely continue to spur 
active debate. The use of novel platform technologies and the 
synthesis of knowledge from diverse scientific disciplines will 
no doubt provide the substance for even livelier discussions 
in the years to come.

Benzene exposure and non-Hodgkin’s lymphoma (NHL)
The causes of non-Hodgkin’s lymphoma in the general 

population remain mostly unclear. Over the last few dec-
ades, NHL has shown an average 3–4% increase in incidence 
each year, and in 2008, over 66,000 cases were expected in 
the United States (American Cancer Society, 2008c). As with 
AML, more than nine out of every ten cases occur in adults. 
The reasons for the striking increase in NHL are not well 
understood, with only melanoma, prostate cancer, and lung 
cancer in women showing higher rates of increased cancer 
incidence in recent years (American Cancer Society, 2008c). 
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Likely factors contributing to the increase include the aging of 
the American population, an increasing prevalence of human 
immunodeficiency virus (HIV) (Smith et al., 2004) [NHL is 
100 times more prevalent in HIV-infected populations], cer-
tain autoimmune disorders (Smedby et al., 2008) and possibly 
some occupational exposures (Boffetta et al., 2007; Fritschi 
et al., 2005; Dreiher and Kordysh, 2006). Despite numerous 
studies involving a wide variety of proposed agents, how-
ever, “at present, no conclusive evidence of causal relations 
between occupations and increased NHL risk exists” (Boffetta 
et al., 2007). Certainly, the net impact of the risk factors noted 
above are not believed to adequately explain the doubling of 
disease incidence rates over the past 30 years (Table 5) (Greer 
et al., 2004; Evans and Hancock, 2003). Disease classification 
changes, as we shall later explore, have led to additional cases 
of NHL previously tallied in other categories (multiple mye-
loma, chronic lymphocytic leukemia, for example). A recent 
review by Bosetti et al., however, suggests that the incidence 
and mortality of NHL have leveled off in most developed 
countries worldwide (Bosetti et al., 2008).

When attempting to review the epidemiology literature 
regarding the relationship between exposure to benzene and 
an increased risk of NHL, one must be aware that it is nearly 
impossible to compare medical diagnoses of lymphoma from 
the 1950s through 1990s with those from the last decade (e.g., 
2000 to 2010). This results mainly from the classification strat-
egies for lymphoma having undergone a tremendous amount 
of reorganization in the last 30–40 years. The initial wave of 
change was started by Rappaport in 1966 who advocated a 
sorting of lymphomas that relied upon pathologists describing 
the morphology of entire lymph nodes involved with malig-
nancy (Rappaport, 1966). Simply put, malignancies were clas-
sified into the broad categories of “nodular” and “diffuse,” with 
further characterization based upon the cellular characteris-
tics of the tumor. Revision of the Rappaport classification was 
subsequently recommended by Lukes and Collins (Lukes and 
Collins, 1974, 1975). Borrowing techniques from the relatively 
new field of immunology, these researchers related malignant 
lymphomas to aberrations in the development of B and T 
lymphocytes. They further suggested that superior therapies 
would be more likely to come about with a nomenclature that 
appreciated the origins and cellular characteristics of lympho-
mas, rather than relying so heavily on the gross appearance of 
the tumors (Lukes and Collins, 1975).

Despite the scientific battles over whose nomenclature 
was superior, both sides agreed that the previous methods of 
reporting lymphomas were inferior, and generally confusing 
to anyone attempting to make sense of these complex disease 
processes.

“The histologic classification which employs the terms 
‘reticulum cell sarcoma,’ ‘lymphosarcoma,’ and ‘giant 
follicular (nodular) lymphoma’ has long been known to 
correlate poorly with prognosis. Striking discrepancies 
in the clinical course of patients with ‘reticulum cell 
sarcoma’ have been particularly puzzling to clinicians 
for years” (Jones et al., 1973).

“The terms ‘reticulum cell sarcoma’ and ‘lymphosar-
coma’ in addition have been applied in an extraordinar-
ily variable fashion and achieved a meaningless status, 
by preventing effective comparison of results from dif-
ferent centers” (Lukes and Collins, 1974).

It is anticipated that future epidemiology studies will more 
carefully incorporate this information into their analyses.

The striking advances made in immunology and histopa-
thology have allowed much more explicit and prognostically 
useful categorizing of patients with lymphoma and leukemia. 
Therapeutic options have created better patient outcomes, 
with the result being that the previously most devastat-
ing and aggressive tumors now often demonstrate the best 
chances for having a complete remission. For example, in 
children under the age of five, the 5-year survival for ALL in 
the 1996–2004 time frame was 91.2%, a disease that 40 years 
ago was an almost automatic death sentence (Leukemia and 
Lymphoma Society, 2009c). Because of the often inaccurate 
perceptions regarding hematopoietic disease combined with 
“meaningless” nomenclatures that have been used over the 

Table 5.  Factors that have been reported to be associated with an increased 
risk of developing non-Hodgkin’s lymphoma in susceptible individuals.

•  Infectious agents

  ◦  Epstein-Barr virus

  ◦  HTLV types 1 and 2

  ◦  Helicobacter pylori

  ◦  Hepatitis C virus

  ◦  Human herpesvirus 8 (Kaposi’s sarcoma)

  ◦  Human herpesvirus 6

•  Male gender

•  Advanced age

•  Family history of NHL

•  �History of cancer, cancer treatments, use of immunosuppressive agents

•  Medications

  ◦  Phenytoin

  ◦  Methotrexate

•  Occupational exposures to:

  ◦  Herbicides

  ◦  Pesticides

  ◦  Wood dust

  ◦  Epoxy resins and glues

  ◦  Solvents

•  Workers in certain industries; studies have evaluated:

  ◦  Farming

  ◦  Forestry

  ◦  Painting

  ◦  Carpentry

  ◦  Tannery/leather working/shoe manufacturing

•  Other

  ◦  Use of hair dyes

  ◦  Excessive exposure to ultraviolet rays

  ◦  Nutritional factors

  ◦  History of blood transfusions

HTLV = human T-lymphotropic virus; NHL = non-Hodgkin’s lymphoma.
Sources: American Cancer Society, 2009; NCI, 2007; ATSDR, 2007; Vose 
et al., 2002; Alexander et al., 2007.
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years to describe lymphomas, attempting to correlate data 
between various time periods can be impractical and often 
impossible.

Currently, the medical community is in yet another 
transition in the evolving landscape of lymphoma clas-
sification. The Revised European-American classification 
system for lymphoid neoplasms (REAL), first presented 
in 1993 by an international lymphoma study group, 
organized lymphomas on the basis of morphology and 
further subdivided on the basis of genetic and immuno-
logic parameters (Skarin et al., 1997). This approach was 
reminiscent of the Lukes and Collins modifications to the 
original Rappaport system in 1966 (Lukes and Collins, 
1975). The REAL classification has since been updated 
by the World Health Organization in 2001, and the clas-
sification of leukemias and lymphomas will forever be a 
“work in progress” as our knowledge of the basic science 
improves and new treatment advances lead to further 
understanding of the pathophysiology of the lymphomas 
(Jaffe et al., 2001). More recently, the 2008 revision of the 
WHO classification of lymphoid neoplasms has elevated 
“precursor lymphoid neoplasms” to a separate category of 
disease and recognizes the overlap characteristics of these 
tumors by naming each individual entry as a “lymphob-
lastic leukemia/lymphoma” with particular cytogenetic 
characteristics (Swerdlow et  al., 2008). By segregating 
tumors by degree of differentiation, cellular identity (B 
cell, T cell, NK cell, etc.), location of disease, and clini-
cal characteristics, there are now 74 separate subtypes 
of non-Hodgkin’s lymphoid neoplasms, a number that is 
certain to grow even further in the future as disease proc-
esses are even more discretely characterized (Swerdlow 
et al., 2008).

At the international conference on benzene recently 
held in Munich, Vardiman described the WHO classifica-
tion system for tumors of the hematopoietic and lymphoid 
tissues (with an emphasis on the myeloid neoplasms) 
(Vardiman, 2010). He noted: “in general, the classification 
stratifies neoplasms according to their lineage (myeloid, 
lymphoid, histiocystic/dendritic) and distinguishes neo-
plasms of precursor cells from those comprised of function-
ally mature cells.” A review of his paper rapidly convinces 
any skeptic that it is not useful to conduct any future study 
of the relationship between exposure to benzene and vari-
ous tumor types without a very careful description of the 
classification.

Although most international regulatory authorities have 
agreed that chronic exposures to significant airborne con-
centrations of benzene increase the risk of developing AML, 
there is no such consensus for NHL, despite animal studies 
that have shown the occurrence of thymic and nonthymic 
lymphomas in mice at relatively high chronic airborne con-
centrations of benzene (300 ppm 6 hours/day, 5 days/week 
over the lifetime of the animals) (Cronkite et al., 1984, 1985; 
Farris et  al., 1993). Studies have also evaluated the effects 
of various levels of exposure to benzene and/or benzene 
metabolites upon peripheral blood lymphocytes in both 

animal and human studies, with varying conclusions. Yager 
et al., for example, performed in vitro studies with hydro-
quinone, benzoquinone, phenol, and catechol, finding a 
particularly noticeable effect with hydroquinone in caus-
ing micronuclei formation, an indication of chromosomal 
damage (Yager et al., 1990). Farris and colleagues exposed 
mice to varying concentrations of benzene (1, 5, 10, 100, 
and 200 ppm) by inhalation for up to 8 weeks (6 hours of 
exposure/day, 5 days/week) and measured the effects on 
various lymphocyte populations. A dramatic decrease in 
splenic, thymic, and femoral lymphocytes was seen at the 
100 and 200 ppm levels of exposure, with no significant 
change compared to controls at lower airborne concentra-
tion levels (Farris et al., 1997).

In a study of ten workers exposed to a 1200-gallon spill of 
benzene during the loading of a ship, substantially increased 
levels of urinary phenol were detected in the exposed work-
ers. Three months after the accident, peripheral blood was 
obtained from the exposed group and compared to 11 con-
trol workers who had not experienced the spill. Cells were 
examined for all types of chromosomal damage and sister-
chromatid exchange. Similar amounts of damage were found 
in both the exposed and control groups, suggesting that there 
was no evidence of any long-term damage in the group of 
exposed workers (Clare et al., 1984). There have been many 
other similar in vivo and in vitro studies that have been per-
formed, but these analyses typically have suffered from one 
or more deficiencies:

For occupational studies, a lack of clarity as to historical •	
exposure levels that workers were exposed to
Concomitant exposures to other potentially harmful •	
chemicals that are often neither identified nor consid-
ered as possible confounding agents for the endpoints 
being studied
Improper control groups•	
Inability to correlate simple hematologic parameters •	
with definable risk for developing cancer endpoint
For animal studies, difficulty in comparing high-dose •	
exposures to likelihood of disease at lower concentra-
tions in humans

 A number of laboratories continue to study benzene and they 
are generally working to mitigate the above-mentioned issues.

Claims of an occupational link between benzene expo-
sure and lymphoma were expressed in a 1979 publication 
that used a combination of death certificate and census 
data, along with assumptions regarding benzene exposure 
in certain occupational subgroups (Vianna and Polan, 1979). 
Workers with likely exposures to benzene were found to be 
at increased risk for certain types of lymphoma, though no 
actual benzene exposure data were reported. Some of the 
chemical exposures experienced by workers but not consid-
ered by Vianna and Polan in their analysis were

Arsenic
Asbestos
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Fertilizers
Lead
Mercury
Pesticides
Fungicides
Epoxy resins
Aniline
Hydrogen cyanide
Phosgene
Nickel
Uranium
Phthalates
 (Stellman and Daum, 1973).

The findings of Vianna and Polan were challenged by 
Enterline in a Letter to the Editor of the publishing journal, 
who found inconsistencies in their calculations and doubted 
that there was actually any increased mortality for the dis-
eases noted (Enterline, 1979).

Confounding exposures are also relevant for the NCI 
studies describing Chinese workers with hematopoietic 
disease (Yin et al., 1996; Hayes et al., 1997). Other chemical 
exposures were not controlled for, and in fact, the two occu-
pational categories with the greatest relative risk reported 
for non-Hodgkin’s lymphoma were “Chemical workers,” 
where one would presumably be exposed to a wide variety 
of different potentially toxic substances; “Coatings,” another 
occupation where many types of agents are likely to have 
been employed; and “Other/mixed occupations” where 
the types of exposures were not described. These three 
subcategories of workers represented 14 of the 16 cases of 
NHL described in the study, with the other two cases com-
ing from rubber workers and shoe workers, respectively (Yin 
et al., 1996).

Yin et al. described their methods for case validation as 
follows:

“All histopathologic and bone marrow aspirate slides 
and peripheral blood smears were reviewed system-
atically, by expert hematopathologists affiliated with 
the Mayo Clinic, NCI and Peking Union Hospital using 
structured abstract forms to objectively characterize 
hematopoiesis” (Yin et al., 1996).

The proportion of cases, however, where researchers had 
bone marrow slides and peripheral blood smears available 
for evaluation was minimal. In describing their protocol for 
case confirmation, Yin et al. referred to Travis et al. (1994), 
who described the same cohort of almost 75,000 Chinese 
workers. That study used a review of printed pathology 
reports and medical records to “confirm” 16 cases of “malig-
nant lymphoma or related malignancy” (the definition of 
“related malignancy” was not provided) and reviewed his-
topathologic material (i.e., slides, blood smears, or original 
biopsy material) for only 4 cases of “malignant lymphoma.” 
Hodgkin’s and non-Hodgkin’s lymphoma were not sepa-
rately described, making it difficult to know if any cases 

of NHL were verified by tissue analysis at all (Travis et al., 
1994).

As we have noted above, the classification methods for 
lymphoma here in the United States over the past 30–40 
years have changed dramatically, and it is unclear when dif-
ferent pathologists from different regions of the world would 
have adopted the varying sets of disease criteria. The failure 
to do a more comprehensive verification of lymphoma and 
leukemia cases makes it difficult to place much confidence 
in the conclusions reached by these researchers, which have 
varied from more recent occupational studies conducted 
in China (Wang et al., 2006; Wong et al. 2010a; Wong et al. 
2010b).

A review by Wong (1999) evaluated the methodologies 
employed in the NCI/CAPM studies. Exposure assessment 
was felt to be particularly problematic.

“… the control workers were exposed to neither benzene 
nor any other occupational carcinogens, whereas the 
exposed workers were exposed to not only benzene but 
also possibly to other occupational carcinogens. Thus, 
by design, a comparison between the benzene-exposed 
workers and control workers would not be limited to 
the effects of benzene, but would also reflect the effects 
of other occupational carcinogens. Therefore, the study 
was not designed properly to address the effects of ben-
zene only. Yet, the authors were ready to attribute any 
increased risk of diseases found in the study to benzene 
exposure” (Wong, 1999).

Wong reported that exposure estimates were “consistently 
lower than the actual exposure data.” Although NCI had 
admitted earlier on in their involvement the problems asso-
ciated with their exposure calculations, “…the inadequacy of 
the estimates was never mentioned or discussed in any sub-
sequent analyses or in the [Hayes et al., 1997] report. Instead, 
the exposure of the workers was hailed as ‘well character-
ized’” (Wong, 1999).

Wong concluded his analysis with the following note:

“Unfortunately, there were many inherent problems in 
the data, as well as serious limitations in the exposure 
estimates. Because of these unresolved problems and 
limitations, many of the results in the CAPM–NCI study 
are unreliable. Therefore, the conclusions of the study, 
particularly those involving exposure estimates, are not 
justified” (Wong, 1999).

Lamm et al. (2005) reviewed benzene exposure and NHL, 
specifically excluding studies sponsored by the petroleum 
industry to avoid possible researcher bias and included 
18 studies with 21 different study groups in their analysis. 
Overall, they noted that these studies had an aggregate of 
404 observed cases of NHL compared with an expected 
number of 390 in the populations that were looked at, 
yielding an odds ratio of 1.04 (95% CI: 0.94–1.14). When the 
authors removed studies that failed to adequately address 
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the question of multiple exposures, they were left with 359 
observed cases and 373.2 expected, with a corresponding 
odds ratio of 0.96 (0.86–1.06). The authors observed that the 
latest report, the Rinsky 2002 study, on the Ohio Pliofilm 
worker population (a cohort singled out for having detailed 
exposure data, few alternative exposures, and strong epi-
demiologic standards) provided further support for their 
conclusions. In all, there were five cases of NHL reported 
and slightly more than five expected, generating an odds 
ratio almost identical to that of their meta-analysis, which 
was calculated to be slightly less than unity. In short, no 
increased risk was observed.

Smith et al. reviewed case-control and cohort studies that 
examined populations with probable exposures to benzene 
and assessed their relationship to the endpoints of NHL 
morbidity or mortality (Smith et al., 2007). The authors con-
cluded that “…overall, the evidence supports an association 
between occupational benzene exposure and NHL” (Smith 
et al., 2007), citing relative risks and odds ratios reported in 
the various studies. After examining in greater detail the qual-
ity of the underlying data and original conclusions made by 
the individual study authors summarized by Smith et al., we 
believe the conclusions of these studies were selectively, and 
often inaccurately, conveyed. We provide several examples 
as follows.

Bernard et al. was a prospective case-control study of all 
cases of “lymphoma and lymphocytic leukemia within a 
population of 1.5 million people in England between 1979 
and 1981” (Bernard et al., 1984). In their study, the authors 
indicated that the “Number of cases are small and confi-
dence intervals wide” (Bernard et al., 1984), with the lower 
and upper 95% confidence interval limits of petroleum 
workers diagnosed with NHL varying by almost two orders 
of magnitude, while also failing to be statistically significant. 
Not noted by Smith et  al. was the additional finding that 
use of “petroleum products” by men and women was also 
associated with a very low risk ratio of 0.59 (0.25–1.39). Thus 
the combination of very few cases in this study, along with 
the failure to demonstrate any chemical-specific risk related 
to benzene by the authors, makes the value of the Bernard 
paper questionable in terms of supporting the notion that 
benzene exposure is linked to an increased risk for NHL.

The Blair study, cited by Smith et al., was a population-
based case-control study designed to evaluate cancer risks 
from agricultural exposures in Iowa and Minnesota. The 
study suffered from a very small number of cases involv-
ing benzene exposure. The highest relative risks that Smith 
et  al. reported from those provided by the authors were 
follicular lymphoma with a RR of 1.9, based upon five 
cases, and “diffuse” lymphoma with a RR of 1.8 based on 
four cases. Smith et al. mentioned that workers associated 
with “petroleum refining” were observed to have a higher 
risk of developing NHL with a RR of 1.6, but neglected to 
observe a host of other industries with far greater calcu-
lated risks, not known to have regular exposure to solvents. 
These industry worker subgroups are summarized in the 
following table:

In fact, it was just as risky to be an insurance agent or a 
theatrical producer as it was to be a member of the petroleum 
refining profession, according to Blair et al. They concluded 
their study with the following:

“In summary, this evaluation does not indicate that 
industrial exposures are a major contributor to the 
etiology of NHL” (Blair et al., 1993).

Fabbro-Peray was a questionnaire-based study that made 
assumptions as to benzene exposure occurring in certain 
occupations, without any actual measurements of ben-
zene exposure. The data describe a very small number of 
benzene-exposed cases and controls, with 22 self-reported 
benzene-exposed cases and 23 controls.

Interestingly, although the “benzene-exposed” workers 
were believed to come from the chemical, rubber produc-
tion, printing, shoemaking, and painting industries, expo-
sures to paints, rubber solvents, petroleum products, and 
waste oil were not individually found to be associated with 
an increased risk for developing NHL. Only coal tar expo-
sure was identified by the authors as having a substantially 
increased risk, which was not statistically significant.

Employment as a “radio operator” was associated with a 
more than 50% greater risk for developing NHL compared 
with professions deemed to be at risk for benzene exposure 
(3.3 versus 2.0). These authors concluded:

“… we cannot forget that the OR values have been 
estimated from a very small proportion of subjects, 
leading to large confidence intervals, and thus, impre-
cise estimations. That is true for history of hemato-
logical malignancy…and especially benzene exposure” 
(Fabbro-Peray, 2001).

Franceschi et al. was a regional study of 208 cases of NHL 
and 401 controls in the northeastern part of Italy, performed 
between 1985 and 1988. Smith et  al. mischaracterized the 
findings reported by these authors, implying that the mar-
ginally increased RR of 1.14 was associated with benzene 
exposure, when it actually referred to exposures to “benzene 
and solvents” more generally. The marginally elevated risk 
reported for petroleum workers did not show an expected 

Industry RR

Agricultural products 2.3

Apparel 2.4

Barbers 2.7

Forestry 6.2

Furniture sales 4.9

Camps and trailer parks 5.5

Labor unions 2.3

Masonry 2.6

Metalworking 3

Physician offices 3.4

Labor unions 2.3

Retail bakeries 4.4

Stone products 2.6
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relationship with length of employment, reflected in the 
quote below:

“There was a hint that employment in chemical and 
petrochemical industries may increase the probability 
of the onset of NHL, in agreement with a few previous 
reports. The elevation of risk, however, did not tend to 
be higher in those individuals who had been employed 
in such industries for longer periods” (Franceschi et al., 
1989).

They also emphasized that:

“Moreover, the absence of strong findings in the present 
investigation should be stressed. In fact, despite the 
large number of potential risk factors investigated, only 
one plausible and significant association (with positive 
history of chronic infectious diseases) emerged, thus 
confirming the difficulties in studying epidemiologically 
the aetiology of lymphoreticular neoplasia” (Franceschi 
et al., 1989).

Far from implicating benzene or any other chemical, they 
found that:

“Specific exposures to chemical or physical agents 
suspected of being related to lymphoma risk were even 
rarer and none of them apparently resulted in a signifi-
cant elevation of risk” (Franceschi et al., 1989).

Fritschi et al. reported the incidence of NHL from a cancer 
registry in New South Wales from January 2000 to August 2001. 
As Smith et al. correctly report, there was no increased risk for 
developing NHL discovered by the researchers. What Smith 
et  al. did not point out was that in the subgroup of subjects 
exposed to “substantial” quantities of benzene solvents, the 
odds ratio was calculated to be 0.31, the lowest finding of any 
of the 11 individual chemical exposure subgroups described by 
Fritschi et al. in their publication (Fritschi et al., 2005).

