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DISCOVER SOMETHING GREAT

Benzene-induced acute myeloid leukemia: A clinician’s perspective

Ethan A. Natelson*

Department of Medicine, Weill Medical College at the Methodist Hospital, Houston, Texas 77030

Benzene-induced acute myeloid leukemia (AML) is considered a secondary form of AML, based both in
theory and on limited cohort observations. lts latency, cytogenetic aberrations, and clinical features are
thought similar to, or identical with, AML resulting from the use of modern day cytotoxic agents for chemo-
therapy and immunotherapy. Although distinction between secondary AML and the far more common de
novo AML is difficult to establish with certainty in any given case, latency from toxic therapeutic and envi-
ronmental exposure and certain clinical and pathological features generally separate these two entities. AML
is the only human neoplasm proven to be potentially caused by benzene, which actually is an obsolete form
of chemotherapy. Despite many years of environmental regulation, alleged toxic exposure to this ubiquitous
chemical has become an expanding area of litigation. A review of benzene-induced AML suggests that, in
developed countries, this entity should no longer merit serious consideration among workers in the modern

petrochemical industry and related fields. Am. J. Hematol. 82:826-830, 2007.

Introduction

Toxic tort claims, particularly involving malignancies
alleged to be caused by workplace exposure to benzene, is
a growing area of litigation in which physicians are becom-
ing more and more involved. Benzene has been a particu-
lar favorite for plaintiff’s attorneys to implicate because it is
ubiquitous in nature, often present in measurable amounts
in various petrochemical products and in the environment,
and is known to have the potential to cause human cancer.
Current allegations of causation have expanded to include
a variety of hematologic malignancies and other cancers.
Nevertheless, only acute myeloid leukemia (AML) and cer-
tain forms of myelodysplasia (MDS) are proven to be
potentially benzene-related [1,2]. Primary care physicians
and hematologists/oncologists are often the sounding-board
for their patients, and, on occasion, for attorneys, who seek
specific information about disease causation. Those physi-
cians should be conversant with the scientific literature sur-
rounding benzene-induced AML, and the general distinction
between secondary and de novo forms of AML and MDS,
which are the subjects of this review.

Discussion

The term secondary leukemia is often employed to indi-
cate forms of AML evolving either from pre-existing MDS,
or developing as a consequence of exposure to environ-
mental or therapeutic toxins or to radiation [3]. It is distin-
guished, by certain clinical and laboratory features, from
the more common de novo AML, which may develop
abruptly in members of the general population, and without
known cause. MDS is a classification of heterogenous
hematological disorders, of which some, but not all, may
also be induced by environmental toxic exposures. Other
conditions known to be associated with an increased inci-
dence of AML are listed in the Table I.

Dose and latency

Two features of primary importance in assessing the rela-
tionship between an exposure to an environmental or thera-
peutic toxin and the consequent development of a second-
ary form of AML are the dose received and the latency, or
elapsed interval between accumulation of a dose with suffi-
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cient potential to cause AML, and the actual appearance of
the disorder. Among examples of chemotherapy-induced,
secondary AML, the cumulative dose, given either orally or
intravenously (rather than peak levels achieved after a sin-
gle pulse administration), determines the incidence of sec-
ondary AML [3-6]. Information on latency is also best
known through study of literally thousands of cases of sec-
ondary AML after administration of various types of chemo-
therapeutic agents with the ability to damage DNA. This
chemotherapy model for latency is especially accurate and
reproducible, not only because of the large number of
cases studied, but also because the initial dose and final
administration of chemicals are typically spaced only sev-
eral months apart. Therefore, whether one chooses to
define latency from the date of administration of either the
first, or of the last dose of the chemical (s), to the onset of
secondary AML, the calculated latency period will vary by
only a few months.