A study of patients with malignant lymphomas by Hardell 
and colleagues reported on individuals diagnosed between 
1974 and 1978, with exposures that occurred well before many 
major occupational and regulatory changes applying to the 
use of benzene-containing solvents. To determine cases of 
NHL, the authors stated that they relied upon the original 
Lukes-Collins system, which was modified to “retrospectively 
reclassify” patients with lymphoma at the Swedish hospital 
involved in the study from 1959 to 1975 (Hardell et al., 1981).

In the cases described, there was only one patient with 
heavy exposures to benzene. The relative risk of 4.5 (1.9–
11.4) quoted by Smith et al. represented a total of ten cases, 
matched with eight controls. Of the ten cases, seven were 
exposed to TCE, one to styrene, one to tetrachloroethylene, 
and one to benzene. There were no mixed exposures with 
benzene, and there were zero control patients examined with 
benzene exposure.

Thus, 90% of the cases leading to the RR of 4.5 reported 
by Smith et al. had nothing to do with benzene. Moreover, 

the control population used by Hardell et al. were uniformly 
either exposed to TCE or styrene, agents that would have the 
potential to confound the reported results.

Smith et  al. also reported on a later Hardell et  al. study 
that described 105 patients with NHL who were admitted to a 
Swedish hospital between 1974 and 1978 (Hardell et al., 1994) 
This was a questionnaire-based analysis with self-reported 
exposures and no measured chemical exposures, as with the 
1981 study. Cases linked to benzene exposure amounted to 
only three in number, with only a single control patient.

The lack of statistical power and lack of precision is reflected 
in the upper and lower bound limits for the confidence inter-
val of risk in benzene-exposed patients, which vary by almost 
three orders of magnitude. The other values cited by Smith 
et  al. refer to “organic solvent” exposures, encompassing a 
wide variety of chemicals, which may or may not contain small 
amounts of benzene. The findings reported by Hardell et al. 
for heavy exposures to organic solvents, incidentally, were 
dwarfed by their calculations for patients who sustained any 
exposure to phenoxyacetic acids (OR of 5.2 [1.6–17]) as well as 
all reported exposures to chlorophenols (OR of 4.8 [2.7–8.8]).

The Hardell et al. (1994) data, then, regarding benzene and 
NHL, suffer from woefully small numbers, both for numbers 
of cases and controls, and when addressing risks pertaining 
to organic solvents, suffer from a lack of specificity relating 
to the possible actions of benzene on the patient population 
in question.

Kato et  al. summarized the incident cases of NHL from 
1995 to 1998 in upstate New York, identified through the 
New York State Cancer Registry. This questionnaire-based 
study looked at a very small number of benzene-exposed 
cases and controls (seven and five, respectively) and found a 
small increased risk for cases having occupational exposure 
to benzene. However, the authors were very clear with their 
interpretation of the data:

“Overall, history of exposure to organic solvents was 
not associated with the risk of NHL. A statistically sig-
nificant increase in risk associated with occupational 
exposure was observed only for the subjects whose first 
exposure occurred before 1970” (Kato et al., 2005).

It should also be noted that Smith et al.’s citation of a statisti-
cally significant odds ratio of 1.40 for NHL does not relate 
to solvents associated with benzene, but for paint thinners 
and turpentine, which are known to predominantly contain 
toluene and/or xylene.

Mao et al. reported on data obtained from the Canadian 
National Cancer Surveillance System (NECSS) from 1994 
to 1997. Based on a small number of workers exposed to 
benzene, the authors found a small statistically insignifi-
cant increased risk for developing NHL in men, and a small 
statistically insignificant decreased risk in women (OR 1.2 
[0.8–1.9] and OR 0.6 [0.2–1.8], respectively) (Mao et al., 2000). 
These risks were not even commented on by Mao et al. in 
their review, focusing their comments instead on benzidine, 
mineral oil, and pesticides.
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Miligi et al. conducted a population-based study looking at 
newly diagnosed cases of NHL in 11 areas of Italy from 1991 
to 1993. The authors grouped participants into four levels of 
perceived exposure according to their probable net exposure 
to a wide variety of chemicals, as determined from responses 
to a questionnaire. After failing to find “…increased NHL risk 
from “very low/low” intensity exposure to any class or specific 
solvent” (Miligi et al., 2006), the authors bundled together the 
two lower and two higher exposure groups, reporting a “pro-
tective” odds ratio for very low and low exposures to benzene 
of 0.6, and for “medium and high” exposures, they obtained 
an odds ratio of 1.6, which included one on the lower bound 
of the confidence interval. It is also interesting to note that 
the ORs reported for both xylene and toluene exposures were 
greater than those reported for benzene at both combined 
exposure levels reported. More importantly, when the authors 
segregated out exposures, and only looked at subjects with 
“medium to high” exposures to benzene alone (eliminating 
mixed exposures), their OR dropped to 1.2 and became sta-
tistically insignificant (0.7–2.2). The authors offered caution 
about how to interpret their findings:

“In our data, there was a high degree of correlation among 
exposures to benzene, xylene, and toluene. For this reason, 
caution must be exercised when interpreting the evidence for 
any one of these 3 solvents” (Miligi et al., 2006).

Ott et  al. studied a cohort of 29,139 men employed by 
Union Carbide in manufacturing facilities and a research 
center in the 1940–1978 time period. Smith et  al. correctly 
point out that the OR for workers likely exposed to benzene 
compared to workers without benzene exposure was 1.0 for 
developing NHL. However, the rest of the citations from the 
1989 Ott et  al. study are improperly characterized and not 
adequately explained by Smith et al. in their review.

First, an OR of 1.6 for workers with more than five years 
of exposure to benzene and developing NHL was cited. This 
odds ratio, described by Ott et al. in Table IV of their 1989 
article, pertains to multiple myeloma, not NHL. Next, an OR 
of 3.2 for “benzene-exposed foremen and maintenance/con-
struction workers” was cited for developing NHL compared to 
those workers without benzene exposure. However, Ott et al.’s 
calculations have nothing to do with historical exposure to 
benzene. Instead, the authors are describing odds ratios for 
workers ever having been employed in various work areas, 
with no mention of the specific chemicals that they might 
have been exposed to. Also, the category of workers described 
by Ott et al. with an OR of 3.2 is only the subgroup of “fore-
men and others,” and not the broader group of maintenance 
and construction workers, as seems to be implied by Smith 
et al. There are nine separate occupational subgroups under 
the heading of maintenance and construction workers, each 
with their own calculated OR. This same problem occurs with 
Smith’s citation of the OR for “instrument men.” This OR has 
nothing to do with benzene exposure, but relates to a specific 
job classification. Specific chemical risks are not the subject 
of discussion (Ott et al., 1989).

Scherr et  al. reviewed all cases of NHL diagnosed from 
1980 to 1982 at any one of nine participating hospitals in the 

Boston area. They found that the relative risk for NHL was 
highest in those employed in the agriculture, forestry, and 
fishing industries. Decreased risk was found for those work-
ing in the chemical, pharmaceutical, and painting indus-
tries, and these decreased risks were found to be statistically 
significant.

With regard to benzene exposure, they noted:

“We did not observe an increased risk for those exposed 
to benzene. The association between lymphoma and 
benzene had been reported by Vianna and Polan, 
where they compared the proportional mortality rate 
for lymphoma among those who had worked in an 
industry that used benzene with the rate for those who 
worked in all other industries. A review of the article 
showed that the strength of their association was 
strongly supported by the increased risk of disease pre-
sumably due to benzene for woodworkers and farmers. 
Subsequently, it has been suggested that the increased 
risk among woodworkers and farmers may be due to 
other agents. A later study also found no increased risk 
with exposure to benzene” (Scherr et al., 1992).

Schnatter et al. looked at all cases of fatal lymphohematopoi-
etic cancer in an occupational cohort. They noted that half 
of the cases of NHL reported occurred in clerks or techni-
cians, individuals with little to no opportunity for exposure 
to benzene. The only risk value cited by Smith et al. is specifi-
cally addressed by Schnatter et al., describing this RR of 5.85 
as being imprecise, based on only two cases with low level 
“peak” exposures to benzene of 0.5 to 1.0 ppm. There was 
only one case of NHL that experienced a maximum benzene 
exposure of over 1 ppm, associated with a RR of 0.54.

Schnatter et  al. concluded: “…this study did not show a 
relation between lymphohematopoietic cancer and long 
term, low level exposures to benzene” (Schnatter et  al., 
1996).

Wilcosky et al. reported on a cohort study of rubber work-
ers in Akron, Ohio, who were examined from 1964 to 1974, a 
period when higher levels of benzene exposure were experi-
enced, in a profession known to use solvents with benzene 
present in measurable concentrations. These authors exam-
ined a number of cancer endpoints, finding that:

“Benzene, a suspected carcinogen, was not significantly 
associated with any of the cancers [including NHL]” 
(Wilcosky et al., 1984).

Instead of reporting confidence intervals, the authors instead 
indicated where reported values had a P value of <.05. This 
was not the case for any of the relative risk numbers cited by 
Smith et al. from the Wilcosky study.

The underlying studies and data supporting Smith et al.’s 
conclusion of an association between benzene exposure and 
NHL appear to be quite weak, and in many cases, improp-
erly cited by Smith and his colleagues. We believe the case 
for benzene as a causative agent for NHL remains far from 
clear.
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However, Wong and colleagues (2010b) reported on a 
case-control study designed to examine risk factors for the 
development of NHL in Shanghai, China, as part of the 
Shanghai Health Study. The authors indicated that their 
findings confirmed several risk factors that had been previ-
ously reported in other studies, discovered new potential risk 
factors for NHL, and for the first time provided detailed data 
on individual NHL subtypes using the updated WHO clas-
sification system. With regard to benzene exposures and the 
development of NHL, the authors stated:

“In our study, exposure to benzene was not associ-
ated with an increased risk of NHL [neoplasms]-total 
(OR = 1.06, 95% CI = 0.74–1.51), based on 50 exposed 
cases and 95 exposed controls… which was consist-
ent with the literature. Furthermore, no increased risk 
was found for most subtypes of B-cell neoplasms, or 
T/NK-cell neoplasms… However, seven cases of [fol-
licular lymphoma] and two corresponding controls 
were exposed to benzene, resulting in a significant OR 
of 7.00. The 95% CI (1.45–33.70) was rather wide, pri-
marily because the OR was based on only two exposed 
controls” (Wong et al., 2010b).

When multivariate analysis was performed, benzene 
was not found to be associated with NHL overall, although 
benzene emerged as the only significant variable associated 
with the development of follicular lymphoma. They advised, 
however, that:

“The finding of an association between benzene and 
[follicular lymphoma]… should be interpreted with 
caution as the OR was based on only two exposed con-
trols” (Wong et al., 2010b).

Benzene exposure and chronic lymphocytic leukemia 
(CLL)
Chronic lymphocytic leukemia has historically repre-
sented the most common subtype of leukemia, with about 
15,000 estimated new cases diagnosed in 2008 (ACS, 
2008b). It is almost exclusively a disease of adults, with 
the average age at the time of diagnosis being 70. Many 
patients with the disease, however, are asymptomatic, 
becoming diagnosed only as a result of routine blood 
screening tests. Thus, it is likely that the true population 
incidence may be much higher than that reported by 
cancer statistics.

Unlike ANLL, CLL has not been strongly associated with 
any environmental or occupational exposures, including 
benzene exposure (Greer et al., 2004):

“Exposure to high-dose radiation or benzene is not a 
risk factor for CLL” (Leukemia and Lymphoma Society, 
2009a).

“There is no link to radiation, cancer-causing chemicals, 
or viruses” (NIH, 2009b).

The American Cancer Society recognizes the following risk 
factors as being relevant for CLL:

Family history of CLL•	
   Parents, siblings, or children of patients with CLL have 

a two to four times increased risk of developing the 
disease

Gender•	
   CLL is slightly more common in men, for unknown 

reasons
Ethnicity•	

   CLL is more common in Europe and North America 
than in Asia. The basis for this appears to be genetic 
rather than environmental, as Asian immigrants have 
not been discovered to increase their risk of CLL to that 
of their host country.

Certain chemical exposures•	
   Some studies have suggested that exposures to Agent 

Orange may increase the risk of developing CLL. Other 
studies have claimed an association between farm-
ing and pesticide exposures, but results have been 
inconsistent.

 The ACS concluded their discussion by stating:

“There are no other proven risk factors for CLL. The risk 
of getting CLL does not seem to be affected by smok-
ing, diet, exposure to radiation, or infections” (ACS, 
2008b).

We should note that CLL and small lymphocytic lym-
phoma (SLL) are being increasingly considered to be sepa-
rate instances of the same disease process; the distinction 
being whether the disease is believed to be based in the 
bone marrow (CLL) or in lymph nodes (SLL), tissues outside 
the bone marrow. For example, in 2001, the World Health 
Organization classified CLL and SLL into a single disease 
category in recognition of their similar cellular appearance, 
as well as their immunologic characteristics (both diseases 
express similar cell surface antigens) (Jaffe et al., 2001). This 
recognition is important when reviewing historical publica-
tions looking at the epidemiology of these diseases; as well 
as more recent studies that have tended to group the diseases 
together (Dores et al., 2007). The most recent WHO revision 
for classification of leukemias and lymphomas lists CLL and 
SLL as the same entity (Swerdlow, 2008). The elimination of 
CLL as a distinct disease category and its bundling with SLL 
naturally will have a great impact on future epidemiologic 
studies, and will complicate the interpretation of historical 
studies that have treated SLL and CLL as separate malignan-
cies. Whether this will improve our ability to more defini-
tively describe the possible relationship between benzene 
exposures and this now unified disease process remains to 
be seen.

Despite general agreement by national and international 
cancer authorities that there are no known environmental 
risk factors for developing CLL (other than that some believe 
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exposure to Agent Orange may be a factor), some have opined 
that exposures to benzene can cause CLL in humans.

In 1997, Savitz and Andrews published a review of the 
scientific literature, including 18 community-based and 
16 industry-based studies linking benzene to “lymphatic 
and hematopoietic cancers.” Their review found “sporadic 
reports” linking benzene to NHL and multiple myeloma, but 
the authors determined that the weight of the evidence sug-
gested that benzene should be considered to cause all forms 
of leukemia, not simply AML:

“The epidemiologic evidence linking benzene to leuke-
mia in the aggregate, as well as acute and chronic lym-
phocytic and myeloid leukemia, is no less persuasive 
than that for AML alone” (Savitz and Andrews, 1997).

Savitz and Andrews admitted, however, that exposure data 
for benzene in the studies they reviewed were generally 
lacking, and the risk for confounding chemicals in most 
of the work environments would make it difficult to make 
conclusive statements regarding benzene and disease 
causation.

“Failure to isolate benzene from closely associated 
agents that may themselves cause lymphatic and 
hematopoietic cancers could introduce confound-
ing. In the rubber industry, for example, associations 
between benzene and lymphocytic leukemia were 
reported [Checkoway et al., 1984], yet other solvents 
were as or more strongly associated with lymphocytic 
leukemia, making isolation of the etiologic agent diffi-
cult. Environments associated with the petrochemical 
industry, shoe manufacturing, and painting contain 
a wide array of organic solvents and other potentially 
carcinogenic chemicals which were not fully addressed 
in the published reports” (Savitz and Andrews, 1997).

An earlier study by Savitz on leukemia mortality and its 
relationship to occupation reported no increased incidence 
of AML in occupations traditionally associated with regular 
exposure to benzene-containing products, such as printing 
machine operators, “cleaners and laborers,” metal-, plas-
tic-, and woodworking machine operators, painters, vehicle 
mechanics, and motor vehicle operators (Loomis and Savitz, 
1991). Instead, the occupation with the highest risk reported 
for AML was “mathematical and computer scientists.” The 
authors noted in this study that:

“This study shares other limitations of occupational 
investigations based on death certificates. These weak-
nesses…include the inadequacy of usual occupation as 
an indicator of lifetime work and exposure histories and 
the absence of information on the timing or duration of 
the listed occupation.”

“The lack of information on exposure to specific etio-
logic agents and the potentially confounding exposures 

are more significant disadvantages” (Loomis and 
Savitz, 1991).

In the 1997 analysis, Savitz and Andrews cited a number of 
papers that they believed were supportive of the idea that 
benzene caused not only AML but all leukemias. The remain-
der of the text in this portion of our review summarizes a few 
of the findings reported by various authors.

Checkoway et al. (1984) performed an analysis of the pos-
sible effects of a variety of solvents used by rubber industry 
workers. Benzene, however, was not singled out as being 
particularly notable in terms of its perceived risk.

“The associations with lymphocytic leukemia risk 
observed for a number of solvents, most notably carbon 
tetrachloride and carbon disulfide, were stronger than 
those detected for benzene” (Checkoway et al., 1984).

To be specific, out of the 24 solvents tested, 12 were reported 
by the authors to be more associated with the development 
of subsequent leukemia than benzene, including:

Acetone•	
Methanol•	
Ethyl acetate•	
Toluene•	
Xylenes•	
Hexane•	

 The fact that these solvents, none of which are known to have 
a significant relationship to leukemia, were observed to be 
more highly associated with leukemia than benzene would 
appear to reduce the value of the Checkoway findings of 
increased risk for benzene.

Checkoway summarized the impact of benzene on more 
modern worker populations as follows:

“While benzene exposure still occurs in the indus-
try, it is present primarily as a contaminant of other 
substances, and exposures are much lower than in 
the 1920's; thus, it is quite likely that only small pro-
portions of the cohorts studied were ever exposed to 
benzene in concentrations known to induce leukemia” 
(Checkoway, 1984).

Girard and Revol (1970) provided data on the incidence 
of various leukemia subtypes in a region of France where 
the population was felt to be exposed to benzene. It seems 
unlikely, however, that a community-based study almost 
40 years ago would have been able to quantify the degree 
of benzene exposure that individual residents experienced, 
particularly since airborne concentrations are normally at the 
ppb level; too low to be measured reliably in the early 1970s. 
It is also unclear from the title of the article (“La Frequence 
d’une Exposition Benzenique au Cours des Hemopathies 
Graves,” roughly translated as “Incidence of Exposure to 
Benzene in Severe Hemopathies”) that leukemia was even 
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the focus of the study (Girard et al., 1970). It would be helpful 
to review a translated version of this study to understand how 
it was constructed, how the data were obtained and leukemia 
diagnoses confirmed, and how pertinent the findings are with 
respect to relating benzene exposure to leukemia subtypes 
(the only two categories listed by the authors are “CLL” and 
“acute leukemia”) (Girard et al., 1970).

Linet et  al. (1987) compared two different methods for 
coding job titles in collecting and reporting data from the 
National Occupational Hazard Survey. However, Linet et al. 
did not claim to find an increased incidence of CLL in the 
population studied; in fact, the reverse was stated.

“It is interesting to note that the relative odds [for expo-
sure] in general, were less than one when the analysis 
was confined to subject responders and, in fact, all of 
the relative odds, with the exception of asbestos in the 
Hoar et  al. analysis, and carbon tetrachloride in the 
analysis based upon the NOHS data, were less than or 
equal to one” (Linet et al., 1987).

The authors then concluded that:

“No statistically significant associations were found for 
CLL with occupations or industries of employment, or 
suspected exposures suggested by previous studies” 
(Linet et al., 1987).

Malone et al. was a population-based case-control study of 
CLL, where questionnaires were used by trained interviewers 
to obtain data on a wide variety of possible chemical expo-
sures and other risk factors. The results for benzene associa-
tions were not striking.

“Specific examination of reported exposure to benzene, 
which has long been suspected of being related to 
chronic lymphocytic leukemia, revealed a relative risk 
estimate of 1.1 (95 % CI 0.6–2.0)” (Malone et al., 1989).

The authors thought the reason they found little association 
with benzene and CLL may have been “…because of a lack of 
exposure to coal tar-based solvents within the study popula-
tion, which may be young enough to have avoided massive 
exposure to coal tar-based solvents” (Malone et  al., 1989). 
The numbers of cases thought to be associated with benzene 
exposure were not reported.

Others have suggested that CLL may be linked to ben-
zene exposure. In a chapter from a European Environmental 
Agency Report (2001), Infante cited the Savitz and Andrews 
(1997) paper noted above as an epidemiologic study that 
“expanded the carcinogenicity of benzene to all major forms 
of leukaemia.” He also pointed to the McMichael et al. (1975) 
study of rubber workers as further evidence of a link between 
benzene and CLL (Infante, 2001).

The McMichael publications examined mortality in a 
cohort of 6678 rubber workers over a 9-year period (1964–
1972) and compared the observed deaths to those expected 
from the 1968 US age-specific death rates. McMichael et al. 

did not present exposure data from the workers included in 
the study, but instead assigned the “several hundred depart-
ments” and the more than 1000 different types of jobs into a 
reduced set of 70 occupational titles that the authors designed. 
With the help of some collaborating industrial hygienists, they 
created three solvent-exposure occupational groups defined 
as heavy, medium, and light exposure for 19 of the 70 new job 
categories. The 51 remaining categories were designated as 
“no solvent-exposure.” McMichael et al. did not provide any 
description as to how benzene might have been used within 
the plants over the years, or when alternative solvents were put 
into service. Although the authors noted an elevated risk for 
“lymphatic” leukemias, they appeared to be aware that their 
findings were controversial, stating: “The association of lym-
phatic leukemia with exposure to organic chemicals appears 
to have no reported precedent” (McMichael et al., 1975).

Over the past 30 years, the findings of an increased risk 
for developing lymphocytic leukemias in rubber workers 
have not been replicated. The following characteristics of the 
McMichael et al. (1975) study make it difficult to rely upon as 
a basis for claiming a relationship between an increased risk 
of CLL and exposure to benzene:

Exposures to multiple chemicals were described, but no •	
characterization of these other exposures was provided
Nonoccupational risk factors•	

Smoking and other risk factors were not addressed
Small population size and number of cases led to impre-•	
cise results
Lack of benzene exposure data for individual workers or •	
in the work environments
Authors relied upon death certificate data without his-•	
tologic confirmation of disease

McMichael et al. included as “cases” any worker whose 
death certificate mentioned leukemia, regardless of its 
relationship to the cause of death

Although the authors described a program of compre-•	
hensive research at four different major rubber compa-
nies, data on leukemia mortality were presented from 
only a single company

 An investigation into a suspected excess number of CLL cases 
in a region of Queensland, Australia, was recently performed 
by Queensland Health, at the request of the regional govern-
ment (Queensland Health, 2007). Looking at the incidence of 
CLL during the years from 1996 to 2004, the researchers found 
22 cases, compared with an expected number of 14. After per-
forming a comprehensive review of the reported cases, review-
ing and summarizing the published literature with regard to 
the causation of CLL, and evaluating environmental emissions, 
occupational exposures and other alternative risk factors, these 
government researchers reported the following:

Six cases were found to have a first-degree relative known 1.	
to have CLL; a markedly higher ratio than has been 
reported historically, suggesting an increased genetic 
component to the population studied.
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No common occupational link was identified as occur-2.	
ring with greater frequency in cases compared to a nor-
mal background population.

No links were found between the chemical emissions 3.	
studied and the incidence of CLL in the region.

The increased incidence initially reported was difficult to 4.	
interpret, because the geographic boundaries and period 
of interest were defined after the cases were discovered. 
The authors felt that “Even given this, the difference 
could reasonably be the result of random variation in 
time and place” (Queensland Health, 2007).

 The report concluded that: “The causes of CLL are unknown. 
Apart from increasing age and genetic variation in risk, there 
are no known risk factors. No environmental risk factor has 
been found to predict risk of CLL” (Queensland Health, 
2007).

The WHO has been careful to distinguish myelogenous, 
rather than the broader category of “all leukemias,” as being 
associated with benzene exposure (WHO, 1993). The ATSDR 
has been more specific, stating that: “Exposure to benzene 
has been associated with development of a particular type 
of leukemia called acute myeloid leukemia (AML)” (ATSDR, 
2007). The only mention of CLL in their review was to relate 
the results of several industry cohort studies, where the inci-
dence of CLL was not elevated in any of the categories of net 
benzene exposure in workers.

IARC has been similarly focused in its wording, stating: 
“The relationship between benzene exposure and the devel-
opment of acute myelogenous leukaemia has been estab-
lished in epidemiological studies” (IARC, 1982).

The case, then, for relating benzene exposure to CLL 
appears to be poorly developed. Well-designed studies that 
have included worker exposure data and that have considered 
alternative risk factors and chemical exposures will be neces-
sary before it can be concluded that CLL can be reasonably 
associated with present or historical exposures to benzene 
in the workplace.

Benzene exposure and multiple myeloma (MM)
At various times over the past 15 years, there have been 
questions raised about whether occupational exposure 
to benzene might increase the risks for developing MM. 
Multiple myeloma is a disease of B lymphocytes that have 
matured into plasma cells and is typically very difficult to 
treat. Plasma cells are normal components of our immune 
system that create antibodies against invading agents. The 
transformation of normal plasma cell creation into the 
uncontrolled process of multiple myeloma, however, leads 
to the destruction of bone marrow, crowds out the process 
of normal blood component maturation, and often leads 
to frequent infections due to impaired immune capabilities 
(Rajkumar et al., 2005; Kyle and Rajukmar 2004; American 
Cancer Society, 2009). Multiple myeloma, like CLL, is a dis-
ease of adults, with an average age of onset of 70. Almost 
20,000 new cases of MM were expected to be diagnosed in 
the United States in 2008, and typically represents about 10% 

of hematologic malignancies (American Cancer Society, 
2009; Rajkumar et  al., 2005). On the question of benzene 
and its relationship to multiple myeloma, health and regula-
tory authorities appear to generally be in agreement that the 
data do not support a link.

“A higher risk of multiple myeloma was once thought to 
be associated with exposure to benzene. However, later 
studies have failed to confirm this” (EPA, 1998).

“Reports linking exposure to benzene with other malig-
nancies [other than AML] were considered to be inad-
equate for evaluation” (IARC, 1982).

Recent reviews of multiple myeloma have also emphasized 
the lack of clarity in the etiology and mechanisms of develop-
ing multiple myeloma.

“Despite evidence for some clustering of MM and 
MGUS within families, the roles of genetic background 
and environment remain unclear” (Bergsagel, 2005).

“The aetiology of myeloma remains essentially 
unknown, although recent studies suggest links to 
agricultural exposures and lifestyle factors, such as low 
socioeconomic status and obesity” (Joshua, 2005).

Multiple myeloma is characterized by the following risk 
factors:

Age: Growing older increases the chance of develop-•	
ing multiple myeloma. Most people with myeloma are 
diagnosed after age 65. The disease is rare in people 
under 40.

Race: The risk is highest among African Americans •	
and lowest among Asian Americans. The reasons for 
the observed difference between racial groups is not 
known.

Personal history of monoclonal gammopathy of unde-•	
termined significance (MGUS): MGUS is a condition in 
which abnormal plasma cells manufacture a variety of 
certain proteins. The current theory is that all cases of 
multiple myeloma are preceded by a period of MGUS 
that may last as long as 16-20 years (Landgren et al., 
2009; Weiss et al., 2009).

“Scientists are studying other possible risk factors for 
multiple myeloma. Radiation, pesticides, hair dye, cer-
tain viruses, obesity, and diet are under study. But it is 
not clear that these factors are involved in the develop-
ment of the disease” (NCI, 2006).

Historically, there have been several case reports and a sin-
gle major study that have suggested a link between benzene 
exposure and multiple myeloma. These are discussed below.
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Aksoy in 1984 reported on seven patients with multiple 
myeloma, four of whom were workers with exposure to ben-
zene. These four patients came from four different industries 
over a 10-year time period (Aksoy, 1984).

Decoufle summarized mortality statistics from a small 
petroleum refinery that was converted to a chemical manu-
facturing facility. A population of 259 workers who had 
worked some time at the company between 1947 and 1960 
were followed through the end of 1977. Although the total 
deaths due to malignancy were lower than expected, the inci-
dence of hematopoietic cancers was higher than expected. In 
the cohort, one worker died from multiple myeloma, and a 
second was diagnosed with multiple myeloma, succumbing 
ultimately to AML (Decoufle et al., 1983).

A careful reading of both the Aksoy (1984) and Decoufle 
et al. (1983) papers clearly indicates that the workers were 
exposed to other chemicals, but they are not described 
qualitatively or quantitatively. In addition, the complete 
occupational histories, understanding of familial medical 
history, and other possible risk factors are not provided; nor 
is there an indication as to the level of benzene exposure that 
might have been experienced by the workers who developed 
disease.

The Pliofilm cohort, mentioned earlier as the best popu-
lation for evaluating the specific health risks of benzene 
exposure, has perhaps been the most widely cited study 
that reported an association between benzene and multiple 
myeloma. Rinsky et al. (1987) reported four cases of multi-
ple myeloma ten years after their initial description of the 
cohort, although one of the cases worked just four days at 
the plant, making a benzene-induced disease seem rather 
unlikely. Overall, the risk of developing multiple myeloma 
did not seem to be related to cumulative exposure, with three 
of the four cases occurring in the lowest category of exposure 
reported by Rinsky et al. Total ppm-years for the cases were 
0.11, 7.75, 19.5, and over 652 (Rinsky et al., 1987).

A follow-up report on the Pliofilm cohort 15 years later, 
however, appeared to dismiss the possibility of an associa-
tion between benzene exposures and multiple myeloma (at 
least in this cohort) (Rinsky et al., 2002). Four new cases were 
described, but three of these cases were judged to be in work-
ers unexposed to benzene in the workplace. The last worker 
had only a month of exposure, as well as an unusually long 
latency period of 38 years. These factors in combination make 
it virtually implausible that benzene played a role in these 
illnesses (Rinsky et al., 2002).

The Agency for Toxic Substances and Disease Registry 
(ATSDR) has summarized their impressions on benzene and 
multiple myeloma as follows:

“The risk of mortality from multiple myeloma was 
increased in one of the early assessments of the Pliofilm 
cohort. The implication of this finding is unclear because 
the risk declined to non-significant levels in subsequent 
follow-up studies, and was not supported by the find-
ings of other cohort mortality studies. Additionally, 
population-based and hospital-based case-control 

studies indicate that benzene exposure is not likely to 
be causally related to the risk of multiple myeloma. A 
meta-analysis of case/control studies [Wong et al., 1997] 
found no significant association between occupational 
exposure to benzene and benzene containing products 
and risk of multiple myeloma from sources categorized 
as benzene and/or organic solvents, petroleum, or 
petroleum products” (ATSDR, 2007).

Bergsagel et al. (1999) performed a comprehensive review of 
the literature with respect to benzene and multiple myeloma, 
summarizing data from a wide variety of industries in Europe, 
North America, and Australia and determined the plausibility 
of an association. They concluded that although high levels 
of benzene exposure were associated with an increased risk 
for AML,

“There is no scientific evidence to support a causal 
relationship between exposure to benzene or other 
petroleum products and the risk of developing multiple 
myeloma” (Bergsagel et al., 1999).

Infante reviewed all “benzene cohort studies” reporting on 
the endpoint of multiple myeloma, and selected a subset of 
these for inclusion in a meta-analysis, coming to the opposite 
conclusion that there appeared to be “…a significant excess 
in the relative risk of MM in relation to benzene exposure” 
(Infante, 2006). His treatment of the underlying data for his 
analysis, however, is subject to question.

•	 Rinsky 2002 noted five cases of multiple myeloma from 
the exposed worker population. Two of these workers 
had very short periods of employment (4 days and 1 
month), with net occupational exposures of 0.11 and 0.10 
ppm-years, respectively. Attributing a causative role for 
benzene in these two workers with transient exposures 
appears unjustified, in our opinion.

The latency periods reported for all five cases were •	
remarkably long, compared to reported latencies for 
other benzene-related hematopoietic malignancies 
(Finkelstein, 2000; Glass, 2004). These ranged from 22.5 
years to 38 years, with a mean latency of 27.4 years; time 
periods much greater than accepted latencies for ben-
zene and AML (Finkelstein, 2000; Glass, 2004). Collins 
et al. also noted a prolonged latency of disease in their 
cases, with all 10 deaths occurring 20 or more years 
after first exposure (Collins et al., 2003). Justification for 
including these cases, and commenting upon a possible 
mechanism by which benzene might substantially extend 
its latency for causing hematopoietic disease in the case 
of multiple myeloma was not provided by Infante.

Although he provided commentary on both the 1981 and •	
2002 Rinsky Pliofilm studies, Infante decided to perform 
his risk calculations on the study with 20 fewer years of 
accumulated data for his arguments regarding disease 
association. Using this earlier, less complete study sub-
stantially increased his reported risk numbers.
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Infante assumed that populations across the various •	
studies in his meta-analysis were comparable and could 
be reasonably combined. However, exposures sustained 
by the various worker populations differed tremendously 
from one another. For example, half of the cases of MM 
reported by Collins et al. occurred in worker with less 
than 6 ppm-years of net benzene exposure (25% were 
less than 1 ppm-year of exposure). Fu et al. estimated 
that exposures for the Florence facility may have ranged 
from 25 to 600 ppm, in accordance with those reported 
by Aksoy (Fu et al., 1996).

 A less confident statement as to the relationship between 
benzene and multiple myeloma was made by Goldstein 16 
years earlier. His review commented on the 1987 follow-up 
by Rinsky of the Pliofilm cohort, and appears to have pro-
vided the source for many of the biologic plausibility argu-
ments emphasized by Infante in his later review. Goldstein 
concluded that: “Overall, these findings are not sufficient to 
make an unequivocal statement that benzene is a cause of 
multiple myeloma” (Goldstein, 1990).

Apparently in response to Goldstein, Bezabeh et  al. 
reviewed population-based and hospital-based case-
control studies looking at the relationship between MM 
and benzene exposure. Odds ratios were approximately 1.0 
from these studies, and although some individual studies 
of petroleum combustion products seemed to indicate an 
increased risk of disease, studies focusing on exposures to 
benzene, solvents containing benzene, and cigarette smok-
ing all failed to show a positive relationship. The authors 
concluded that:

“The current published case-control literature on ben-
zene exposure is not ambivalent and does not indicate 
that benzene exposure is a risk factor for multiple 
myeloma” (Bezabeh et al., 1996).

Two recent papers have suggested a relationship between 
benzene exposure and the development of multiple mye-
loma, Kirkeleit et al., (2008) and Costantini et al., (2008). 
However,in light of the following shortcomings, we consid-
ered them unreliable. 

As discussed previously, Kirkeleit et al. (2008) reported 
on the mortality statistics of upstream petroleum workers in 
Norway during two separate time periods between 1981 to 
2003:  “First exposure 1981-1985” and “First exposure 1986-
2003.”  In the absence of actual quantitative exposure data 
for the worker population that was studied, the authors “…
assume[d] that the ‘upstream operators offshore,’ who have 
had the most extensive contact with crude oil and natural gas, 
was highest and most homogeneously exposed to benzene.” 
(Kirkeleit et al., 2008). Upstream operators in the earlier 
time period were found to have an increased risk of multiple 
myeloma, with nine observed cases and a reported relative 
risk of 2.85 compared to the general population.  However, 
in the later time period, no cases of multiple myeloma were 
reported.  The authors explained that this change might 

have occurred as a result of improved benzene regulations 
and exposure protection, but that explanation tends to 
dilute their argument that ongoing exposures to crude oil 
and petrochemicals are still creating excess risk of disease 
for petrochemical workers.  In other words, if workers are still 
being exposed, but at lower levels, we would still expect to see 
some observable disease. In addition, the authors admit that 
detailed information on occupation, job tasks and potential 
exposure was lacking in the groups that they studied, which 
could have contributed to exposure misclassification. The 
authors admit that: 

“Previous studies that assessed the association between 
benzene exposure and hematologic neoplasms in 
cohorts of petroleum workers were limited by the lack 
of good exposure estimates including information on 
the variability of benzene exposure. This is also a major 
limitation of our study.” (Kirkeleit et al., 2008).

Costantini et al. (2008) conducted a population based case-
control study in Italy and used questionnaire data to assess 
exposures to solvents and other environmental agents. In this 
study, the authors reported odds ratios for select agents in 
586 cases of leukemia and 263 cases of MM. The risk for the 
development of MM in the “benzene exposed” workers was 
not statistically significant, suffered from very small num-
bers, and showed very low precision (confidence intervals 
very wide in most cases).  In particular, in workers with over 
15 years of benzene exposure, five cases and three control 
subjects were reported with odds ratio of 4.1 (CI= 0.8-20). 
Interestingly, the authors also reported very similar associa-
tions for multiple myeloma with both xylene and toluene in 
the 15+ year exposure groups (odds ratios of 3.1 [CI=0.6 to 
17.0] and 3.1 [CI=0.6 to 17.2], respectively). These reported 
findings, which are inconsistent with the literature on xylene 
and toluene health effects, provide further doubt as to the 
validity of the Costantini et al. data. More importantly, the 
authors failed to find any association between exposure to 
any solvent (including benzene) and the incidence of AML.  
This fact alone makes their claims of association between 
benzene exposure and other hematopoietic diseases much 
less plausible. The authors believe their failure to find AML 
in the population was “explained by the strict regulation of 
benzene in Italy nearly three decades prior two study ini-
tiation” (Costantini et al., 2008).  If this reasoning is correct, 
then strict regulation of benzene should also remove the 
risk of other hematopoietic malignancies; a fact they fail to 
acknowledge.

In a recent study of 279 patients with multiple myeloma, 
compared to 782 control patients, variants of genes involved 
in the metabolism of exogenous chemicals were explored to 
determine a possible association with altered metabolism of 
various chemicals and the risk for developing MM. NAD(P)
H:quinone oxidoreductase (NQO1) was selected as a focus 
for the metabolism of benzene, whereas genes involved in 
the metabolism of polyaromatic hydrocarbons (PAHs), diox-
ins, pesticides, and other agents were selected to evaluate 
MM risk with altered metabolism for these other chemicals. 
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Variants in NQO1 were not found to be associated with an 
increased risk for MM, providing suggestive evidence that 
variable abilities to metabolize benzene were not found to 
be associated with an increased risk for disease (Gold et al., 
2009).

With the recent classification of multiple myeloma by the 
WHO as a “Mature B-cell neoplasm,” the discussion regard-
ing MM and benzene exposure will likely become absorbed 
into the discussion of NHL and benzene exposure. After con-
sidering the available studies, similar to our expressed opin-
ions regarding NHL, we do not feel that there is sufficient 
evidence to establish a convincing relationship between 
multiple myeloma and benzene.

Benzene exposure and the myelodysplastic syndromes 
(MDS)
The myelodysplastic syndromes present a heterogeneous set 
of neoplastic diseases that are characterized by cytopenias in 
the peripheral blood, dysplasia in the bone marrow and pro-
gressive failure of hematopoiesis in one or more of the mye-
loid cell lineages (Bennett, 1982; Jaffe et al., 2001; List, 2004; 
Swerdlow, 2008). MDS are thought to originate in hematopoi-
etic stem cells and a diagnosis of MDS offers an increased 
risk for the development of certain types of AML (Aul, 1998). 
Although progression of MDS to AML can occur as a natural 
course of the disease, the diagnostic distinction between MDS 
and AML is simply determined by the threshold percentage 
of myeloblasts observed in the peripheral blood and bone 
marrow: greater than 20% myeloblasts meets the criteria for 

a diagnosis of AML and less than 20% myeloblasts meets the 
criteria for a diagnosis of MDS (Jaffe et al., 2001; Swerdlow, 
2008). The MDS subtypes are morphologically categorized 
by their varying degree of blast cells, lineage dysplasia, and 
presence of ringed sideroblasts (e.g., ringed sideroblasts are 
erythroid precursor cells with an accumulation of iron in 
the mitochondria). As with WHO’s standardized criteria for 
diagnosis of leukemia subtypes and NHL, advances in tumor 
biology and diagnostic tools used to identify histopathologi-
cal and genetic features have allowed the WHO to set forth 
uniform criteria for the diagnosis of MDS subtypes in the 
WHO tumor classification scheme published in 2001 and 
2008 (Jaffe et al., 2001; Swerdlow, 2008).

Historically, epidemiologic reports studying the risks of 
occupational chemical exposures for developing hemat-
opoietic disease have frequently not provided details on 
MDS subtypes.  This lack of more specific MDS data has 
made it extremely difficult to associate exposures to benzene 
and other chemicals with specific subtypes. The changing 
definition of the various subtypes over the past 30 years has 
complicated matters even further. For example, MDS was 
often referred to as “preleukemia,” “preleukemic state,” or 
“subacute leukemia,” terms that may encourage confusion 
with other hematopoietic diseases (Block, 1953; Dreyfus, 
1976; Jaffe et al., 2001; Swerdlow, 2008). As such, the historic 
reports often included either a description of MDS along 
with a diagnosis of AML or MDS was categorized with other 
chronic myeloproliferative diseases (e.g., myelofibrosis) (Jaffe 
et al., 2001; Swerdlow, 2008).
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Figure 2.  A schematic flow chart adapted from Bennett (2005) illustrates MDS subtypes as defined by the 2008 WHO. A (Bz) notation represents that an 
association between the MDS subtype and benzene exposure has been reported.
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In 1976, the FAB cooperative proposed a classification 
scheme for a distinct group of conditions wherein the bone 
marrow exhibited hypercellularity but, unlike AML, fewer 
leukemic blast cells were present in the bone marrow. The 
FAB classification for this group was the “dysmyelopoietic 
syndromes” and two distinct subtypes were identified: 
refractory anemia with excess blasts (RAEB) and chronic 
myelomonocytic leukemia (CMML). In RAEB, the eryth-
roid component predominated in the bone marrow and 
the erythroid precursor cells exhibited hyperplasia and 
dysplastic changes with or without the presence of ringed 
sideroblasts. In CMML, the granulocytic and monocytic 
components predominated in the bone marrow and the 
peripheral blood monocytes were elevated and displayed 
atypical morphology (Bennett, 1976). In 1982, the FAB 
began referring to the syndromes as “myelodysplastic” 
and proposed a new classification scheme following their 
review of the morphologic features of 80 separate cases, 
some of which exhibited difficult diagnostic clarity. In the 
1982 report by Bennett and colleagues, they described the 
morphologic features of the bone marrow in cases of MDS, 
and these features were used to define five distinct subtypes. 
These subtypes included refractory anemia (RA), RA with 
ringed sideroblasts (RARS), RAEB, RAEB in transformation 
(RAEB-t), and CMML (Bennett, 1982).

In 1997, the WHO appointed a new committee that revised 
and updated the FAB classification scheme. In the process of 
revision, the committee took into account blast cell percent-
age, dysplastic features, prognostic features, and therapeutic 
outcomes (Bennett, 2005). The new criteria were published 
in 2001 by WHO and several distinct changes in the 1982 FAB 
classification were noted: 

RAEB-t was eliminated as a MDS subtype and patients 1.	
with bone marrow containing greater than 20% blast 
cells were considered to have AML. 
The categories of RAEB-1 and RAEB-2 were created with 2.	
blast cell percentage used as a distinguishing feature 
(5–9% and 10–19%, respectively).
CMML was eliminated as a MDS subtype and a new cat-3.	
egory was created, Myelodysplastic/Myeloproliferative 
Diseases, which now included CMML.
Three additional MDS subtypes were created which 4.	
encompassed cytopenias with multilineage dysplasias 
(RCMD), MDS with no classifiable features (MDS-u), 
and the 5q minus syndrome (distinct from 5q− chromo-
somal abnormality) (Bennett, 2005; Jaffe et al., 2001). 

The latest revision of the MDS classification scheme was 
published by WHO in 2008 and again the majority of MDS 
subtypes were distinguished by the observed percent of bone 
marrow blast cells, presence or absence of ringed sideroblasts, 
and evidence of dysplasia (Bennett, 2005). The 2008 WHO 
criteria is currently used for the diagnosis of hematopoietic 
diseases, although the classification of MDS continues to 
evolve and will no doubt be refined as we learn more about 
the biology and etiology of this disease. In the WHO 2008 

classification scheme for MDS, refractory cytopenia with uni-
lineage dysplasia (RCUD) and refractory anemia with ringed 
sideroblasts (RARS) represent MDS subtypes that are most 
commonly associated with erythroid dysplasia (Swerdlow, 
2008) (Figure  2). RCUD includes refractory anemia, refractory 
neutropenia, and refractory thrompocytopenia as defined by 
a single cytopenia in the peripheral blood and a single line-
age dysplasia in the bone marrow. Bone marrow findings for 
RCUD also include less than 5% myeloblasts and less than 
15% of the erythroid precursors are ringed sideroblasts (Figure 
2). RARS is defined by anemia in the peripheral blood and 
erythroid dysplasia in the bone marrow. Additional bone mar-
row findings for the classification of RARS include greater than 
15% of the erythoid precursor cells are ringed sideroblasts and 
the observation of less than 5% myeloblasts (Bennett, 2005). 
Both RCUD and RARS have a low incidence of transforma-
tion to AML (Swerdlow, 2008). Refractory cytopenias with 
multilineage dysplasia are represented by one or more cyto-
penias in the peripheral blood and dysplasia in at least two 
myeloid lineages in the bone marrow. Levels of blast cells in 
the bone marrow are less than 5%.  Both RAEB-1 and RAEB-2 
are characterized by cytopenia(s) in the peripheral blood and 
unilineage or multilineage dysplasia in the bone marrow; the 
criteria for bone marrow blast cell number remain the same 
as in WHO, 2001 (Swerdlow, 2008).