The latency period between benzene exposure and sec-
ondary AML is not as accurately defined as it is with the
use of modern chemotherapeutic agents, because most
benzene-exposed cohorts identify only a very few sus-
pected examples of secondary AML. Moreover, many of
these cases were diagnosed years ago, before industrial
chemical safety controls were improved, and the specifics
of their leukemia classification were imprecise and with the
absence of modern chromosomal analytic techniques. This
lack of specific information has also contributed to the
uncertainty and speculation about the specific mechanisms
of human leukemogenesis by benzene. Nevertheless, ex-
amination of the available data suggests that the latency
periods and the other clinical features of benzene-induced
secondary AML and modern day chemotherapy-induced
secondary AML can be considered analogous or identical
[7-18].
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TABLE I. AML—Known Predisposing Associations

Chromosomal instability or aberration (i.e., Downs syndrome, familial
acute myeloid leukemia)

Radiation exposure

Cytotoxic chemotherapy

Environmental toxins (i.e., benzene, arsenic, cigarette smoke)

Myelodysplastic syndromes

Myeloproliferative disorders

Pernicious anemia

Recovery from aplastic anemia

Paroxysmal nocturnal hemoglobinuria

There is a characteristic window of opportunity to de-
velop secondary AML following a toxic exposure that is
generally described as around 2-10 years [3,7,9,18-22].
For postchemotherapy AML (t-AML) the latency period
from final dose is, in part, dependant upon the time interval
during which the necessary cumulative dose is adminis-
tered, and may be shorter than 2 years after intense, brief
chemotherapeutic regimens [6]. Additionally, depending
upon the mechanism of action of the specific chemical
administered (for example, topoisomerase Il inhibitor vs.
alkylating agent), this latency interval may be closer to
the shorter or to the longer end of the 2-10 year span
[3-8,18-21].

Mechanism of leukemogenesis

Many authors have considered secondary AML develop-
ing as a consequence of either chemotherapy exposure or
benzene toxicity to be quite similar, or even identical. This
is not surprising since, in reality, benzene was employed as
an early chemotherapeutic agent, administered orally in an
olive oil base at doses of 2-5 g daily. It was particularly
effective in the treatment of chronic forms of leukemia and
polycythemia vera [23,24]. Its administration over several
weeks could lower an elevated total leukocyte count from
the 200,000 to 400,000/mm? level to the normal range,
much like chronic oral therapy with the later-introduced al-
kylating agents. Persistent bone marrow damage, and even
aplastic anemia, following its prolonged administration, was
well-known. Arsenical and radioactive compounds were
similarly used as early forms of chemotherapy [25]. Linking
the potential hematologic consequences of chemotherapy,
benzene, and other environmental toxins, Smith et al. com-
ment, “The AML cases arising after DNA-damaging chemo-
therapeutic agents and the AML cases caused by diverse
environmental factors (e.g., benzene, petroleum, organic
solvents, and arsenical pesticides) are genotypically similar;
the majority are characterized by deletions of all or part of
chromosomes 5 and/or 7...” [10].

Benzene has long been considered a radiomimetic agent
similar to alkylating agents and radiation exposure in its
effect on the hematopoietic system. In recent years, some
have postulated that it might also cause secondary AML
through the action of its metabolites, which have some anti-
topoisomerase Il activity [26]. Although it is clinically well-
accepted that benzene-induced AML may be associated
with loss of genetic material from chromosomes 5 and 7,
similar to alkylating agent toxicity, the importance of its
potential for antitopoisomerase Il activity as a cause of sec-
ondary AML, with alternate chromosomal aberrations such
as balanced translocations, remains entirely speculative
[7,8,11]. Benzene metabolites may reduce topoisomerase |l
activity in cell culture, but there is no direct evidence either
in the laboratory or from clinical observations that such
inhibition may lead to specific patterns of chromosomal
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aberrations in human myeloid cells, simulating the damage
induced by modern-day chemotherapeutic topoisomerase |l
inhibitors. Nevertheless, we may read, “.. .findings in the lit-
erature to date indicate that benzene may act like both al-
kylating agent causing alterations in chromosomes 5 and 7,
and a topoisomerase Il inhibitor...” [11]. And, “...the geno-
toxic effects produced by BZ (benzene) and its metabolites
are most consistent with inhibition of topoisomerase Il or
ribonucleotide reductase inhibition. The chromosome
abnormalities in human leukemia produced therapeutically
by topoisomerase Il inhibition also implicate this mecha-
nism in BZ (benzene)-induced leukemia.” [8].