It is noteworthy that MDS with an isolated 5q deletion 
are classified as an independent MDS subtype under WHO 
2001 and WHO 2008 criteria. This subtype is unique in that 
cells exhibits a single del(5q) cytogenetic abnormality and 
the patient may present with increased numbers of plate-
lets (thrombocytosis) instead of thrombocytopenia in the 
peripheral blood. Additional features characteristic of MDS 
del(5q) include anemia with or without other cytopenias in 
the peripheral blood and blast cells observed at less than 
5% in the bone marrow (Jaffe et al., 2001; Swerdlow, 2008). 
Myelodysplastic syndrome-unclassifiable (MDS-u) represent 
clear cases of bone marrow dysplasia but they do not fit under 
any other MDS subtype classification. Two indications for 
classification in the MDS-u category: 

A MDS case with lineage dysplasia in one or more of the 1.	
myeloid lineages that is accompanied by pancytopenia, 
and RCUD or RCMD subtype that exhibits less than 1% 
blast cells in the peripheral blood. 
A MDS case represented by bone marrow dysplasia in 2.	
one or more lineage with fewer than 1% blast cells in 
the peripheral blood and less than 5% blasts in the bone 
marrow that is accompanied by a cytogenetic abnormal-
ity (Swerdlow, 2008).

As mentioned previously, the WHO classification schema 
for clonal hematopoietic neoplasms are a “work in progress” 
and, as our knowledge increases, MDS will be further defined 
(Swerdlow, 2008). As such, our interpretation of the associa-
tion between benzene and the development of specific MDS 
subtypes most likely will evolve as well (Figure 2). Our current 
understanding is described below.
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Benzene and preleukemia

Although some historic epidemiologic reports have 
described benzene-induced AML as a transition through a 
“preleukemic” state, MDS has rarely been reported as a toxi-
cological endpoint. For example, Aksoy reported that “pre-
leukemia” was a common observation in benzene-exposed 
workers in Turkey (Aksoy, 1980b). Some of the older reports 
of benzene-induced hematotoxic effects refer to pancyto-
penia occurring in the presence of “paradoxical hyperpla-
sia” of the bone marrow, which is reminiscent of MDS. The 
blood dyscrasias that have been associated with high levels 
of benzene not only include cytopenias, pancytopenia, ane-
mia, and aplastic anemia but also “preleukemic” dysplastic 
changes that are now generally consistent with MDS. In con-
trast, approximately 10% of the MDS cases diagnosed today 
are hypoplastic, making the differential diagnosis between 
MDS and aplastic anemia difficult (Swerdlow, 2008). That 
said, benzene-induced aplastic anemia as described in 
earlier studies may not meet currently accepted criteria for 
the proper diagnosis of aplastic anemia (i.e., pancytopenia 
and hypocellularity of the bone marrow). Moreover, some 
of the early cases of benzene-induced aplastic anemia were 
diagnosed primarily by pancytopenia in peripheral blood or 
by bone marrow findings at autopsy (Gross, 2010). By the 
early 1960s, bone marrow biopsies paved the way for the 
study of marrow architecture to assist in making a correct 
hematologic diagnosis (Mc Farland and Dameshek, 1958; 
Parapia, 2007).

Benzene and MDS in general

In more recent epidemiologic literature, the bone marrow 
morphology in benzene-exposed cases has been described 
but resolution for MDS subtypes associated with benzene 
exposure is lacking. For example, Ruis and colleagues (1994) 
described bone marrow morphology in 192 workers exposed 
to high concentrations of benzene at a steel plant in Brazil. 
The authors noted that the majority of bone marrow samples 
they examined were hypoplastic with a large decrease in 
number of granulocytic precursors documented. The authors 
reported erythroid dysplasia, atypia in all three myeloid 
cell lineages, and frequent stromal changes. Eosinophilia 
was also documented (Ruis et al., 1994). Travis et al. (1994) 
defined a series of seven MSD cases within a cohort of 
74,828 benzene-exposed workers from across China. MDS 
subtyping was performed using the Proposed Classification 
Schema for MDS published by Bennett in 1982. The authors 
described MDS subtypes in four out of the seven MDS cases. 
They documented one case of RA and one case of RAEB in 
transformation. The other two MDS cases were defined as 
“not otherwise specified” (NOS). Travis also included one 
case of CMML, which would not be considered under the 
umbrella of MDS by WHO 2001 or WHO 2008 criteria for 
diagnosis (Travis et al., 1994). Linet et al. (1996) published 
findings from this same cohort and again, associated seven 
cases of MDS with benzene exposure. The authors provided 
an overall description of the bone marrow morphology 
in benzene-exposed workers diagnosed with MDS that 

included evidence of hypocellular bone marrow and dys-
erythropoietic changes (Linet, 2996).

Irons et al. (2005) reported on the bone marrow mor-
phology in 23 Chinese workers exposed to high con-
centrations of benzene. The authors applied WHO 2001 
criteria for diagnosis and reported that the bone marrow 
pathology of the workers was characteristic of hypoplasia, 
stromal degeneration, dyserythropoiesis, multilineage 
dysplasia, and severe dysplasia in eosinophilic precursor 
cells (Irons et al., 2005). Even with the improvement in 
diagnostic tools, the morphologic findings by Irons and 
colleagues are similar to that described by Ruis and col-
leagues in the Brazilian workers in 1994. However, Irons 
also observed hematophagocytosis and clonal expan-
sion of T cells; observations that the authors suggest are 
a result of immune activation. In addition, Irons found 
no cytogenetic abnormalities in any of the analyzed 
samples. Irons concluded that these findings do not sup-
port the hypothesis that the disease process of benzene-
induced AML shares a common mechanism with the 
development of therapy-related AML following exposure 
to alkylating agent or radiation (Irons et al., 2005). The 
authors acknowledged that quantitative information on 
the development of specific MDS subtypes in benzene-
exposed individuals is currently lacking and future studies 
will no doubt provide insight into the disease specificity 
(Irons et al., 2005). The suggestion by Irons and colleagues 
that benzene-induced morphologic bone marrow changes 
were immune mediated was recently supported in a study 
performed by Song et  al. in which 19 out of 22 patients 
with benzene-induced hematotoxicity responded to treat-
ment with immunosuppressive therapy with cyclosporin 
A (Song et al., 2010).

Benzene and RCUD

As previously noted, the 2008 WHO classification scheme com-
bined RA with refractory neutropenia and refractory throm-
bocytopenia into a single disease subtype, RCUD (Swerdlow, 
2008). According to the 2008 WHO, RCUD is mainly diagnosed 
in older individuals and makes up approximately 10–20% of 
all MDS cases reported. RA is diagnosed most frequently, 
whereas refractory neutropenia and thrombocytopenia are 
rarely diagnosed (Swerdlow, 2010). It is not clear whether 
RCUD can develop in benzene-exposure individuals, as only a 
few cases have been reported in the literature, although single 
cytopenias, most notably anemia, leukopenia, and thrombo-
cytopenia, have been reported following benzene exposure 
(ATSDR, 2007). Using the 1982 FAB criteria for diagnosis of 
MDS, Travis and colleagues reported one case of RA from a 
cohort of 74,828 benzene-exposed workers (Travis et al., 1994). 
Irons et al. incorporated the 2008 WHO classification system 
in a recent report of 29 cases of MDS that were occupationally 
exposed to high levels of benzene and the authors referred 
to these cases as “benzene signal cases.” The authors noted 
that out the 29 benzene-exposed signal cases, two cases of RA, 
and two cases of RCUD were diagnosed. However, the authors 
determined that odds ratios for the development of these RA 
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and RCUD subtypes were 0.67 (95% CI 0.13–3.3) and 1.0 (95% 
CI 0.18–5.4), respectively (Irons et al., 2010).

Benzene and RARS

RARS has been a recognized disease entity for over a half 
a century and the unifying diagnostic feature of RARS has 
been the presence of ringed sideroblasts in the mitochon-
dria of erythroid precursor cells, which are typically iden-
tified by iron staining of the bone marrow cells (Natelson, 
2007a; Aul, 1998; Bennett, 2005; Catenacci, 2005). RARS 
occurs primarily in older individuals and accounts for 
approximately 3–11% of MDS cases (Swerdlow, 2008). 
As for benzene, the cumulative literature indicates that 
exposure to benzene is consistently not associated with 
the development of RARS (Bennett, 2005). In a recent 
publication, Natelson summarized the bone marrow 
morphology from several primary studies on benzene-
exposed workers, and pointed out that there was a lack of 
documentation for ringed sideroblasts (Natelson, 2007a). 
For example, analysis of the bone marrow by iron stain 
from some of the AML and MDS cases identified from the 
cohort of 74,828 of benzene-exposed workers showed no 
indication of ringed sideroblasts (Linet, 1996). In Aksoy’s 
study of Turkish shoe workers, he described the bone mar-
row abnormalities associated with benzene exposure for 
the AML cases identified from the shoe worker cohort and 
he reported that none of the observations was consist-
ent with RARS (Aksoy, 1980b). Independently, Irons et al. 
(2010) and Ruiz et al. (1994) provided descriptive reports 
of bone marrow abnormalities in workers occupation-
ally exposed to benzene and in both authors’ description 
ringed sideroblasts were not noted (Ruiz et al., 1994; 
Irons et al., 2005). In addition, a 1992 study conducted by 
Garand and colleagues evaluated whether any of the 84 
patients who were diagnosed with RARS recalled specific 
exposure to benzene. One out of the 84 RARS patients sur-
veyed confirmed previous exposure to benzene, although 
radiation therapy was also reported in this patient (Garand 
et al., 1992).

Benzene and RCMD

The category of RCMD is a fairly new MDS subtype and was 
only incorporated into the MDS classification scheme in 
2001 WHO (Jaffe et al., 2001). RCMD accounts for approxi-
mately 30% of diagnosed MDS cases (Swerdlow, 2008).  
Additional demographic characteristics of RCMD include 
a preponderance for the development of the disease in 
older males (Jaffe et al., 2001; Swerdlow, 2008). Due to the 
recent introduction of this subtype into the classification 
schema, reports on the development of RCMD following 
occupational exposure to benzene are limited. Irons and 
colleagues (2010) identified 17 cases of RCMD in the ben-
zene signal cases outlined in their recent publication. But it 
is important to note that in this same study, 441 out of 611 
MDS cases that were diagnosed over the 4-year study period 
were classified as RCMD, which resulted in 72% of the total 
MDS cases reported (Irons et al., 2010). Further, the authors 
reported the odds ratio associated with the development of 

RCMD subtype following occupational exposure to benzene 
was 0.58 (95% CI 0.2–1.4) (Irons et al., 2010).

Benzene and MDS-u

The unclassifiable category of MDS subtypes is another new 
category added to the 2001 WHO classification scheme for 
MDS and basically this category was recreated to define MDS 
cases that essentially lack features appropriate for classifica-
tion in any other subtype (Jaffe et al., 2001; Swerdlow, 2008). 
Not surprisingly, the incidence for the development of MDS-u 
is unknown and there are only a few reports of the develop-
ment of MDS-u following occupational exposure to benzene 
(Swerdlow, 2008; Irons et al., 2010, Travis et  al., 1994). In 
1994, Travis and colleagues reported two cases of MDS—not 
otherwise specified (NOS) in their cohort of 74,828 benzene-
exposed workers (Travis et al., 1994). However, reclassifica-
tion of these two MDS-NOS using current criteria for MDS 
subtypes may result in different conclusions as to disease 
risk. In a later study, Irons and colleagues found an increased 
number of MDS-u cases (n = 7) within their 29 benzene signal 
cases as defined in their 2010 study, and they reported that 
the odds ratio for the development of this disease subtype 
was 11.1 (95% CI 1.34–92.4) (Irons et al., 2010). 

Benzene and 5q minus syndrome

As previously discussed, MDS with an isolated deletion of 
chromosome 5q32 (5q− syndrome) is a unique MDS subtype 
with a single clonal chromosome aberration and distinct set 
of clinical features that include presentation in older indi-
viduals, preferentially affecting women, a median survival 
rate of greater than 10 years, and less than 10% of the cases 
actually transforming to AML (Swerdlow, 2008). 5q minus 
syndrome should be distinguished from therapy-related MDS 
and AML, which can occur following therapy with alkylating 
agents, evolve quickly to AML, and often exhibit cytogenetic 
abnormalities involving deletions in chromosomes 5 and 
7 and/or complex cytogenetic abnormalities involving the 
two chromosomes; these are two distinctly different diseases 
with distinctly different disease outcomes (Jaffe et al., 2001; 
Swerdlow, 2008). However, exposures to benzene and other 
solvents have been associated with cytogenetic abnormalities 
involving chromosome 5 and 7 (Brandt, 1992; Rigolin, 1998; 
Natelson, 2007b; Pederson-Bjergaard, 1981; Fagioli, 1992; 
Cuneo, 1992).

Benzene and RAEB

It is important to note that any one of the MDS subtypes 
described above can evolve or transform into RAEB and 
that RAEB has been characterized as an MDS subtype in 
the MDS classification scheme since its inception in 1976 
(Bennett, 1976). Without attention to morphology, cases 
of MDS are diagnosed as RAEB-1 if the blast cells observed 
in the bone marrow are between 5% and 9% and RAEB-2 
is assigned to cases where the bone marrow blast cells fall 
between 10% and 19% (Jaffe et al., 2001; Swerdlow, 2008). 
It is also important to note that as of 2001, the criteria 
for the diagnosis of RAEB has changed in terms of blast 
cell number. Under 2001 criteria, the RAEB-t cases with 
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20–29% blast cells were considered to be AML (Bennett, 
2005).  This 2001 change in definition for MDS and AML 
has implications in the benzene literature, as there are 
several reports of the development of RAEB following 
occupational exposure to benzene. For example, Travis 
and colleagues (1994) noted one case of RAEB in their 
benzene-exposed cohort and Strom and colleagues docu-
mented an increased risk in the development of RAEB and 
RAEB-t following exposure to solvents, including benzene. 
Both of these reports used the 1982 FAB criteria for the 
classification of MDS subtypes (Travis et al., 1994; Strom 
2005). Using the 2008 criteria, Irons et al. (2010) noted two 
cases of RAEB in the described benzene-exposed signal 
group, although he reported that in his study, the odds 
ratio for the development of RAEB subtype was 1.4 (95% 
CI 0.19–11.1) (Irons et al., 2010).

As with NHL nomenclature discussed previously, it is 
difficult, if not inappropriate, to directly compare historic 
epidemiologic reports of “preleukemia” and even “RAEB-t” 
with the current MDS classification scheme.

Toxicology studies and models for benzene toxicity
Over the years, benzene has been implicated as a cause or 
contributor to a wide variety of conditions, both acute and 
chronic, malignant and nonmalignant. Despite the best 
efforts of researchers across the globe, the exact mechanism 
of how benzene may lead to harmful effects in humans is still 
not well understood. There are several reasons for this. First, 
there is still no good animal model that has proved reliable for 
simulating the development of human leukemia after heavy 
and prolonged benzene exposure.

“Animal responses to benzene exposure are variable 
and may depend on factors such as species, strain, 
duration of exposure, and whether exposure is inter-
mittent or continuous. Wide variations have also been 
observed in normal hematological parameters, compli-
cating statistical evaluation” (ATSDR, 2007).

“Lack of genetic concordance between experimen-
tal hematopoietic neoplasms and human leukemias 
is a key limitation to the use of many animal models 
to leukemia hazard assessment” (McCormick et  al., 
2004).

The animal studies that are most frequently cited regard-
ing the inhalational carcinogenicity of benzene have been 
performed in rats, where tumors of the Zymbal gland (an 
auditory sebaceous gland not found in humans) and oral 
cavity have been most commonly observed. In mouse stud-
ies, a broader range of lesions have been observed, including 
hematopoietic malignancies. The reasons for not being able 
to develop an effective and dose-dependent animal model for 
benzene-induced leukemia are not well understood, but may 
be influenced by the differing metabolisms and enzymatic 
detoxification systems relied upon by different mammalian 
species (Henderson, 1996). The varying organization and 

control of different mammalian genomes may also play a 
significant role.

Second, there is a lack of agreement as to how benzene or 
its metabolites cause the injury that leads to leukemic and 
preleukemic conditions. Four main mechanisms have been 
suggested, as described by Whysner et al. (2004):

DNA adduct formation or cross-linking by oxidized 1.	
metabolites of benzene, such as hydroquinone, phenol, 
or benzoquinone

Direct oxidative damage to DNA strands by these 2.	
intermediates

Physical damage to progenitor cell protein microstruc-3.	
tures, which then directly affects the ability of these cells 
to replicate and divide

Direct inhibition by benzene and/or its metabolites on 4.	
enzyme function, particularly a class of enzymes called 
topisomerases that operate in the coiling and uncoiling 
of DNA and assist in the transcription and replication 
process of cells

 Transgenic mouse models have been used by some research-
ers in an attempt to shorten the latency of mutational events 
leading to hematopoietic diseases such as leukemia and 
lymphoma. Studies of benzene in drinking water, for exam-
ple, have shown that benzene suppressed the proliferation 
of hematopoietic progenitor cells in transgenic mice and 
altered gene expression in key signaling pathways (Nwosu 

Table 6.  Risk factors for leukemia.

•  Genetic predisposition

  ◦  Down syndrome

  ◦  Fanconi’s anemia

  ◦  Bloom syndrome

  ◦  Blackfan-Diamond syndrome

  ◦  Ataxia telangiectasia

  ◦  Polymorphisms of genes active in metabolism and detoxification

  ◦  Polymorphisms of genes responsible for DNA repair enzymes

  ◦  Family history of leukemia

•�  Treatment with chemotherapy agents, particularly alkylating agents 
and topoisomerase inhibitors

•  History of prior hematologic disorders

  ◦  Myelodysplastic syndrome

  ◦  Myeloproliferative diseases

•  Exposure to radiation, either therapeutic or environmental

  ◦  �Diagnostic radiation is typically of much smaller magnitude, but 
excessive exposure to certain types of procedures may impart 
increased risk

•  Occupational exposures

  ◦�  Chronic exposure to benzene exceeding federally approved safety 
limits (for AML)

•  Environmental exposures

  ◦  Certain viral agents

  ◦  Cigarette smoke, primary and secondary

  ◦  Dietary factors

Sources: American Cancer Society, 2009; National Cancer Institute, 2008; 
McCormick and Kavet, 2004; Leukemia and Lymphoma Society, 2009b.
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et  al., 2004). The relevance to inhalational exposures is 
unclear.

Other researchers have employed alternative strategies to 
accelerate or increase the likelihood of malignant transfor-
mation in the animal populations studied. Trp-53 is a tumor 
suppressor gene product that inhibits malignant transforma-
tion (Siddique et al., 2006). Mice with a Trp-53 deficiency are 
less able to induce apoptosis following genotoxic damage. 
Trp-53–deficient animals thus show an increased genomic 
instability, and will experience a heightened rate of malig-
nant transformation after DNA damage caused by various 
genotoxic chemicals. Kawasaki et al. recently examined Trp-
53–deficient mice, and were able to induce hematopoietic 
cancers in a dose-dependent fashion in up to 100% of ani-
mals, demonstrating the importance of the Trp-53 function in 
preventing malignant transformation (Kawasaki et al., 2009). 
Researchers are optimistic that similar “knockout” studies 
with mice deficient in various metabolic, DNA repair, and 
other key functions will continue to expand our knowledge 
of a variety of disease pathways, including the events lead-
ing to malignant transformation following benzene exposure 
(Meek, 2010).

Dr. Zhang summarized the various possible mechanisms 
of benzene hematotoxicity at the 2009 Munich Benzene sym-
posium as follows (Zhang, 2010):

Generation of reactive oxygen species•	
Direct chromosomal damage•	
Inhibition of topoisomerase II•	
Immune dysfunction•	
DNA methylation•	
Accumulation of toxic metabolites in the liver•	

 Benzene has been identified by several researchers as an 
excellent candidate to exploit discovery strategies made 
possible by advances in toxicogenomics and toxicogenetics 
(McHale et al., 2009; Bollati et al., 2009). These approaches 
will allow more comprehensive and accurate risk assess-
ments for any chemical with sufficiently characterized 
biomarkers and other “bioindicators of disease” (Edwards 
et  al., 2008). The new “systems biology” approach is a 
major focus of the National Institute of General Medical 
Sciences (NIGMS; one of the National Institutes of Health), 
which currently supports ten National Centers for Systems 
Biology (NIH, 2009a). This trend of integrating experimen-
tal, computational, toxicologic, and clinical disciplines to 
study and better understand fundamental biologic proc-
esses in cells, tissues, and whole organisms represents a 
paradigm shift that will undoubtedly deliver enormous 
insight and ultimately better treatments for a wide variety 
of diseases.

Trends of benzene-related disease
Leukemia is an uncommon disease, with an annual incidence 
of approximately 16 cases per 100,000 in the male population 
(NCI, 2005) and the great majority of cases occur in people 
with no identifiable risk factors.

“Weak or questionable exposure data may cause consid-
erable confusion in the interpretation of studies, mainly 
if no personal measurements are available. Currently 
known risk factors account for about 15%–20% of the 
incident cases of leukaemia worldwide. Thus, the 
majority of leukaemia cases still remains unexplained” 
(Zeeb, 1998).

A compilation of risk factors for leukemia is provided in 
Table 6.

Although diseases such as mesothelioma have been 
related to contemporaneous asbestos exposure levels and 
regulatory guidelines (Price et al., 2004), no such relationship 
has been demonstrated in the case of benzene and leukemia, 
when looked at either by total leukemia incidence, or when 
subdivided into the disease most closely linked with benzene 
exposure, AML. Surveillance, Epidemiology, and End Results 
(SEER) data from the National Cancer Institute compiled in 
2008 (Figure 3) show that age-adjusted total leukemia inci-
dence in the United States has remained remarkably con-
stant from 1975 to 2005, with a range of only 11.8 persons 
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Figure 3.  Age-adjusted total leukemia incidence and mortality in the 
United States compiled by Surveillance, Epidemiology and End Results 
(SEER). Source: NCI, 2005.
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per 100,000 to 13.5 persons per 100,000. These data seem to 
argue against any influence of exposure to benzene due to its 
presence in gasoline or vehicle exhaust, whose compositions 
have changed markedly over the past 30 years.

The ratio of affected males to affected females has also 
remained remarkably constant at around 1.7 to 1. AML data 
during the same time period ranged from 3.4 to 4.0 cases per 
100,000, with a male:female ratio of 1.53 to 1 (NCI, 2005). As 
we have mentioned earlier, the accepted latency period for 
benzene exposure to developing malignant transformation 
is less than 20 years from the date of first exposure, with the 
strongest association being found for disease occurring within 
10 years following exposure. No doubt, this figure is not precise 
since the latency should be based on the date of first “signifi-
cant exposure” (perhaps defined as 1–10 ppm or greater on an 
8-hour TWA basis). One would expect that with more stringent 
regulatory standards and improvements in industrial hygiene, 
we would be able to observe a drop in disease incidence in 
the last several decades as a result of reduced occupational 
exposures. The lack of a decrease in AML and total leukemia 
incidence in the 1975–2005 time period could be explained 
by occupational exposures to benzene already having fallen 
below “threshold” levels for benzene that at one time would 
have increased one’s risk for disease.

Although studies of occupations with historically sig-
nificant benzene exposures have provided evidence of the 
association of benzene with human disease, it should be 
recognized that at low exposures, these same associations 
are not well supported. In particular, a comprehensive meta-
analysis of workers in the petrochemical industry involving 
over 200,000 workers found no increased risks for mortality 
due to any of the four major leukemia subtypes, even though 
low airborne concentrations surely existed in this industry 
(Raabe, 1996). Specifically, for the most part, workers expe-
rienced mean exposures during the average workday of less 
than 1 ppm, and had lifetime exposures less than 45 ppm-
years. This is reinforced by recent studies of various Exxon 
refineries (Gaffney et al., 2009; Panko et al., 2009).

An industry-wide survey of petroleum worker exposures 
from over 14,000 samples found a mean exposure of 0.22 ppm 
(Runion, 1988) even during an era when benzene was not as 
well controlled or strictly regulated as today. Similar levels of 
exposure were reported for workers in the chemical indus-
try, who likewise have been found to have no significant 
increased risk for leukemia (Bloemen, 2004; Bond, 1986; Ott, 
1978). Exposure, then, is the critical feature distinguishing the 
levels of risk faced by the workers involved in these different 
industries. Where heavy, frequent exposure has been found, 
and occupational standards have either not existed or been 
ignored (Aksoy et al., 1972, 1974), significant risks of malig-
nant and nonmalignant diseases have been found. Dermal 
exposures also factored into the total absorbed dose, but this 
route of exposure probably constituted less than 10–20% of 
the overall dose (Williams et al., 2005). Conversely, occupa-
tions with nominal or “trace” levels of benzene exposure 
would be expected to have a negligible or no increased risk 
of disease.

A few years ago, a detailed literature review summarized 
occupational exposures to benzene where quantitative data 
were available in North American studies across a wide 
variety of industries (Wijngaarden et al., 2003). The analysis 
concluded that:

“It is surprising that in spite of the focus on benzene 
since the 1980s and the longtime recognition of its 
hematological effects, so little information was avail-
able on levels and determinants of exposure for many 
industries in the United States and Canada with poten-
tial exposure” (Wijngaarden et al., 2003).

There are no scientific studies showing that workers in occu-
pations with “trace benzene” exposure are at increased risk 
of benzene related disease. For industries that do not possess 
industrial hygiene data, exposure simulations that mimic the 
working environments and occupational practices for certain 
classes of workers can provide a compelling basis for char-
acterizing exposures and calculating historical and future 
health risks (Madl et  al., 2002; Williams et  al., 2007, 2008; 
Hollins et al., 2009).

Impact of Short Term or Peak Exposures
Environmental exposures are fairly constant during the day 
compared with occupational exposures, which often have 
two components: a low background concentration and a 
number of intermittent events which often involve so-called 
“peak exposures.”  For example, in the majority of studies 
in petroleum workers, it has been reported that industrial 
hygiene samples were collected during a dozen or so spe-
cific tasks within each workday.  These tasks were often less 
than 15 minutes in duration and included activities such as 
sampling from a pipeline or changing in-line filter cartridge; 
both tasks are known to present some degree of elevated 
exposure unless respirators are properly worn (Gaffney et 
al., 2009).

The first mention of concern about the possible signifi-
cance of peak exposures may have occurred in 1983, when 
Dr. Richard Irons addressed the International Conference 
on Benzene sponsored by the Collegium Ramazzini (Irons, 
1983).  Certainly, it was among one of the first times that ben-
zene and “peak exposure” were the focus of the discussion.  
Dr. Irons noted at that time that “….our experimental evidence 
would highlight a concern that has been focused recently on 
transient exposure in the occupational environment rather 
than continuous low level exposure.” He also stated: “In 
closing, I would like to mention, vis-à-vis the experimental 
regimen that we’ve used, intermittent exposure appears to 
be much more potent at producing bone marrow effects than 
is continuous exposure, and it may be that protection of the 
worker in an occupational setting requires prevention of peak 
exposures rather than the progressive lowering of the TWA 
in the absence of regulating or limiting transient exposure 
situations” (Irons, 1983). Our reading of this now quite dated 
paper is that the intermittent exposure regimen he tested had 
nothing to do with 15 min peak exposures versus 8 hr TWA, 
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but rather, he was concerned about the the increased toxicity 
of daily doses significantly above the occupational exposure 
limits. However, for many years, his statement has been cited 
as evidence for potential increased benzene toxicity following 
intermittent peak exposures, even when the peaks were as 
low as 10 ppm for up to 15 minutes per day.

Twenty years ago, Paxman and Rappaport (1990) tackled 
this issue regarding the hazard of peak exposures directly 
when they decided to evaluate the scientific basis for OSHA 
promulgating an STEL for benzene. By this time, physiologi-
cally based pharmacokinetic (PBPK) models had advanced 
to a point where they could do a reasonable job at predicting 
target tissue concentrations for a number of reactive metabo-
lites for chemicals such as methylene chloride, styrene, and 
benzene, among others. These authors specifically evalu-
ated the papers upon which OSHA had decided that a STEL 
could be justified (Divine and Barron, 1986; Picciano, 1979; 
Irons, 1983; Tice et al., 1989; Tort et al., 1982).  Paxman and 
Rappaport (1990) concluded that “in summary, we contend 
that, to justify the setting of a short-term exposure limit (STEL) 
for benzene, OSHA incorrectly used the epidemiologic and 
toxicologic data.” Later, they noted that “the animal data do 
indicate the possible importance of regularly spaced expo-
sures of several hours duration, but this is not relevant to the 
issue of short-term exposures.” Here the authors focused on 
exposure periods of 15-30 minutes or less, since they were the 
time periods of most interest in the ACGIH guidelines and the 
OSHA regulations.

Recently, Knutsen et al. (2008) extended the prior work of 
Paxman and Rappaport (1990) and that of other researchers. 
They developed a kinetic model that indicated that benzene 
and metabolite concentrations in the bone marrow resulting 
from widely varying exposure profiles were very similar when 
the cumulative workday exposures (dose) were limited to 8 
ppm-hrs, which is equivalent to the current OSHA PEL at 1 
ppm as an 8-hour TWA. For the scenarios studied, only minor 
changes in metabolite levels with or without CYP2E1 induc-
tion were observed at 8 ppm-hr. These results are consistent 
with the physiologic damping effect reported by previous 
investigators (Paxman and Rappaport, 1990). These authors 
used simple toxicokinetic methods to conclude that the 
health hazard or potential for increased toxicity resulting from 
a dose of eight ppm-hours delivered over 15 minutes was not 
appreciably different than the same dose delivered over eight 
hours. While the peak concentration is 32-fold greater in the 
former exposure scenario, both Paxman and Rappaport, as 
well as Knutsen et al. (2008) concluded that the peak benzene 
concentration in the liver should be within the capacity of the 
cytochrome P450 system to maintain first-order metabolism. 
Thus, the various tissue doses, expressed as “areas under the 
curve” (AUCs), the preferred dose metric for a chemical like 
benzene, would be the same for both exposure scenarios 
(Andersen et al., 1987).

As noted by various researchers, for an agent like ben-
zene, in which the average blood concentration of the 
reactive chemical over time above a particular level in the 
target organ is the most likely cause of toxicity, the daily AUC 

(per workday) should be the best dose metric for predicting 
adverse effects, provided that peak blood concentrations 
remain below levels in which significant in vitro toxic effects 
are induced. It is acknowledged that duration of exposure at 
concentrations around 25-30 ppm can be biologically signifi-
cant since several researchers have reported increased risks of 
frank benzene hematotoxicity and leukemia in workers with 
chronic workday 8 hr/day exposures to benzene averaging 
about 30 ppm or higher (Aksoy and Erden, 1978; Aksoy et 
al., 1974; Schnatter et al., 1996; Qu et al., 2002, 2003; Yin et 
al., 1987).

Even though additional compartments and metabolic 
pathways were added to the Knutsen et al. model, their con-
clusions were similar to those offered by Bois and Paxman 
(1992).  That is, it appears that the area under the tissue con-
centration-time curve remains the same as long as the daily 
cumulative exposure is less than about 40-80 ppm-hr.  This 
exposure would be equivalent, at 80 ppm-hr, to a employee 
being exposed to 40 ppm for 15 minutes up to 8 times per day, 
assuming there was no other exposure to benzene. It is not 
surprising  that physiologic damping occurs with benzene 
due to the effect of distribution and metabolism of occupa-
tional exposures near the current OSHA PEL of 1 ppm (AUC 
of 8 ppm-hrs) and approaching daily doses of 80 ppm-hrs.  
A similar physiological phenomenon would be expected 
for those chemicals with moderate biological half-life and 
moderate lipid solubility.   We would also agree with Bois 
and Paxman’s conclusion that: “….the evidence was insuffi-
cient to implicate the rate of exposure as a causal factor in the 
chronic health effects of benzene” (Bois and Paxman, 1992). 
We acknowledge, however, that recent work by Rappaport 
et al. (2010) suggests that a different benzene metabolite 
appears to be formed at very low doses, and that this moiety 
may eventually be shown to be important in the understand-
ing the overall toxicity posed by benzene.

Environmental exposures to benzene
Many studies have been conducted on human exposure to 
benzene in our environment. Benzene is present in the air 
of our cities due to the combustion of gasoline and diesel 
fuel from our automobiles and trucks, as well as from the 
burning of fuel in our homes and exposure to cigarettes 
(either directly or secondhand). It has been estimated 
that the average nonsmoker in the United States takes in 
around 200 micrograms of benzene per day in the course 
of performing their normal daily activities (Wallace, 1996a, 
1996b). More recently, it has been suggested that environ-
mental exposures are typically below 50 ug/m3 (Capleton 
and Levy, 2005).

The single greatest societal source of nonoccupational 
benzene exposure remains cigarette smoking, with smok-
ers taking in approximately 40–80 μg with each cigarette. 
Specifically, a one-pack-per-day smoker receives a benzene 
“dose” of 0.8–1.6 mg (one-thousandth of a gram), or about 
ten times the daily intake of a nonsmoker (Wallace, 1996a, 
1996b). It has been estimated that more than half of our net 
societal human exposure to benzene occurs in the form of 
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cigarette smoking (Wallace, 1996a, 1996b; Capleton and 
Levy, 2005). Combining efforts to continue reducing smok-
ing with efforts to reduce hydrocarbon emissions from com-
bustion sources would appear to be the most effective ways 
to reduce the risk of benzene exposure to our citizenry at 
large. Further research on the association between cigarette 
smoking and leukemia appears to indicate that the FAB sub-
type M2 has been most tightly linked to disease risk, with 
subtypes M4 and M5 implicated to a lesser degree (Pogoda 
et al., 2002; Sandler et al.,1993). A more recent case-control 
study on smoking as a risk factor for MDS and AML reported 
a “weak association between smoking and MDS, and for an 
association between smoking and abnormalities involving 
chromosomes 5, 7, and 8 in MDS and AML. No apparent 
overall effect of smoking on the risk for AML was observed” 
(Bjork et al., 2009).

The human health impact from benzene exposures at 
“environmental” concentrations has also been explored.

“Overall, the evidence from human studies suggests 
that any risk of leukaemia to adults at general popula-
tion continuous exposure concentrations of 3.8 to 42 
µg/m3, which have been derived from available United 
Kingdom exposure data—that is, it is at concentrations 
three orders of magnitude less than the occupational 
lowest observed effect level—is likely to be exceedingly 
small and probably not detectable with current meth-
ods” (Duarte-Davidson et al., 2001).

Studies of traffic density in metropolitan areas have been 
performed, with some claiming an association between 
high traffic density and the incidence of childhood cancers, 
particularly leukemia (Savitz et  al., 1989; Nordlinder et  al., 
1997; Knox et al., 1997; Harrison et al., 1999; Pearson et al., 
2000). These reports, however, are difficult to interpret, since 
levels of benzene and other potentially harmful chemicals 
are not actually measured, and the childhood leukemias are 
often lumped together into a single disease category. One 
study that did provide a breakdown on the incidence of vari-
ous leukemias in the studied population (Crosignani, 2004) 
reported that acute lymphocytic leukemia, a disease not gen-
erally associated with benzene exposure, was responsible for 
79% of the leukemias. Furthermore, it reported that “the low 
number of exposed cases with other leukemia subtypes (5 
cases) precluded further analysis by histotype” (Crosignani, 
2004).

Other studies have failed to confirm an association 
between traffic density and incidence of childhood 
cancers. In a comprehensive California study looking at 
cancers in children under five years of age over a 10-year 
period, the authors concluded that: “…no increased can-
cer risk among offspring of mothers living in high traf-
fic density areas for all cancer sites or leukemia.” In fact, 
the highest-exposed subgroup had an odds ratio for all 
cancers, and for leukemia in particular, of less than one 
(Reynolds, 2004). In addition, a Danish study that related 
benzene concentrations, nitrogen dioxide levels, and 

traffic density to the incidence of childhood diseases failed 
to find any relationship to leukemia (Raaschou-Nielsen, 
2001). Similar findings were reported by Langholz (2002) 
and Reynolds (2002). For an overview of various environ-
mental and genetic risk factors that have been evaluated 
for childhood leukemias over the years, we recommend 
the review by Buffler et al. (2005).

Conclusion

In summary, there is general agreement that benzene expo-
sure, in high concentrations over many years, leads to an 
elevated risk for AML. Although there have been reports 
of disease associations with other forms of leukemia, as 
well as with lymphomas and multiple myeloma, the overall 
evidence to date has been spotty and does not indicate a 
consistent causal relationship. At lower doses of benzene, 
there may be a physiologic response, but studies performed 
to date have not shown a convincing relationship between 
these responses and an increased risk of developing acute 
or chronic diseases. It has been historically acknowledged 
in toxicology and medicine that a biological response, in 
and of itself, is not necessarily indicative of an increase 
health risk. Indeed, there is an entire body of science that 
has evaluated the hermetic response to low-level exposures, 
where the end result is a lesser incidence of adverse effects 
(Calabrese, 2008).

It is clear that most significant exposures to benzene in 
the United States occurred in the workplace prior to 1950. 
Workers, as well as the public, have been exposed to lesser 
concentrations of benzene since that time due to a better 
understanding of the hazards as well as increasingly strict 
regulatory standards (especially post-1980). The increased 
appreciation of the potentially harmful health effects of 
benzene over the past 50 years has dramatically reduced the 
magnitude of worker exposures here in the United States. 
The lack of reports finding increased prevalence of disease 
in workers exposed after 1970 indicates that few workers in 
Western society are currently at increased risk. In developing 
nations, where occupational and environmental controls are 
often less restrictive, cumulative exposures may still be lead-
ing to measurable benzene-related health risks (Ruchirawat, 
2010; Bao et al., 2009).

Our knowledge regarding the impact of benzene on 
human health continues to evolve. Hopefully, as we bet-
ter understand at the molecular level how benzene and its 
metabolites may relate to the process of carcinogenesis, we 
will be in a better position to evaluate the risks associated 
with low-level, chronic exposure to doses of benzene (less 
than 40 ppm-years) with respect to the development of 
hematopoietic and other disease processes.

Declaration of interest

The research supporting this review and the time needed 
to write the article were funded solely by ChemRisk. The 



40    D. Galbraith et al.

opinions and perspectives are those of the authors, some 
of whom have served, and may continue to serve on expert 
scientific
panels that evaluate the potential health hazards posed by 
benzene, and may act as expert witnesses in litigation or 
while addressing governmental bodies. The authors wish to 
extend their deep thanks to Carrie Kahn for her keen techni-
cal assistance during the preparation of this manuscript.

References
ACGIH (American Conference of Governmental Industrial Hygienists). (1976). 

TLVs-Threshold Limit Values for Chemical Substances in Workroom 
Air Adopted by ACGIH for 1976. Cincinnati, OH: ACGIH, 10–11;  
36–37.

ACGIH (American Conference of Governmental Industrial Hygienists). (2001). 
Documentation of TLV for Benzene. Cincinnati, OH: ACGIH.

Aksoy M. (1978). Benzene and leukemia. Lancet 1:441.
Aksoy M. (1980a.). Malignancies due to occupational exposure to benzene. 

Haematologica 65:370–373.
Aksoy M. (1980b). Different types of malignancies due to occupational expo-

sure to benzene: A review of recent observations in Turkey. Environ Res 
23:181–190.

Aksoy M. (1985). Malignancies due to occupational exposure to benzene. Am 
J Ind Med 7:395–402.

Aksoy M, Dincol K, Erdem S, Dincol, G. (1972). Acute leukemia due to chronic 
exposure to benzene. Am J Med 52:160–166.

Aksoy M, Erdem S, Dincol G. (1974). Leukemia in shoe-workers exposed chroni-
cally to benzene. Blood 44:837–841.

Aksoy M, Erdem S. (1978). Follow-up study on the mortality and the develop-
ment of leukemia in 44 pancytopenic patients with chronic exposure to 
benzene. Blood 52:285–292.

Aksoy M, Erdem S, Dincol G, Kutlar A, Bakioglu I, Hepyuksel T. (1984). Clinical 
observations showing the role of some factors in the etiology of multiple 
myeloma. A study in 7 patients. Acta Haematol 71:116–20.

Alexander DD, Mink PJ, Adami HO, Change ET, Cole P, Mandel JS, 
Trichopoulos  D. (2007). The non-Hodgkin lymphomas: A review of the 
epidemiologic literature. Int J Cancer 120:1–39.

American Cancer Society (ACS). (2008a). Cancer Reference Information: 
Detailed Guide to Acute Myeloid Leukemia. Available at: http://docu-
ments.cancer.org/6892.00/6892.00.pdf [Accessed June 1, 2010]

American Cancer Society (ACS). (2008b). Cancer Reference Information: 
Detailed Guide to Chronic Lymphocytic Leukemia. Available at: http://
documents.cancer.org/6893.00/6893.00.pdf

American Cancer Society (ACS). (2008c). Cancer Reference Information: 
Detailed Guide to Non-Hodgkin Lymphoma. Available at: http://docu-
ments.cancer.org/178.00/178.00.pdf

American Cancer Society (ACS). (2009). Cancer Reference Information: 
Detailed Guide to Multiple Myeloma. Available at: http://documents.
cancer.org/175.00/175.00.pdf

Ames BN, Gold LS. (2000). Paracelsus to parascience: The environmental cancer 
distraction. Mutat Res 447:3–13.

Andersen ME, MacNaughton MG, Clewell HJ, Paustenbach DJ. (1987). Adjusting 
exposure limits for long and short exposure periods using a physiological 
pharmacokinetic model. Am Ind Hyg Assoc J 48:335–343.

API (American Petroleum Institute). (1948). API Toxicological Review on 
Benzene. New York: API Department of Safety.

API (American Petroleum Institute). (1960). API Toxicological Review on 
Benzene. 2nd ed. New York: API.

ATSDR (Agency for Toxic Substances and Disease Registry). (2000). Case Studies 
in Environmental Medicine (CSEM): Benzene Toxicity—Who is at Risk. 
Revised June 30, 2000. Available at: http://www.ATSDR.cdc.gov/csem/
benzene/whosat_risk.html

ATSDR (Agency for Toxic Substances and Disease Registry). (2007). Toxicological 
Profile for Benzene. Atlanta, GA: Department of Health and Human 
Services. Available at: http://www.atsdr.cdc.gov/toxprofiles/tp3.html

Aul C, Bowen DT, Yoshida Y. (1998). Recent advances in myelodysplastic syn-
dromes. Haematology 83:71–86.

Austin H, Cole P, McCraw DS. (1986). A case-control study of leukemia at an oil 
refinery. J Occup Med 28:1169–1173.

Austin H, Delzell E, Cole P. (1988). Benzene and leukemia: A review of the lit-
erature and a risk assessment. Am J Epidemiol 127:419–439.

Bao L, Gross SA, Ryder J, Wang X, Ji M, Chen Y, Yang Y, Zhu S, Irons RD. 
(2009). Adult precursor B lymphoblastic leukemia in Shanghai, China: 
Characterization of phenotype, cytogenetics and outcome for 137 con-
secutive cases. Int J Hematol 89:431–437.

Bennett JM. (2005). A comparative review of classification systems in myelod-
ysplastic syndromes (MDS). Semin Oncol 32:S3–10.

Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DA, Gralnick HR, Sultan 
C. (1976). Proposals for the classification of the acute leukaemias. Br J 
Haematol 33:4561–458.

Bennett JM, Catovsky D, Daniel MT. (1982). Proposal for the classification of 
myelodysplastic syndromes. Br J Haematol 51:189–100.

Bennett JM, Komrokji RS. (2005). The myelodysplastic syndromes: Diagnosis, 
molecular biology and risk assessment. Hematolog 10:258–269.

Bergsagel DE, Wong O, Bergsagel P, Alexanian R, Anderson K, Kyle RA, 
Raabe  GK. (1999). Benzene and multiple myeloma: Appraisal of the sci-
entific evidence. Blood 94:1174–1182.

Bergsagel L, Kuehl WM. (2005). Molecular pathogenesis and a consequent clas-
sification of multiple myeloma. J Clin Oncol 23:6333–6338.

Bernard SM, Cartwright RA, Bird CC, Richards ID, Lauder I, Roberts BE. (1984). 
Aetiologic factors in lymphoid malignancies: A case-control epidemio-
logical study. Leuk Res 8:681–689.

Bezabeh S, Engel A, Morris CB, Lamm SH. (1996). Does benzene cause multiple 
myeloma? An analysis of the published case-control literature. Environ 
Health Perspect Suppl 104:1393–1398.