Chromosome analysis

While chromosome analysis currently cannot accurately
separate de novo forms of AML from examples of second-
ary AML, the presence of any abnormalities, and the partic-
ular pattern of such aberrations identified in an individual
case, not only offers clues to this distinction, but provides
important prognostic and therapeutic information. Thus, in
de novo AML, the conventional chromosomal analysis may
be normal nearly 50% of the time, while in secondary forms
of AML, including benzene-induced AML, chromosomal
abnormalities may be easily demonstrable in the vast ma-
jority of cases [27-30]. In examples of secondary AML,
loss of chromosomal material from the 5 and 7 chromo-
somes are the most commonly encountered findings, with
detection of certain other aberrations, much less frequent
[18]. For example, among 518 total cases of AML exhibiting
the 8;21 translocation, from two combined series, 97%
were thought to represent de novo AML [29,30]. In another,
single institutional study of more than 300 cases of second-
ary AML, none had the 8;21 translocation [31]. Thus, the
presence of the 8;21 translocation, in an appropriate clinical
setting, strongly favors a diagnosis of de novo AML. Simi-
larly, in a group of 672 cases with the promyelocytic form
of AML, and the associated 15;17 translocation, less
than 5% were thought to have secondary AML [32]. The
inversion 16 chromosome is another typical marker for de
novo AML, and is rarely present in secondary AML, and
not documented as occurring in benzene-induced AML
[5,28,32—-33].

Response to therapy

Treatment of secondary AML has generally been less
effective than treatment of de novo AML in achieving remis-
sion and in prolonging disease-free survival [18,32]. Impor-
tantly, this difference in response has not been noted in
forms of AML bearing certain chromosomal aberrations,
such as the 15;17 translocation in promyelocytic leukemia,
the 8;21 translocation, and with the inversion 16 chromo-
some. Here the response to antileukemic therapy is similar
to treatment of de novo AML with comparable chromo-
somal aberrations [31-33]. Thus, depending upon the par-
ticular chromosomal abnormality identified, a poor response
to therapy may also suggest a secondary AML.

Myelodysplasia

Still another feature that may be helpful in distinguishing
between de novo and secondary AML is the presence or
absence of a period of MDS preceding the diagnosis of
frank AML. In secondary AML, about two thirds of patients
exhibit a period of MDS prior to the appearance of AML,
while this phenomenon is lacking in de novo forms of AML,
which typically occur abruptly [3,18,28,32]. The term MDS
refers to what has become a frequently modified group
classification of hematopoietic disorders that have in
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common persistent cytopenias, particularly progressive
anemia, and usually characterized by ineffective or disor-
derly hematopoiesis, and a variable tendency to eventuate
in AML. Seemingly misunderstood by most epidemiologists,
toxicologists, and attorneys, the illnesses classified within
this heading are heterogenous, and are not segregated in
the category of MDS to suggest a common etiology, clinical
course, or response to specific therapy [21,32,34-38]. In
fact, two well-known and stand-alone illnesses initially
added to the MDS category, chronic myelomonocytic leuke-
mia (CMML) and acquired idiopathic sideroblastic anemia
(AISA), also referred to as refractory anemia with ringed
sideroblasts, do not appear linked, epidemiologically, with
benzene exposure [39-44]. In particular, AISA may actually
comprise several distinct disorders [45]. A newly described
subset of AISA appears to manifest the JAK2 V617 F
mutation common to most patients with myeloproliferative
disorders such as polycythemia vera and essential throm-
bocytosis [46]. Similar to AML, clonal chromosome abnor-
malities are typically easily identified in secondary forms of
MDS but the karyotype may remain normal, at least initially,
in about 38% of de novo examples of MDS [34].