Binner R, Sommerfeld G, Krumrey V. (2007). Reports on food safety, 2005. 
Bundesamt für Verbraucherschutz und Lebensmittelsicherheit (Federal 
Office of Consumer Protection and Food Safety), Berlin, Germany. 
Available at: http://www.bvl.bund.de

Bird MG, Greim H, Kaden DA, Rice JM, Snyder R. (2010). Benzene 2009: Health 
effects and mechanisms of bone marrow toxicity: Implications for t-AML 
and the mode of action framework. Chem Biol Interact 184:3–6.

Bjork J, Johansson B, Broberg K, Albin M. (2009). Smoking as a risk factor 
for myelodysplastic syndromes and acute myeloid leukemia and its 
relation to cytogenetic findings: A case–control study. Leukemia Res 
33:788–791.

Blair A, Linos A, Stewart PA, Burmeister LF, Gibson R, Everett G, Shuman L, 
Cantor KP. (1993). Evaluation of risks for non-Hodgkin’s lymphoma by 
occupation and industry exposures from a case-control study. Am J Ind 
Med 23:301–312.

Block M, Jacobson LO, Bethard WR. (1953). Preleukemic acute human leukemia 
JAMA 152:1018–1028.

Bloemen LJ, Youk A, Bradley TD, Bodner KM, Marsh G. (2004). 
Lymphohaematopoietic cancer risk among chemical workers exposed to 
benzene. Occup Environ Med 61:270–274.

Bloomfield CD. (1951). Studies of health hazards in industry: Chemical hazards: 
Benzol vapor. Ind Health Month 11:62–64.

Boffetta P, de Vocht F. (2007). Occupation and the risk of non-Hodgkin lym-
phoma. Cancer Epidemiol Biomarkers Prev 16:369–372.

Bois FY, Paxman DG. (1992). An analysis of exposure rate effects for benzene 
using a physiologically based pharmacokinetic model. Reg Tox Pharm 
15(2 Pt 1):122–136.

Bollati V, Baccarelli A, Hou L, Bonzini M, Fustinoni S, Cavallo D, Byun HM, 
Jiang J, Marinelli B, Pesatori AC, Bertazzi PA, Yang AS. (2007). Changes 
in DNA methylation patterns in subjects exposed to low-dose benzene. 
Cancer Res 67:876–880.

Bond GG, McLaren EA, Baldwin CL, Cook RR. (1986). An update of mortality 
among chemical workers exposed to benzene. Br J Ind Med 43:685–691.

Bosetti C, Levi F, Ferlay J, Lucchini F, Negri E, La Vecchia C. (2008). Incidence 
and mortality from non-Hodgkin lymphoma in Europe: The end of an 
epidemic? Int J Cancer 123:1917–1923.

Brandt L. (1992). Exposure to organic solvents and risk of hematologic malig-
nancies. Leuk Res 16:67–70.

Brief RS, Lynch J, Bernath T, Scala RA. (1980). Benzene in the workplace. Am 
Ind Hyg Assoc J 41:616–623.

Brown EA, Shelley ML, Fisher JW. (1998). A pharmacokinetic study of occupa-
tional and environmental benzene exposure with regard to gender. Risk 
Anal 18:205–213.

Browning E. (1937). Report 80: Toxicity of Industrial Organic Solvents: 
Summaries of Published Work. London: Committee on the Toxicity of 
Industrial Solvents, Medical Research Council, Industrial Health Research 
Board.

Brucken V. (1923). Uber chronischer Benzolvergiftung. Deutsche med Wchnschr 
49:1120–1121.

Buffler PA, Kwan ML. (2005). Environmental and genetic risk factors for child-
hood leukemia: Appraising the evidence. Cancer Invest 1:60–75.

http://documents.cancer.org/6892.00/6892.00.pdf
http://documents.cancer.org/6892.00/6892.00.pdf
http://documents.cancer.org/6893.00/6893.00.pdf
http://documents.cancer.org/6893.00/6893.00.pdf
http://documents.cancer.org/178.00/178.00.pdf
http://documents.cancer.org/178.00/178.00.pdf
http://documents.cancer.org/175.00/175.00.pdf
http://documents.cancer.org/175.00/175.00.pdf
http://www.ATSDR.cdc.gov/csem/benzene/whosat_risk.html
http://www.ATSDR.cdc.gov/csem/benzene/whosat_risk.html
http://www.atsdr.cdc.gov/toxprofiles/tp3.html
http://www.bvl.bund.de


Benzene and human health    41

Calabrese EJ, Stanek EJ, Nascarella MA, Hoffmann GR. (2008). Hormesis pre-
dicts low-dose responses better than threshold models. Int J Toxicol 
27:369–378.

Capleton AC, Levy LS. (2005). An overview of occupational benzene exposures 
and occupational exposure limits in Europe and North America. Chem-
Bio Interact 153-154:43–53.

Catenacci DVT, Schiller GJ. (2005). Myelodysplastic syndromes: A comprehen-
sive review. Blood Rev 19:301–319.

Checkoway H, Wilcosky T, Wolf P, Tyroler H. (1984). An evaluation of the asso-
ciations of leukemia and rubber industry solvent exposures. Am J Ind Med 
5:239–249.

Clare MG, Yardley-Jones A, Maclean AC, Dean BJ. (1984). Chromosome analysis 
from peripheral blood lymphocytes of workers after an acute exposure to 
benzene. Br J Ind Med 41:249–253.

Clinton, M. (1994). Video deposition of Marshall Clinton, M.D., taken in 
the matter of: Bessie Mae Duhon et al. v. Mobil Oil Corp.; Catherine Ann 
Spruill et al. v. Mobil Oil Corp., and Anita Selman et al. v. Mobil Oil Corp. 
Civil Action Nos. 1:93CV489, 1:93CV542, and 1:93CV469. United States 
District Court for the Eastern District of Texas, Beaumont Division. April 
19, 1994.

Cody RP, Strawderman WW, Kipen HM. (1993). Hematologic effects of benzene: 
Job-specific trends during the first year of employment among a cohort of 
benzene-exposed rubber workers. J Occup Med 35:776–782.

Collins JJ, Conner P, Friedlander BR, Easterday PA, Nair RS, Braun J. (1991). A 
study of the hematologic effects of chronic low-level exposure to benzene. 
J Occup Med 33:619–626.

Collins JJ, Ireland B, Buckley CF, Shepperly D. (2003). Lymphohaematopoeitic 
cancer mortality among workers with benzene exposure. Occup Environ 
Med 60:676–679.

Constantini AS, Benvenuti A, Vineis P, Kriebel D, Tumino R, Ramazzotti V, 
Rodella S, Stagnaro E, Crosignani P, Amadori D, Mirabelli D, Sommani 
L, Belletti I, Troschel L, Romeo L, Mceli G, Tozzi GA, Mendico I, Maltoni 
SA, Miliqi L. (2008). Risk of leukemia and multiple myeloma associ-
ated with exposure to benzene and other organic solvents: Evidence 
from the Italian multicenter case-control study. Am J Ind Med 51: 
803–811.

Costantini S, Quinn M, Consonni D, Zappa M. (2003). Exposure to benzene 
and risk of leukemia among shoe factory workers. Scand J Work Environ 
Health 29:51–59.

Cronkite EP. (1961). Evidence for radiation and chemicals as leukemogenic 
agents. Arch Environ Health 3:297–303.

Cronkite EP, Bullis JE, Inoue T, Drew RT. (1984). Benzene inhalation produces 
leukemia in mice. Toxicol Appl Pharmacol 75:358–361.

Cronkite EP, Drew RT, Inoue T, Bullis JE. (1985). Benzene hematotoxicity and 
leukemogenesis. Am J Ind Med 7:447–456.

Crosignani P, Tittarelli A, Borgini A, Codazzi T, Rovelli A, Porro E, Contiero P, 
Bianchi N, Tagliabue G, Fissi R, Rossitto F, Berrino F. (2004). Childhood 
leukemia and road traffic: A population-based case-control study. Intl J 
Cancer 108:596–599.

Crump K, Allen B. (1984). Quantitative estimates of risk of leukemia from occu-
pational exposure to benzene. OSHA.docket H-059b, Exhibit 152 (appen-
dix B). Washington, DC: OSHA.

Cuneo A, Fagioli F, Pazzi I, Tallarico A, Previati R, Piva N, Carli MG, Balboni M, 
Castoldi G. (1992). Morphologic, immunologic, and cytogenetic studies 
in acute myeloid leukemia following occupational exposure to pesticides 
and organic solvents. Leuk Res 16:789–796.

De Gowin RL. (1963). Benzene exposure and aplastic anemia and leukemia 15 
years later. JAMA 185:748–751.

DeCoufle P, Blattner WA, Blair A. (1983). Mortality among chemi-
cal workers exposed to benzene and other agents. Environ Res 30: 
16–25.

DeLore P, Borgomano C. (1928). Leukaemia aigue au cours de l’intoxication 
benzenique, sur l’origine toxique de certains leukemies aigues et leur rela-
tions avec les anemies graves. J Med Lyons 9:227–233.

Descatha A, Jenabian A, Conso F, Ameille J. (2005). Occupational exposures and 
haematological malignancies: Overview on human recent data. Cancer 
Causes Control 16:939–953.

Divine BJ, Barron V. (1986). Texaco mortality study: II. Patterns of mor-
tality among white males by specific job groups. Am J Ind Med 10: 
371–81.

Dodsworth H, Dean A, Broom G. (1981). Effects of smoking and the pill on the 
blood count. Br J Haematol 49:484–488.

Dores GM, Anderson WF, Curtis RE, Landgren O, Ostroumova E, Bluhm EC, 
Rabkin CS, Devesa SS, Linet MS. (2007). Chronic lymphocytic leukaemia 
and small lymphocytic lymphoma: Overview of the descriptive epidemiol-
ogy. Br J Haematol 2007;139:809–819.

Dougherty D, Garte S, Barchowsky A, Zmuda J, Taioli E. (2008). NQO1, MPO, 
Cyp2E1, GSTT1 and GSTM1 polymorphisms and biological effects of ben-
zene exposure—A literature review. Toxicol Lett 182:7–17.

Dreiher J, Kordysh E. (2006). Non-Hodgkin lymphoma and pesticide exposure: 
25 years of research. Acta Haematol 116:153–164.

Dreyfus B. (1976). Preleukemic states. Blood Cells 2:33–35.
Duarte-Davidson R, Courage C, Rushton L, Levy L. (2001). Benzene in the 

environment: An assessment of the potential risks to the health of the 
population. Occup Environ Med 58:2–13.

ECB (European Chemicals Bureau). (2007). Benzene: Summary Risk 
Assessment Report: Final Approved Version. Prepared in the context of 
Council Regulation (EEC) No. 793/93 on the evaluation and control of 
the risks of existing substances. Available at: http://ecb.jrc.ec.europa.
eu/documents/Existing-Chemicals/RISK_ASSESSMENT/SUMMARY/
benzenesum063.pdf

Edwards SW, Preston RJ. (2008). Systems biology and mode of action based risk 
assessment. Toxicol Sci 106:312–318.

EFSA (European Food Safety Authority). (2005). EFSA/WHO International 
Conference with Support of ILSI Europe on Risk assessment of Compounds 
that are Both Genotoxic and Carcinogenic. Brussels, Belgium. Available 
at: http://www.efsa.europa.eu/cs/BlobServer/Scientific_Document/
EFSA_Gentox.pdf?ssbinary=true

Enterline PE. (1979). Lymphomas and benzene. Lancet 11:1021.
EPA. (1998). Carcinogenic Effects of Benzene: An Update. Washington, DC: US 

Environmental Protection Agency.
Erf LA, Rhoads CP. (1939). The hematological effects of benzene (benzol) poi-

soning. J Ind Hyg Toxicol 21:421–435.
Evans LS, Hancock BW. (2003). Non-Hodgkin lymphoma. Lancet 

362:139–146.
Fabbro-Peray P, Daures JP, Rossi JF. (2001). Environmental risk factors 

for non-Hodgkin’s lymphoma: A population-based case-control 
study in Languedoc-Roussillon, France. Cancer Causes Control 12: 
201–212.

Fagioli F, Cuneo A, Piva N, Carli MG, Previati R, Balboni M, Tomasi P, Cariani D, 
Scapoli G, Castoldi G. (1992). Distinct cytogenetic and cliniopathological 
features in acute myeloid leukemia after occupational exposure to pesti-
cides and organic solvents. Cancer 70:77–85.

Farris GM, Everitt JI, Irons RD, Popp JA. (1993). Carcinogenicity of inhaled ben-
zene in CBA mice. Fundam Appl Toxicol 20:503–507.

Farris GM, Robinson SN, Wong BA, Wong VA, Hahn WP, Shah R. (1997). 
Effects of benzene on splenic, thymic, and femoral lymphocytes in mice. 
Toxicology 118:137–148.

Finkelstein MM. (2000). Leukemia after exposure to benzene: Temporal trends 
and implications for standards. Am J Ind Med 38:1–7.

Fisch IR, Freedman SH. (1975). Smoking, oral contraceptives, and obesity: 
Effects on white blood cell count. JAMA 234:500–506.

Fishbeck WA, Townsend JC, Swank MG. (1978). Effects of chronic occupa-
tional exposure to measured concentrations of benzene. J Occup Med 
20:539–542.

Flury F. (1928). II. Toxicities in modern industry. IIa. Pharmacological-
toxicological aspects of intoxicants in modern industry. Arch Exp Pathol 
Pharmakol 138:65–82. (German)

Franceschi S, Serraino D, Bidoli E, Talamini R, Tirelli U, Carbone A, La 
Vecchia  C. (1989). The epidemiology of non-Hodgkin’s lymphoma in 
the northeast of Italy: A hospital-based case-control study. Leuk Res 
13:465–472.

French JE, Saulnier M. (2000). Benzene leukemogenesis: An Environmental 
Carcinogen-induced tissue-specific model of neoplasia using genetically 
altered mice. J Tox Environ Health 61:377–379.

Fritschi L, Benke G, Hughes AM, Kricker A, Vajdic CM, Grulich A, Turner J, 
Milliken S, Kaldor J, Armstrong BK. (2005). Risk of non-Hodgkin lym-
phoma associated with occupational exposure to solvents, metals, organic 
dusts and PCBs (Australia). Cancer Causes Control 16:599–607.

Fu H, Demers PA, Costantini AS, Winter P, Colin D, Kogevinas M, Boffetta P. 
(1996). Cancer mortality among shoe manufacturing workers: An analysis 
of two cohorts. Occup Environ Med 53:394–398.

Gafafer WM. (1943). Manual of Industrial Hygiene. United States Public Health 
Service, National Institutes of Health. Phildadelphia, PA: WB Saunders.

Gaffney SH, Panko JM, Unice KM, Burns AM, Kreider ML, Gelatt RH, 
Booher  LE, Paustenbach DJ. (2009). Occupational exposure to benzene at 
the ExxonMobil Refinery in Baytown, TX (1978–2006). J Expos Sci Environ 
Epidemiol Advance online publication October 28, 2009; doi:10.1038/
jes.2009.53.

Garrand R, Gardias J, Bizet M, Bremond JL, Accard F, Callat MP, de Bouchony  ET, 
Goasguen JE. (1992). Heterogeneity of acquired idiopathic sideroblastic 
anaemia (Aisa). Leuk Res 16:463–468.

http://ecb.jrc.ec.europa.eu/documents/Existing-Chemicals/RISK_ASSESSMENT/SUMMARY/benzenesum063.pdf
http://ecb.jrc.ec.europa.eu/documents/Existing-Chemicals/RISK_ASSESSMENT/SUMMARY/benzenesum063.pdf
http://ecb.jrc.ec.europa.eu/documents/Existing-Chemicals/RISK_ASSESSMENT/SUMMARY/benzenesum063.pdf
http://www.efsa.europa.eu/cs/BlobServer/Scientific_Document/EFSA_Gentox.pdf?ssbinary=true
http://www.efsa.europa.eu/cs/BlobServer/Scientific_Document/EFSA_Gentox.pdf?ssbinary=true


42    D. Galbraith et al.

Gerarde HW. (1963). The aromatic hydrocarbons. In: Patty FA, ed. Industrial 
Hygiene and Toxicology. Vol. 2. New York: John Wiley and Sons, 555.

Girard R, Revol L. (1970). La frequence d’une exposition benzenique au cours 
des hemopathies graves. Nouv Rev Fr Hematol 10:477–484.

Glass DC, Gray CN, Jolley DJ, Gibbons C, Sim MR, Fritschi L. (2003). Leukemia 
risk associated with low-level benzene exposure. Epidemiology 
14:569–577.

Glass DC, Sim MR, Fritschi L, Gray CN, Jolley DJ, Gibbons C. (2004). Leukemia 
risk and relevant benzene exposure period—Re: Follow-up time on risk 
estimates. Am J Ind Med 45:222–3.

Glass DC, Gray CN, Jolley DJ, Gibbons C, Sim MR. (2006). The Health Watch 
case-control study of leukemia and benzene: The story so far. Ann NY 
Acad Sci 1076:80–89.

Goguel A, Cavigneaux A, Bernard J. (1967). Les leucemies benzeniques. Bull 
Inst Natl Santé Rech Med 22:421–442.

Gold LS, De Roos AJ, Brown EE, Lan Q, Milliken K, Davis S, Chancock SJ, 
Zhang Y, Severson R, Zahm SH, Zheng T, Rothman N, Baris D. (2009). 
Associations of common variants in genes involved in metabolism and 
response to exogenous chemicals with risk of multiple myeloma. Cancer 
Epidemiol 33:276–80.

Goldstein BD. (1977). Benzene Toxicity: A critical evaluation. Report for 
the American Petroleum Institute. Washington, DC: Hemisphere 
Publishing.

Goldstein BD. (1988). Benzene toxicity. Occup Med 3:541–554.
Goldstein BD. (1990). Is exposure to benzene a cause of human multiple mye-

loma? Ann NY Acad Sci 609:225–230.
Goldstein BD. (2004). Benzene exposure and leukemia. Epidemiology 

15:509–510.
Goldstein BD, Cody R. (2000). Assessment of complete blood count variations 

among workers exposed to low levels of benzene. J Occup Environ Med 
42:113–114.

Goldwater LJ, Tewksbury MP. (1941). Recovery following exposure to benzene 
(benzol). J Ind Hyg 23:217–231.

Graham JD, Green LC, Roberts MJ. (1991). In Search of Safety: Chemicals and 
Cancer Risk. Cambridge, MA: Harvard University Press.

Greenburg G. (1926). Benzol poisoning as an industrial hazard. Public Health 
Rep 41:1516–1549.

Greenburg L, Mayers MR, Goldwater L, Smith AR. (1939). Benzene (benzol) 
poisoning in the rotogravure printing industry in New York City. J Ind 
Hyg Toxicol 21:395–420.

Greer N, Mosser G, Logan G, Halaas GW. (2000). A practical approach to evi-
dence grading. J Qual Improve 26:700–712.

Greer JP, Rodgers GM, Foerster J, Lukens JN, Paraskevas F, Rodgers GM. (2004). 
Wintrobe’s Clinical Hematology. 11th ed. Philadelphia: Lippincott 
Williams & Wilkins.

Gross SA, Irons RD, Schnatter AR, Ryder J, Wang XQ, Copley GB, Armstrong  TW. 
(2010). A hospital-based case control study of aplastic anemia in Shanghai, 
China. Chem Biol Interact 184:165–173.

Guenel P, Imbernon E, Chevalier A, Crinquand-Calastreng A, Goldberg M. 
(2002). Leukemia in relation to occupational exposures to benzene and 
other agents: A case-control study nested in a cohort of gas and electric 
utility workers. Am J Ind Med 42:87–97.

Gun RT, Pilotto L, Ryan P, Roder D, Pratt N, Griffith E, McDermott B. (2000). 
Health Watch Eleventh Report 2000. Adelaide, Australia: Department of 
Public Health, Adelaide University.

Gun RT, Ryan P, Roder D, Pratt N, Griffith E, McDermott B. (2005). Health Watch 
Twelfth Report 2005. Adelaide, Austraila: Department of Public Health, 
Adelaide University.

Guzelian PS, Victoroff MS, Halmes NC, James RC, Guzelian CP. (2005). 
Evidence-based toxicology: A comprehensive framework for causation. 
Hum Exp Toxicol 24:161–201.

Hamilton A. (1922). The growing menace of benzene (benzol) poisoning in 
American industry. JAMA 78:627–630.

Hamilton A. (1929). Industrial Poisons in the United States. New York: 
MacMillan.

Hamilton A. (1931). Benzene (benzol) poisoning. Arch Pathol 11:434–601.
Hamilton A. (1934). Industrial Toxicology. 3rd ed. New York: Harper and 

Bros.
Hamilton A. (1945). Industrial Toxicology. New York: Oxford University Press.
Hamilton A, Hardy HL. (1974). Industrial Toxicology. 3rd ed. Acton, MA: 

Publishing Sciences Group.
Hardell L, Eriksson M, Lenner P, Lundgren E. (1981). Malignant lymphoma and 

exposure to chemicals, especially organic solvents, chlorophenols and 
phenoxy acids: A case-control study. Br J Cancer 43:169–176.

Hardell L, Eriksson M, Degerman A. (1994). Exposure to phenoxyacetic acids, 
chlorophenols, or organic solvents in relation to histopathology, stage 

and anatomical localization of non-Hodgkin’s lymphoma.Cancer Res 
54:2386–2389.

Harrington TF. (1917). Industrial benzol poisoning in Massachusetts. Boston 
Med Surg J 177:203–206.

Harrison RM, Leung PL, Somerville L, Smith R, Gilman E. (1999). Analysis 
of incidence of childhood cancer in the West Midlands of the United 
Kingdom in relation to proximity to main roads and petrol stations. Occup 
Environ Med 56:774–780.

Hartwig A. (2010). The role of DNA repair in benzene-induced carcinogenesis. 
Chem Biol Interact 184:269–272.

Hayes RB, Yin SN, Dosemeci M, Li GL, Wacholder S, Travis LB, Li CY, 
Rothman  N, Hoover RN, Linet MS. (1997). Benzene and the dose-
related incidence of hematologic neoplasms in China. J Nat Canc Inst 
89:1065–1071.

Hayes RB, Yin S, Rothman N, Dosemeci M, Li G, Travis LT, Smith MT, Linet MS. 
(2000). Benzene and lymphohematopoietic malignancies in China. J Tox 
Environ Health 61:419–432.