The bone marrow histology in benzene-induced MDS
and following chronic, high-level benzene exposure is only
occasionally described. However, consistent and well-docu-
mented features include bone marrow hypoplasia, dysery-
thropoiesis including multinuclearity, but without ringed
sideroblasts, and eosinophilia with abnormal-appearing eo-
sinophils [12,46—48]. Essentially, this histopathology repre-
sents a type of hypoplastic MDS [13]. It seems likely that
some of the early reports of cases described as benzene-
induced aplastic anemia actually represented this form of
MDS, since bone marrow biopsies, often necessary to con-
firm aplastic anemia, were not routinely performed until the
1960s.

Heavily benzene-exposed cohorts

Among the three major cohorts of benzene-exposed indi-
viduals with an increased development of secondary AML,
perhaps the closest relationship with modern day latency
observations are those that Aksoy described in Turkish
“shoe workers” [48-49]. Here, the time interval between
the first observation of leukopenia or pancytopenia in the
~28,000 benzene-exposed workers and the development
of secondary AML was emphasized. Such leukopenia was
often transient, as is commonly the case following adminis-
tration of chemotherapy. The blood counts in this cohort of-
ten fully recovered prior to the leukemic event. In effect,
Aksoy was demonstrating that the subject had received a
truly myelotoxic dose of benzene and, thus, might have the
potential for later development of secondary AML. On this
basis, he claimed a 6-month to 6-year latency interval in
these individuals. This type of calculation may underesti-
mate the point in time when the necessary cumulative dose
of benzene was achieved, and perhaps a transient period
of leukopenia missed. But certainly, his observations
closely correlate with those in modern chemotherapy data.

The so-called Chinese benzene study of ~ 74,000 factory
workers with considerable potential for benzene and solvent
exposures examined the time to the appearance of pre-
sumed secondary AML among those who began employ-
ment at any point during a particular 15-year interval
[12,17]. In this study, latency was arbitrarily defined as be-
ginning after 6 months of employment. Obviously, this defi-
nition of latency would create an overestimate of the true
interval, particularly in individuals working throughout the
15-year period, since it might take several years of employ-
ment in this environment to reach the necessary cumulative
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dose. Moreover, in a study of this large size and duration,
some of the observed cases of AML would be coincidental
examples of de novo AML, rather than representing sec-
ondary AML. Nevertheless, observations of Hayes et al. in
this study also mirrored the modern day chemotherapy
data, with the latency period for the appearance of second-
ary AML averaging about 10 years. He specifically drew
attention to the similarity of this latency estimate with the
more precise modern chemotherapy data [17].

The third, often-cited heavily benzene-exposed cohort
study comprising the United States Pliofilm factory worker
group of about 1,800 individuals, defines latency to second-
ary AML in a fashion such that accurate conclusions on
this subject may not be drawn or offer a fair comparison
with any of the studies described earlier. In this cohort
there were only seven benzene-exposed subjects with the
later development of AML. Based on standard mortality
rates, at least two cases do not necessarily represent ben-
zene-induced AML—but which ones? The latency calcula-
tion by Rinsky et al. began with the first date of employ-
ment and ended with the diagnosis of AML [50]. However,
some of these individuals were employed as long as 27-37
years, and it would be impossible to know when during this
long interval the cumulative dose of benzene necessary to
potentially cause secondary AML was actually achieved,
and the time clock for latency began. For example, if one
calculated the mean latency to AML of these seven individ-
uals from the date of last exposure, the latency period is 8
years. Thus, comparing latency from benzene exposure, as
defined by Rinsky et al., in the Pliofilm cohort, to modern
postchemotherapy latency data, and claiming a difference,
is like attempting to compare apples with oranges, as the
saying goes, and cannot be definitive, particularly with a
cohort this small.