Health Canada. (2009). Chrysotile Asbestos Consensus Statement and Summary: 
Chrysotile Asbestos Expert Panel. Summary of views presented at Health 
Canada.conference in Montreal, Quebec, November 13–14, 2007.

Heffter A. (1915). Ueber die acute Vergiftung durch Benzoldampf. Deutsch med 
Wchnschr 41:182–185.

Hemeon WCL. (1955). Plant and Process Ventilation. New York: Industrial 
Press.

Hemeon WCL. (1963). Plant and Process Ventilation. 2nd ed. New York: 
Industrial Press.

Henderson RF. (1996). Species differences in the metabolism of benzene. 
Environ Health Perspect 104:1473–1475.

Hollins, DM, Paustenbach, DJ, Clark, K, Mangold CA. (2009). A visual historical 
review of exposure to asbestos at Puget Sound Naval Shipyard (1962–1972). 
J Toxicol Environ Health B 12:124–156.

Hooker AM, Bhat M, Day TK, Lane JM, Swinburne SJ, Morely AA, Sykes PJ. 
(2004). The linear no-threshold model does not hold for low-dose ionizing 
radiation. Radiat Res 162:447–452.

IARC. (1982). Some industrial chemical and dyestuffs: Benzene. IARC.Monogr 
Eval Carcinog Risk Chem to Hum 29:93–148.

Infante PF. (2001). Benzene: An historical perspective on the American and 
European occupational setting. In: Harremoes P, Gee D, MacGarvin 
M, Stirling A, Keys J, Wynne B, Vaz SG, eds. Late Lessons from Early 
Warnings: The Precautionary Principle 1896–2000: Environmental Issue 
Report No. 22. Copenhagen, Denmark: European Environmental Agency,  
38–47.

Infante PF. (2006). Benzene exposure and multiple myeloma: A detailed meta-
analysis of benzene cohort studies. Ann NY Acad Sci 1076:90–109.

Infante PF, Rinsky RA, Wagoner JK, Young RJ. (1977). Leukaemia in benzene 
workers. Lancet 8028:76–78.

International Fuel Quality Center. (2008). International Gasoline Rankings—Top 
100 Benzene. Houston, TX: Hart Energy Publishing. Available at: http://
www.ifqc.org/MiscellaneousContent.aspx?ContentId=20

Irons RD. (1983). Benzene: Metabolism and mechanisms. Paper presented 
at the International Conference on Benzene. Sponsored by Collegium 
Ramazzini, New York, November 3 and 4, 1983.

Irons RD. (2000). Molecular models of benzene leukemogenesis. J Tox Environ 
Health 61:391–397.

Irons RD, Lv L, Gross SA, Ye X, Bao L, Wang XQ, Ryder J, Armstrong TW, Zhou Y, 
Miao L, Le AT, Kerzic PJ, Ni W, Fu H. (2005). Chronic exposure to benzene 
results in a unique form of dysplasia. Leuk Res 29:1371–1380.

Irons RD, Gross SA, Le A, Wang XQ, Chen Y, Ryder J, Schnatter AR. (2010). 
Integrating WHO 2001–2008 criteria for the diagnosis of myelodysplastic 
syndrome (MDS): A case-case analysis of benzene exposure. Chem Biol 
Interact 184:30–38.

Jaffe ES, Harris NL, Stein H, Vardiman JW. (2001). Pathology and Genetics 
of Tumours of Haematopoietic and Lymphoid Tissues. World 
Health Organization Classification of Tumours. Lyon, France:  
IARC Press.

Johnson GT, Harbison SC, McCluskey JD, Harbison RD. (2009). Characterization 
of cancer risk from airborne benzene exposure. Regul Toxicol Pharmacol 
55:361–366.

Jones SE, Fuks Z, Bull M, Kadin ME, Dorfman RF, Kaplan HS, Rosenberg SA, 
Kim H. (1973). Non-Hodgkin’s lymphomas IV. Clinicopathologic correla-
tion in 405 cases. Cancer 31:806–823.

Joshua DE. (2005). Multiple myeloma: The present and the future. Med J Aust 
183:344.

Kalf GF. (2000). Utility of a mouse model for studying the effects of benzene on 
the myeloid lineage: effects of hydroquinone on a model system. J Tox 
Environ Health 61:399–411.

http://www.ifqc.org/MiscellaneousContent.aspx?ContentId=20
http://www.ifqc.org/MiscellaneousContent.aspx?ContentId=20


Benzene and human health    43

Kato I, Koenig KL, Watanabe H. (2005). Personal and occupational exposure to 
organic solvents and risk of non-Hodgkin’s lymphoma (NHL) in women 
(United States). Cancer Causes Control 16:1215–1224.

Kawasaki Y, Hirabayashi Y, Kaneko T, Kodama Y, Matsushima Y, Ogawa Y, 
Saitoh  M, Sekita K, Uchida O, Umemura T, Yoon BI, Inoue T. (2009). 
Benzene-induced hematopoietic neoplasms including myeloid 
leukemia in Trp53-deficient C57BL/6 and C3H/He mice. Toxicol Sci 
110:293–306.

Khuder SA, Youngdale MC, Bisesi MS, Schaub EA. (1999). Assessment of com-
plete blood count variations among workers exposed to low levels of ben-
zene. J Occup Environ Med 41:821–826.

Kim S, Vermeulen R, Waidyanatha S, Johnson BA, Lan Q, Smith MT, Zhang L, 
Li G, Shen M, Yin S, Rothman N, Rappaport SM. (2006). Modeling human 
metabolism of benzene following occupational and environmental expo-
sures. Cancer Epidemiol Biomarkers Prev 15:2246–2252.

Kipen HM, Cody RP, Goldstein BD. (1989). Use of longitudinal analysis of 
peripheral blood counts to validate historical reconstructions of benzene 
exposure. Environ Health Perspect 82:199–206.

Kirkeleit J, Riise T, Bratveit M, Moen BE. (2008). Increased risk of acute 
myelogenous leukemia and multiple myeloma in a historical cohort of 
upstream petroleum workers exposed to crude oil. Cancer Causes Control 
19:13–23.

Knox EG, Gilman EA. (1997). Hazard proximities of childhood cancers 
in Great Britain from 1953–80. J Epidemiol Community Health 51: 
151–159.

Knutsen J, Kuykendall J, Paustenbach DJ. (2008). Comparing equal deliv-
ered doses of airborne benzene for 8 hr/day steady exposure vs. peak 
exposure regimens using a PB-PK model. Presented at the American 
Industrial Hygiene Conference and Expo (AIHce), May 31-June 5, 2008, 
Minneapolis, MN. Abstract #14. Related manuscript currently in journal 
review.

Koranyi S. (1912). A leukaemia kezelese benzollal. [Treatment of leukemia with 
benzene.] Budapest, Hungary: Orvosi Hetilap.

Kyle RA, Rajkumar SV. (2004). Multiple myeloma. New Engl J Med 
351:1860–1873.

Lamm SH, Engel A, Byrd DM. (2005). Non-Hodgkin lymphoma and ben-
zene exposure: A systematic literature review. Chem Biol Interact 
153:231–237.

Lamm SH, Walters AS, Wilson R, Byrd DM, Grunwald H. (1989). Consistencies 
and inconsistencies underlying the quantitative assessment of leukemia 
risk from benzene exposure. Environ Health Perspect 82:289–297.

Lan Q, Zhang L, Li G, Vermeulen R, Weinberg RS, Dosemeci M, Rappaport  SM, 
Shen M, Alter BP, Wu Y, Kopp W, Waidyantha S, Rabkin C, Cuo W, Chancok 
S, Hayes RB, Linet M, Kim S, Yin S, Rothman N, Smith MT. (2004). 
Hematotoxicity in workers exposed to low levels of benzene. Science 
306:1174–1176.

Landgren O, Kyle RA, Pfeiffer RM, Katzmann JA, Caporaso NE, Hayes RB, 
Dispenzieri A, Kumar S, Clark RJ, Baris D, Hoover R and Rajkumar V 
(2009). Monoclonal gammopathy of undetermined significance (MGUS) 
consistently precedes multiple myeloma: a prospective study. Blood 
113(22):5412–5417.

Langholz B, Ebi KL, Thomas DC, Peters JM, London SJ. (2002). Traffic density 
and the risk of childhood leukemia in a Los Angeles case-control study. 
Ann Epidemiol 12:482–487.

Larson RA. (2000). Myeloid leukemia after cytotoxic therapy and other hema-
totoxins. J Tox Environ Health 61:381–386.

Laskin DL, Heck DE, Punjabi CJ, Laskin JD. (2000). Nitric Oxide as a media-
tor of benzene induced hematosuppression and toxicity. J Tox Environ 
Health 61:413–417.

Legge TM. (1920). Chronic benzol poisoning. J Ind Hyg 1:539–541.
Lehmann KB. (1919). Kurzes Lehrbuch der Arbeits- und Gewerbehygiene. 

Leipzig: S. Hirzel.
Lenoir A, Claude J. (1897). On a case of purpura attributed to benzene intoxica-

tion. Bull Mem Soc Med Hop Paris 3:1251–1261.
Leukemia and Lymphoma Society. (2009a). Disease Information: Chronic 

Lymphocytic Leukemia. Available at: http://www.leukemia-lymphoma.
org/all_page?item_id=7059

Leukemia and Lymphoma Society. (2009b). Risk factors for leukemia. Available 
at: http://www.leukemia-lymphoma.org/all_page?item_id=7026#risk

Leukemia and Lymphoma Society. (2009c). Facts 2008–2009. Available at: http://
www.leukemia-lymphoma.org/attachments/National/br_1215783647.
pdf

Lewis RJ, Schnatter AR, Drummond I, Murray N, Thompson FS, Katz AM, 
Jorgensen G, Nicolich MJ, Dahlman D, Theriault G. (2003). Mortality and 
cancer morbidity in a cohort of Canadian petroleum workers. Occup 
Environ Med 60:918–928.

Linet MS, Stewart WF, Van Natta ML, McCaffrey LD, Szklo M. (1987). Comparison 
of methods for determining occupational exposure in a case-control inter-
view study of chronic lymphocytic leukemia. J Occup Med 29:136–141.

Linet MS, Yin S-N, Travis LB, Li CY, Zhang ZN, Li DG, Rothman N, Li GL, Chow 
WH, Donaldson J, Dosemeci M, Wacholder S, Blot WJ, Hayes RB. (1996). 
Clinical features of hematopoietic malignancies and related disorders 
among benzene-exposed workers in China. Environ Health Perspect 
104(Suppl 6):1353–1364.

List AF, Sandberg AA, Doll DC. (2004). Myelodysplastic syndromes. In: Greer JP, 
Foerster J, Lukens JN, Rodgers GM, Paraskeyas F, Glader B, eds. Wintrobe’s 
Clinical Hematology. 11th ed. Philadelphia: Lippincott Williams & 
Wilkins, 2207–2234.

Loomis DP, Savitz DA. (1991). Occupation and leukemia mortality among men 
in 16 states: 1985–1987. Am J Ind Med 19:509–521.

Lukes RJ, Collins RD. (1974). Immunologic characterization of human malig-
nant lymphomas. Cancer 34:1488–1503.

Lukes RJ, Collins RD. (1975). New approaches to the classification of the lym-
phomata. Br J Cancer 31(Supp 11):1–28.

Lynge E, Andersen A, Nilsson R, Boffetta P, Grandjean P, Heikkila P, Horte LG, 
Jakobsson R, Lundberg I, Moen B, Partanen T, Riise T. (1997). Risk of can-
cer and exposure to gasoline vapors. Am J Epidemiol 145:449–458.

MacDonald TA, Yeowell K, Rappaport SM. (1994). Comparison of pro-
tein adducts of benzene oxide and benzoquinone in the blood and 
bone marrow of rats and mice exposed to benzene. Cancer Res 54: 
4907–4914.

Madl AK, Paustenbach DJ. (2002). Airborne concentrations of benzene due to 
diesel locomotive exhaust in a roundhouse. J Toxicol Environ Health A 
65:1945–1964.

Mallory TB, Gall EA, Brickley WJ. (1939). Chronic exposure to benzene (benzol). 
III. The pathologic results. J Ind Hyg Toxicol 21:355–377.

Malone KE, Koepsell TD, Daling JR, Weiss NS, Morris PD, Taylor JW, Swanson 
GM, Lyon JL. (1989). Chronic lymphocytic leukemia in relation to chemi-
cal exposures. Am J Epidemiol 130:1152–1158.

Mao Y, Hu J, Ugnat AM, White K. (2000). Non-Hodgkin’s lymphoma and occu-
pational exposure to chemicals in Canada. Ann Oncol 11:S69–S73.

McCord CP. (1931). Benzene. In: Industrial Hygiene for Engineers and 
Managers. New York: Harper and Brothers, 62.

McCormick DL, Kavet R. (2004). Animal models for the study of childhood 
leukemia: Considerations for model identification and optimization to 
identify potential risk factors. Int J Toxicol 23:149–61.

McCraw DS, Joyner RE, Cole P. (1985). Excess leukemia in a refinery population. 
J Occup Med 27:220–222.

Mc Farland W and Dameshek W. (1958). Biopsy of bone marrow with the vim-
silverman needle. JAMA 106 (12):1464–1466.

McHale CM, Zhang L, Lan Q, Li G, Hubbard AE, Forrest MS, Vermeulen R, Chen 
J, Shen M, Rappaport SM, Yin S, Smith MT, Rothman N. (2009). Changes in 
the peripheral blood transcriptome associated with occupational benzene 
exposure identified by cross-comparison on two microarray platforms. 
Genomics 93:343–349.

McMichael AJ, Spirtas R, Kupper LL. (1974). An epidemiologic study of mortal-
ity within a cohort of rubber workers, 1964–72. J Occup Med 16:458–464.

McMichael AJ, Spirtas R, Kupper LL, Gamble JF. (1975). Solvent exposure and 
leukemia among rubber workers: An epidemiologic study. J Occup Med 
17:234–239.

McMichael AJ, Spirtas R, Gamble JF, Tousey PM. (1976). Mortality among rubber 
workers—Relationship to specific jobs. J Occup Med 18:178–185.

Meda G. (1922). Il benzolismo professionale. Lavoro 13:264–270.
Medinsky MA, Kenyon EM, Schlosser PM. (1995). Benzene: A case study in par-

ent chemical and metabolite interactions. Toxicology 105:225–233.
Meek ME, Klaunig JE. (2010). Proposed mode of action of benzene-induced 

leukemia: Interpreting available data and identifying critical data gaps 
for risk assessment. Chem Biol Interact 184:279–285.

Mehlman MA. (2006). Causal relationship between chronic myelogenous 
leukemia and benzene-containing solvents. Ann NY Acad Sci 1076: 
110–119.

Midzenski MA, McDiarmid MA, Rothman N, Kolodner K. (1992). Acute 
high dose exposure to benzene in shipyard workers. Am J Ind Med 
22:553–565.

Miligi L, Costantini AS, Benvenuti A, Kriebel D, Bolejack V, Tumino R, 
Ramazzotti V, Rodella S, Stagnaro E, Crosignani P, Amadori D, Mirabelli  D, 
Sommani L, Belletti I, Troshel L, Romeo L Miceli G, Tozzi GA, Mendico  I, 
Vineis P. (2006). Occupational exposure to solvents and the risk of lym-
phomas. Epidemiology 17:552–561.

Mondrala S, Eastmond DA. (2010). Topoisomerase II inhibition by the bioacti-
vated benzene metabolite hydroquinone involves multiple mechanisms. 
Chem Biol Interact 184:259–268.

http://www.leukemia-lymphoma.org/all_page?item_id=7059
http://www.leukemia-lymphoma.org/all_page?item_id=7059
http://www.leukemia-lymphoma.org/all_page?item_id=7026#risk
http://www.leukemia-lymphoma.org/attachments/National/br_1215783647.pdf
http://www.leukemia-lymphoma.org/attachments/National/br_1215783647.pdf
http://www.leukemia-lymphoma.org/attachments/National/br_1215783647.pdf


44    D. Galbraith et al.

Najean Y. (1981). Long-term follow-up in patients with aplastic anemia: A study 
of 137 androgen-treated patients surviving more than two years. Am J Med 
1:543–551.

Natelson EA. (2007a). Benzene exposure and refractory sideroblastic erythro-
poiesis: Is there an association? Am J Med Sci 334:356–360.

Natelson EA. (2007b). Benzene-induced acute myeloid leukemia: A clinician’s 
perspective Am J Hematol 82:826–830.

National Research Council. (1981). Indoor Pollutants. Washington, DC: 
National Academy Press.

NCI (National Cancer Institute). (2005). Surveillance Epidemiology and End 
Results (SEER) database statistics for leukemia. Available at: http://seer.
cancer.gov/

NCI (National Cancer Institute). (2008). What You Need to Know about Multiple 
Myeloma. NIH Publication No. 08-1575. Bethesda, MD: US Department 
of Health and Human Services, National Institutes of Health. Available at: 
http://www.cancer.gov/cancertopics/wyntk/myeloma.pdf

NCI (National Cancer Institute). (2007). What You Need to Know about Non-
Hodgkin Lymphoma. NIH Publication No. 07-1567. Bethesda, MD: US 
Department of Health and Human Services, National Institutes of Health. 
Available at: http://www.cancer.gov/cancertopics/wyntk/non-hodgkin-
lymphoma.pdf

NIH (National Institutes of Health). (2009a). Information on National Centers 
for Systems Biology. Available at: http://www.nigms.nih.gov/Initiatives/
SysBio/

NIH (National Institutes of Health). (2009b). Medline Plus Medical 
Encyclopedia: Chronic Lymphocytic Leukemia. Available at: http://www.
nlm.NIH.gov/MEDLINEPLUS/ency/article/000532.htm

NIOSH (National Institute for Occupational Safety and Health.%Ee. (1979). 
Revised Recommendation for an Occupational Exposure standard for 
Benzene. Cincinnati, OH: US Department of Health, Education and 
Welfare, Public Health Service, Center for Disease Control, National 
Institute for Occupational Safety and Health.

Nordlinder R, Jarvholm B. (1997). Environmental exposure to gasoline and 
leukemia in children and young adults—An ecology study. Int Arch Occup 
Environ Health 70:57–60.

NTP (National Toxicology Program). (2005). Report on Carcinogens, Eleventh 
Edition. Research Triangle Park: US Department of Health and Human 
Services, Public Health Service.

Nwosu VC, Kissling GE, Trempus CS, Honeycutt H, French JE. (2004). Exposure 
of Tg.AC transgenic mice to benzene suppresses hematopoietic progeni-
tor cells and alters gene expression in critical signaling pathways. Toxicol 
Appl Pharmacol 196:37–46.

Occupational Safety and Health Administration. (1987). Occupational Exposure 
to Benzene. Final Rule. Federal Register 52:34460–34578. Washington, DC: 
US Department of Labor.

Ott MG, Teta MJ, Greenberg HL. (1989). Lymphatic and hematopoietic tis-
sue cancer in a chemical manufacturing environment. Am J Ind Med 
16:631–643.

Ott MG, Townsend JC, Fishbeck WA, Langner RA. (1978). Mortality among 
workers occupationally exposed to benzene. Arch Environ Health 33: 
3–10.

Panko JM, Gaffney SH, Burns AM, Unice KM, Kreider ML, Booher LE, Gelatt RH, 
Marshall JR, Paustenbach DJ. (2009). Occupational exposure to benzene at 
the ExxonMobil refinery at Baton Rouge, Louisiana (1977–2005). J Occup 
Environ Hyg 6:517–529.

Parapia LA. (2007). Trepanning or trephines: a history of bone marrow biopsy. 
Brit J Haematol 139: 14–19.

Paustenbach DJ, Price PS, Ollison W, Blank C, Jernigan JD, Bass D, Peterson HD. 
(1992). Reevaluation of benzene exposure for the pliofilm (rubberworker) 
cohort (1936–1976). J Toxicol Environ Health 36:177–231.

Paustenbach DJ. (1995). Acute and chronic exposure to benzene: Effects in 
humans. In: Imbriani M, Ghittori S, Pezzagno G, Capodaglio E, eds. 
Advances in Occupational Medicine and Rehabilitation: Update on 
Benzene. Vol. 1. Pavia, Italy: PI-ME Press, 69–91.

Paxman D, Rappaport SM. (1990). Analysis of OSHA’s short-term-exposure limit 
for benzene. Reg Tox Pharm 11:275–87.

Paxton MB, Chinchilli VM, Brett SM, Rodricks JV. (1994). Leukemia risk associ-
ated with benzene exposure in the Pliofilm cohort. II. Risk estimates. Risk 
Anal 14:155–161.

Pearson R, Wachtel H, Ebi K. (2000). Distance-weighted traffic density in prox-
imity to a home is a risk factor for leukemia and other childhood cancers. 
J Air Waste Manag Assoc. 2000;50:175–180.

Pederson-Bjergaard J, Phillip P, Mortensen BT, Ersboll J, Jensen G, Panduro 
J, Thomsen M. (1981). Acute nonlymphocytic leukemia, preleuke-
mia, and acute myeloproliferative syndrome secondary to treatment of 
other malignant diseases. Clinical and cytogenetic characteristics and 

results of in vitro culture of bone marrow and HLA typing. Blood 57: 
712–723.

Petitti DB, Kipp H. (1986). The leukocyte count: Associations with inten-
sity of smoking and persistence of effect after quitting. Am J Epidemiol 
123:89–95.

Picciano D (1979). Cytogenetic study of workers exposed to benzene. Environ 
Res 19:33–38.

Pogoda JM, Preston-Martin S, Nichols PW, Ross RK. (2002). Smoking and risk of 
acute myeloid leukemia: Results from a Los Angeles County case-control 
study. Am J Epidemiol 155:546–553.

Price B, Ware A. (2004). Mesothelioma trends in the United States: An update 
based on surveillance, epidemiology, and end results program data for 
1973 through 2003. Am J Epidemiology 159:107–112.

Pyatt D. (2004). Benzene and hematopoietic malignancies. Clin Occup Environ 
Med 4:529–555.

Pyatt D, Hays S. (2010). A review of the potential association between childhood 
leukemia and benzene. Chem Bioll Interact 184:151–164.

Qu Q, Cohen BS, Shore R, Chen LC, Li G, Jin X, Meliian AA, Yin S, Yan H, Xu 
B, Li Y, Mu R, Zhang X, Li K. (2003). Benzene exposure measurement in 
shoe and glue manufacturing: A study to validate biomarkers. Appl Occup 
Environ Hyg. 18:988–98.

Qu Q, Shore R, Li G, Jin X, Chen LC, Cohen B, Melikian AA, Eastmond D, 
Parraport SM, Yin S, Li H, Waidyantha S, Li Y, Mu R, Zhang X, Li K. (2002). 
Hematological changes among Chinese workers with a broad range of 
benzene exposures. Am J Ind Med 42:275–285.

Queensland Health. (2007). Investigation of Chronic Lymphoid Leukemia 
Gladstone—Calliope, 1996–2004: Full technical report, August 2007. 
Queensland, Australia: Queensland Government. Available at: http://
www.health.qld.gov.au/ph/documents/caphs/finalgladstone.pdf

Raabe GK, Wong O. (1996). Leukemia mortality by cell type in petroleum 
workers with potential exposure to benzene. Environ Health Perspect 
104:1381–1392.

Raaschou-Nielsen O, Hertel O, Thomsen BL, Olsen JH. (2001). Air pollution 
from traffic at the residence of children with cancer. Am J Epidemiol 
153:433–443.

Rajkumar SV, Kyle R. (2005). Multiple myeloma: Diagnosis and treatment. Mayo 
Clin Proc 80:1371–1382.

Rappaport H. (1966). Tumors of the hematopoietic system. In: Atlas of Tumor 
Pathology, Section 111, Fasicle 8. Washington, DC: Armed Forces Institute 
of Pathology, 97–161.

Rappaport SM, Kim S, Lan Q, Li G, Vermeulen R, Waidyanatha S, Zhang L, 
Yin S, Smith MT, Rothman N. (2010). Human benzene metabolism fol-
lowing occupational and environmental exposures. Chem Biol Interact 
184:189–195.

Reynolds P, Von Behren J, Gunier RB, Goldberg DE, Hertz A, Smith D. (2002). 
Traffic patterns and childhood cancer incidence rates in California, United 
States. Cancer Causes Control 13:665–673.

Reynolds P, Von Behren J, Gunier RB, Goldberg DE, Hertz A. (2004). Residential 
exposure to traffic in California and childhood cancer. Epidemiology 
15:6–12.

Richardson DB. (2008). Temporal variation in the association between benzene 
and leukemia mortality. Environ Health Perspect 116:370–374.

Rigolin GM, Cuneo A, Roberti MG, Bardi A, Bigoni R, Piva N, Minotto C, 
Agostini  P, De Angeli C, Del Senno L, Spanedda R, Castoldi G. (1998). 
Exposure to myelotoxic agents and myelodysplasia: Case-control 
study and correlation with clinicobiological findings. Br J Haematol 
103:189–197.

Rinsky RA, Young RJ, Smith AB. (1981). Leukemia in benzene workers. Am J 
Ind Med 2:217–245.

Rinsky RA, Smith AB, Hornung R, Filloon TG, Young RJ, Okun AH, Landrigan  PJ. 
(1987). Benzene and leukemia: An epidemiologic risk assessment. New 
Engl J Med 316:1044–1050.

Rinsky RA, Hornung RW, Silver SR, Tseng CY. (2002). Benzene exposure and 
hematopoietic mortality: A long-term epidemiologic risk assessment. Am 
J Ind Med 42:474–480.

Ross D. (2000). The role of metabolism and specific metabolites in ben-
zene-induced toxicity: Evidence and issues. J Toxicol Environ Health A 
61:357–372.

Rothman N, Smith MT, Hayes RB, Li GL, Irons RD, Dosemeci M, Haas R, Stillman 
WS, Linet M, Xi LQ, Bechtold WE, Wiemeis J, Campleman S, Zhang L, 
Quintana PJ, Titenko-Holland N, Wang YZ, Lu W, Kolachana P, Meyer KB, 
Yin S. (1996). An epidemiologic study of early biologic effects of benzene 
in Chinese workers. Environ Health Perspect 104(Supp 6):1365–1370.

Ruchirawat M, Navasumrit P, Settachan D. (2010). Exposure to benzene in vari-
ous susceptible populations: Co-exposures to 1,3-butadience and PAHs 
and implications for carcinogenic risk. Chem Biol Interact 184:67–76.

http://seer.cancer.gov/
http://seer.cancer.gov/
http://www.cancer.gov/cancertopics/wyntk/myeloma.pdf
http://www.cancer.gov/cancertopics/wyntk/non-hodgkin-lymphoma.pdf
http://www.cancer.gov/cancertopics/wyntk/non-hodgkin-lymphoma.pdf
http://www.nigms.nih.gov/Initiatives/SysBio/
http://www.nigms.nih.gov/Initiatives/SysBio/
http://www.nlm.NIH.gov/MEDLINEPLUS/ency/article/000532.htm
http://www.nlm.NIH.gov/MEDLINEPLUS/ency/article/000532.htm
http://www.health.qld.gov.au/ph/documents/caphs/finalgladstone.pdf
http://www.health.qld.gov.au/ph/documents/caphs/finalgladstone.pdf


Benzene and human health    45

Ruiz MA, Augusto LGS, Vassallo J. (1994). Bone marrow morphology in patients 
with neutropenia due to chronic exposure to organic solvent (benzene): 
Early lessons. Path Res Pract 190:151–154.

Runion HE. (1988). Occupational exposures to potentially hazardous agents in 
the petroleum industry. Occup Med State Art Rev 3:431–444.

Runion HE, Scott LM. (1985). Benzene exposure in the United States 1978–1983: 
An overview. Am J Ind Med 7:385–393.

Rushton L. (1993). A 39 year follow-up of the UK oil refinery and distribution 
center studies: Results for kidney cancer and leukemia. Environ Health 
Perspect Suppl 101:77–84.

Rushton L, Romaniuk H. (1997). A case-control study to investigate the risk 
of leukaemia associated with exposure to benzene in petroleum market-
ing and distribution workers in the United Kingdom. Occup Environ Med 
54:152–166.

Sandler DP, Shore DL, Anderson JR, Davey FR, Arthur D, Mayer RJ, Silver RT, 
Weiss RB, Moore JO, Schiffer CA, Doris H, Wurster-Hill O, McIntyre R, 
Bloomfield CD. (1993). Cigarette smoking and risk of acute leukemia: 
Associations with morphology and cytogenetic abnormalities in bone 
marrow. J Natl Cancer Inst 85:1994–2003.

Santesson CG. (1897). Uber chronische Vergiftungen mit Steinkohlentheerbenzin. 
Arch Fur Hyg. 31:336–376.

Sathiakumar N, Delzell E, Cole P, Brill I, Frisch J, Spivey G. (1995). A case-con-
trol study of leukemia among petroleum workers. J Occup Environ Med 
37:1269–1277.

Sathiakumar N, Graff J, Maldonado G, Matthews R, Delzell E, Macaluso M. 
(2005). An updated study of mortality among North American synthetic 
rubber industry workers. Occup Environ Med 62:822–829.

Satin KP, Bailey WJ, Newton KL, Ross AY, Wong O. (2002). Updated epidemio-
logical study of workers at two California petroleum refineries, 1950–95. 
Occup Environ Med 59:248–256.

Savilahti M. (1956). More than 100 cases of benzol poisoning in a shoe factory: 
Observation on hematologic symptoms and the development of the dis-
ease during one year. Arch Gewerbepathol Gewerbehyg 15:147–157.

Savitz DA, Andrews KW. (1997). Review of epidemiologic evidence on 
benzene and lymphatic and hematopoietic cancers. Am J Ind Med 
31:287–295.

Savitz DA, Feingold L. (1989). Association of childhood cancer with residential 
traffic density. Scand J Work Environ Health 15:360–363.

Scherr PA, Hutchison GB, Neiman RS. (1992). Non-Hodgkin’s lymphoma and 
occupational exposure. Cancer Res 52:5503s–5509s.

Schnatter AR. (2004). Benzene exposure and leukemia. Epidemiology 
15:509.

Schnatter AR, Armstrong TW, Thompson LS, Nicolich MJ, Katz AM, Huebner 
WW, Pearlman ED. (1996). The relationship between low-level benzene 
exposure and leukemia in Canadian petroleum distribution workers. 
Environ Health Perspect 104(Supp 6):1375–1379.

Schnatter AR, Nicholich MJ, Bird MG. (1996). Determination of leukemogenic 
benzene exposure concentrations: Refined analyses of the pliofilm cohort. 
Risk Anal 16:833–840.

Schnatter AR, Rosamilia K, Wojcik NC. (2005). Review of the literature on ben-
zene exposure and leukemia subtypes. Chem Biol Interact 153:9–21.

Scott BR. (2008). Low-dose radiation risk extrapolation fallacy associated with 
the linear-no-threshold model. Human Exp Toxicol 27:163–168.

Selling L. (1910). A preliminary report of some cases of purpura hemorrhagica 
due to benzol poisoning. Bull Johns Hopkins Hosp 21:33–37.

Sicherman B, Hamilton A. (1984). Alice Hamilton: A Life in Letters. Cambridge, 
MA: Harvard University Press.

Siddique M, Sabapathy K. (2006). Trp53-dependent DNA-repair is affected by 
the codon 72 polymorphism. Oncogene 25:3489–3500.

Skarin AT, Dorfman DM. (1997). Non-Hodgkin’s lymphomas: Current classifica-
tion and management. CA Cancer J Clin 47:351–372.

Smedby KE, Vajdic CM, Falster M, Engels EA, Martinez-Maza O, Turner  J, 
Hjalgrim H, Vineis P, Constantini AS, Holly E, Bracci P, Roman E, 
Spinelli  J, Maso LD, Zheng T, Becker N, De Sanjose S, Chiu BC-H, 
Cocco  P, Maynadie  M, Foretova L, Staines A, Brennan P, Davis S, 
Severson R, Cerhan  J, Breen EC, Birmann B, Grulich AE, Cozen W. 
(2008). Autoimmune disorders and risk of non-Hodgkin lymphoma 
subtypes: A pooled analysis within the InterLymph Consortium. Blood 
111:4029–4038.

Smith MT, Skibola CF, Allan JM, Morgan GJ. (2004). Causal models of leukae-
mia and lymphoma. In: Buffler P, Rice J, Baan R, Bird M, Boffetta P, eds. 
Mechanisms of Carcinogenesis: Contributions of Molecular Epidemiology. 
IARC Scientific Publications No. 157. Lyon: International Agency for 
Research on Cancer, 373–392.

Smith MT, Jones RM, Smith AH. (2007). Benzene exposure and risk of non-
Hodgkin lymphoma. Cancer Epidemiol Biomarkers Prev 16:385–391.

Snyder R. (2002). Benzene and leukemia. Crit Rev Toxicol 32:155–210.
Song Y, Du X, Hoa, F, Gu X, Zhang Z, Zang S, Li C, Li H, Ma J. (2010). 

Immunosuppressive therapy of Cyclospporing A for severe benzene-
induced haematopoietic disorders and a 6-month follow up. Chem-Bio 
Interact 186:96–102

Sorahan T, Kinlen LJ, Doll R. (2005). Cancer risks in a historical UK cohort of 
benzene exposed workers. Occup Environ Med 62:231–236.

Stellman JM, Daum SM. (1973). Work is Dangerous to Your Health. New York: 
Random House.

Stokstad E. (2004). Factory study shows low levels of benzene reduce blood cell 
counts. Science 306:1665.

Strom SS, Gu Y, Gruschkus SK, Pierce SA, Estey EH. (2005). Risk factors of myel-
odysplastic syndromes: A case-control study. Leukemia 19:1912–1918.

Sunyer J, Munoz A, Peng Y, Margolick J, Chmiel JS, Oishi J, Kingsley L, Samet 
JM. (1996). Longitudinal relation between smoking and white blood cells. 
Am J Epidemiol 144:734–741.

Sury-Bienz P. (1888). Gerichtlich-Medicinisches aus chemichen Fabriken. 
Vrtljschr f gerichtl Med 49:138–142. (As referenced in Hamilton, 
1929).

Swaen GM, Scheffers T, de Cock J, Slangen J, Drooge H. (2005). Leukemia 
risk in caprolactam workers exposed to benzene. Ann Epidemiol 
15:21–28.

Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H, Thiele J, 
Vardiman JW. (2008). WHO classification of Tumours of Haematopoietic 
and Lymphoid Tissues. 4th ed. Geneva, Switzerland: WHO Press.

Thomas WA. (1982). Supreme Court review of the OSHA benzene standard. 
Am Stat 36:264–266.

Thorpe JJ. (1974). Epidemiologic survey of leukemia in persons potentially 
exposed to benzene. J Occup Med 16:375–382.

Tice RR, Luke CA, Drew RT. (1989). Effect of exposure route, regimen, and dura-
tion on benzene-induced genotoxic and cytotoxic bone marrow damage 
in mice. Environ Health Perspect 82:65–74.

Tort K, Olofsson T, Tunek A, Berlin M. (1982). Toxic effects on mouse bone mar-
row caused by inhalation of benzene. Arch Toxicol 51:295–302.

Travis CC, Arms AD. (1987). The food chain as a source of toxics expo-
sure. In: Lave LB and Upton AC, eds. Toxic Chemicals, Health, and the 
Environment. New York: Plenum Press, 95–113.

Travis LB, Li, C-Y, Zhang Z-N, Li DG, Yin SN, Chow WH, Li GL, Dosemeci M, 
Blot W, Fraumeni JF, Hayes RB, Linet MS. (1994). Hematopoietic malig-
nancies and related disorders among benzene-exposed workers in China. 
Leuk Lymphoma 14:91–102.

Tsai SP, Wen CP, Weiss NS, Wong O, McClellan WA, Gibson RL. (1983). 
Retrospective mortality and medical surveillance studies of workers in 
benzene areas of refineries. J Occup Med 25:685–692.

Tsai SP, Fox EE, Ransdell JD, Wendt JK, Waddell LC, Donnelly RP. (2004). A 
hematology surveillance study of petrochemical workers exposed to ben-
zene. Regul Toxicol Pharmacol 40:67–73.

Tsai SP, Ahmed FS, Wendt JK, Foster DE, Donnelly RP, Stawmyer TR. (2007). 
A 56 year mortality follow-up of Texas petroleum refinery and chemical 
employees, 1948–2003. J Occup Environ Med 49:557–567.

US FDA (United States Food and Drug Administration). (2007). Data on ben-
zene in soft drinks and other beverages. Silver Springs, MD: Center for 
Food Safety and Applied Nutrition. Available at: http://www.cfsan.fda.
gov/~dms/benzdata.html

US FDA (United States Food and Drug Administration). (2009). Guidance for 
Industry: Evidence-based Review System for the Scientific Evaluation of 
Health Claims. College Park, MD: Center for Food Safety and Applied 
Nutrition, Food and Drug Administration. Available at: http://www.cfsan.
fda.gov/~dms/hclmgui6.html

Vardiman JW. (2010). The World Health Organization (WHO) classification 
of tumors of the hematopoietic and lymphoid tissues: An overview with 
emphasis on the myeloid neoplasms. Chem Biol Interact 184:16–20.

Vianna NJ, Polan A. (1979). Lymphomas and occupational benzene exposure. 
Lancet 6:1394–1395.

Vigliani EC, Forni A. (1976). Benzene and leukemia. Environ Res 11:122–127.
Vigliani EC, Saita G. (1964). Benzene and leukemia. New Engl J Med 

271:872–876.
Von Oettingen WF. (1940). Benzene. In: Public Health Bulletin No. 225: Toxicity 

and Potential Dangers of Aliphatic and Aromatic Hydrocarbons—A 
Critical Review of the Literature. Washington, DC: US Public Health 
Service, 66–97.

Vose JM, Chiu BC-H, Cheson BD, Dancey J, Wright J. (2002). Update on epi-
demiology and therapeutics for non-Hodgkin’s lymphoma. Hematology 
2002:241–262.

Waddell WJ. (2006). Critique of dose response in carcinogenesis. Human Exp 
Toxicol 25:413–436.

http://www.cfsan.fda.gov/~dms/benzdata.html
http://www.cfsan.fda.gov/~dms/benzdata.html
http://www.cfsan.fda.gov/~dms/hclmgui6.html
http://www.cfsan.fda.gov/~dms/hclmgui6.html


46    D. Galbraith et al.

Wallace LA. (1996a). The exposure of the general population to benzene. Cell 
Biol Toxicol 5:297–314.

Wallace LA. (1996b). Environmental exposure to benzene: An update. Environ 
Health Perspect 104(Supp 6):1129–1136.

Wang L, Zhou Y, Liang Y, Wong O, Armstrong T, Schnatter AR, Wu Q, Fang J, 
Ye  X, Fu H, Irons RD. (2006). Benzene exposure in the shoemaking indus-
try in China, a literature survey, 1978–2004. Regul Toxicol Pharmacol 
46:149–156.

Ward E, Hornung R, Morris J, Rinsky R, Wild D, Halperin W, Guthrie W. (1996). 
Risk of low red or white blood cell count related to estimated benzene expo-
sure in a rubberworker cohort (1940–1975). Am J Ind Med 29:247–257.

Weisburger EK. (2001). History and background of the threshold limit value 
committee of the American Conference of Governmental Industrial 
Hygienists. Chem Health Safety 8:10–12.

Weiss BM, Abadie J, Verma P, Howard RS, and Kuehl WM (2009). A mono-
clonal gammopathy precedes multiple myeloma in most patients. Blood 
113(22):5418–5422.

WHO (World Health Organization). (1993). Environmental Health Criteria 150: 
Benzene. Geneva, Switzerland: International Programme on Chemical 
Safety.

Whysner J, Reddy MV, Ross PM, Mohan M, Lax EA. (2004). Genotoxicity of ben-
zene and its metabolites. Mutat Res 566:99–130.

Wijngaarden E, Stewart PA. (2003). Critical literature review of determinants 
and levels of occupational benzene exposure for US community-based 
case-control studies. Appl Occup Environ Hyg 18:678–693.

Wilcosky TC, Checkoway H, Marshall EG, Tyroler HA. (1984). Cancer mortal-
ity and solvent exposures in the rubber industry. Am Ind Hyg Assoc J 
45:809–811.

Williams PR, Paustenbach DJ. (2003). Reconstruction of benzene exposure for 
the Pliofilm cohort (1936–1976) using Monte Carlo techniques. J Toxicol 
Environ Health A 66:677–781.

Williams PR, Paustenbach DJ. (2005). Characterizing historical industrial 
hygiene data: A case study involving benzene exposures at a chemical 
manufacturing facility (1976–1987). J Occup Environ Hyg 2:341–350.

Williams PR, Knutsen JS, Atkinson C, Madl AK, Paustenbach DJ. (2007). 
Airborne concentrations of benzene associated with the historical use of 
some formulations of Liquid Wrench. J Occup Environ Hyg 4:547–561.

Williams PR, Panko JM, Unice K, Brown JL, Paustenbach DJ. (2008). 
Occupational exposures associated with petroleum-derived products 
containing trace levels of benzene. J Occup Environ Hyg 5:565–574.

Wilson R, Crouch EA. (1987). Risk assessments and comparisons: An introduc-
tion. Science 236:267–270.

Wogan GN, Hecht SS, Felton JS, Conney AH, Loeb LA. (2004). Environmental 
and chemical carcinogenesis. Semin Cancer Biol 14:473–486.

Wong O. (1987). An industry wide mortality study of chemical workers occu-
pationally exposed to benzene: II—Dose response analyses. Br J Ind Med 
44:382–395.

Wong O. (1999). A critique of the exposure assessment in the epidemiologic 
study of benzene-exposed workers in China conducted by the Chinese 
Academy of Preventive Medicine and the US National Cancer Institute. 
Regul Toxicol Pharmacol 30:259–267.

Wong O, Raabe GK. (1995). Cell-type specific leukemia analyses in a com-
bined cohort of more than 208,000 petroleum workers in the United 
States and the United Kingdom, 1937–1989. Regul Toxicol Pharmacol 
21:307–321.

Wong O, Raabe GK. (2000). Non-Hodgkin’s lymphoma and exposure to benzene 
in a multinational cohort of more than 308,000 petroleum workers, 1937 
to 1996. J Occup Environ Med 42:554–568.

Wong O, Harris F, Rosamilia K, Raabe GK. (2001). Updated mortality study of 
workers at a petroleum refinery in Torrance, California, 1959 to 1997. J 
Occup Environ Med 43:1089–1102.

Wong O, Harris F, Armstrong TW, Hua F. (2010a). A hospital-based case-control 
study of acute myeloid leukemia in Shanghai: Analysis of environmen-
tal and occupational risk factors by WHO subtypes. Chem Biol Interact 
184:112–128.

Wong O, Harris F, Armstrong TW, Hua F. (2010b). A hospital-based case-control 
study of non-Hodgkin lymphoid neoplasms in Shanghai: Analysis of envi-
ronmental and occupational risk factors by WHO subtypes. Chem Biol 
Interact 184:129–146.

Yager JW, Eastmond DA, Robertson ML, Paradisin WM, Smith MT. (1990). 
Characterization of micronuclei induced in human lymphocytes by ben-
zene metabolites. Cancer Res 50:393–399.

Yin SN, Hayes RB, Linet MS, Li GL, Dosemeci M, Travis LB, Li CY, Zhang ZN, 
Li  DG, Chow WH, Wacholder S, Wang YZ, Jiang ZL, Dai TR, Zhang WY, 
Chao XJ, Ye PZ, Kou QR, Zhang XC, Lin XF, Meng JF, Ding CY, Zho JS, Blot 
WJ. (1996). A cohort study among benzene-exposed workers in China: 
Overall results. Am J Ind Med 29:227–233.

Yin SN, Li Q, Liu Y, Tian F, Du C, Jin C. (1987). Occupational exposure to ben-
zene in China. Br J Ind Med 44:192–195. Zarbl H, Gallo MA, Glick J, Yeung 
KY, Vouros P. (2010). The vanishing zero revisited: Thresholds in the age 
of genomics. Chem Biol Interact 184:273–278.

Zeeb H, Blettner M. (1998). Adult leukaemia: What is the role of currently 
known risk factors? Radiat Environ Biophys 36:217–28.

Zhang L, McHale CM, Rothman N, Li G, Ji Z, Vermeulen R, Hubbard AE, 
Ren X, Shen M, Rappaport SM, North M, Skibola CF, Yin S, Vulpe 
C, Chanock SJ, Smith MT, Lan Q. (2010). Systems biology of human 
benzene exposure: Toxicogenomic studies. Chem-Bio Interact 184: 
86–93.



Copyright of Critical Reviews in Toxicology is the property of Taylor & Francis Ltd and its content may not be

copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written

permission. However, users may print, download, or email articles for individual use.