Dose response

The cumulative dose of benzene sufficient to potentially
cause AML is also a contested data point because of the
lack of precise exposure measurements and the small num-
ber of presumed benzene-induced cases of secondary
AML available for study. Based on the Pliofiim cohort
described earlier, and where toxic exposure was primarily
from pure benzene, estimates of the necessary cumulative
leukemogenic dose range from 40 to more than 200 part
per million (ppm) years [50-53]. Whatever this dose
actually is, it must be extremely high, and unlikely to be
achieved by those employed in modern industry in the
United States. Thus, numerous extended cohort studies
comprising hundreds of thousands of petrochemical work-
ers with potential for benzene exposure, and employed in
developed countries, have shown no statistically significant
increase in the incidence of AML among those hired for the
past several decades [53-64]. In one such recent long-
term study of 2,266 workers directly involved in chloroben-
zol chemical processing, their mean cumulative benzene
dose was about 40 ppm years, and there was no statisti-
cally significant increase in AML noted [64]. There is no
evidence that the low-dose benzene exposure the petro-
chemical workers in the modern era may experience is suf-
ficient to cause AML [22,63].

Cigarette smokers are exposed to benzene concentra-
tions 10 times the concentrations nonsmokers are exposed
to, and long-term heavy smokers may have a cumulative
dose of benzene as much as 3-6 ppm years [65]. Never-
theless, this dose is far too low to account for the increased
incidence of AML, and other, as yet unknown mechanisms
are assumed [66—67]. The specific morphologic and chro-
mosomal characteristics of smoking-induced AML are not
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known with certainty, but complex karyotypic aberrations
are thought to be more likely and the chromosomal aberra-
tions identified appear distinct from those induced by ben-
zene exposure and previously discussed [66—71].

Conclusion

The classical circumstances that might support benzene
as a potential cause of AML are (1) occurrence in the set-
ting of certain forms of MDS, (2) a 5 or 7 chromosome
defect, (3) a substantial exposure history with a cumulative
dose of at least 40 ppm years during the preceding 10-year
interval, and (4) a poor response to antileukemic chemo-
therapy. Additional etiologic considerations, such as heavy
cigarette smoking, previous exposure to chemotherapy or
radiation, or certain underlying constitutional disorders such
as Down’s syndrome or pernicious anemia, should be
absent [7,65—-75]. Nevertheless, no constellation of findings
can as yet allow a certain differential diagnosis, which
becomes particularly difficult to assess in the very elderly
person with AML. This is because the occurrence of AML
(and MDS) in the general population increases dramatically
with advancing age, with incidence rates per million popula-
tion of only 12 at age 20-44, of 42 at age 45-64, and as
much as 150 at ages greater than 65 years [34,76]. Addi-
tionally, examples of so-called de novo AML/MDS of the el-
derly may exhibit chromosomal changes similar to those
found in secondary AML in younger individuals, even with-
out any specific history of potentially adverse environmental
exposures, further complicating risk analysis [32,71,77].
The reasons for this finding remain speculative.

Aside from cigarette smoke, which may be responsible
for 9% or greater of all AML, other environmental toxins as
a cause of leukemogenesis are thought to be uncommon
[22,35,78-79]. Perhaps no more than 15-20% of all cases
of AML, including those consequent to underlying MDS,
and treatment of previous malignancies, represent a sec-
ondary form of the disease [36,80]. Thus, just as the use of
benzene as a chemotherapeutic agent remains only a his-
torical footnote, so should benzene exposure not be consid-
ered a significant cause of AML among workers in the
modern petrochemical industry and related fields [63].

References

1. Williams PDR, Paustenbach DJ. Reconstruction of benzene exposure for the
Pliofilm cohort (1936-1976) using Monte Carlo techniques. J Tox Environ
Health 2003;66:677-781.

2. Descatha A, Jenabian A, Conso F, et al. Occupational exposures and haema-
tological malignancies: Overview on human recent data. Cancer Causes Con-
trol 2005;16:939-953.

3. Leone G, Mele L, Pulsoni A, et al. The incidence of secondary leukemia.
Haematologica 1999;84:930-945.

4. Praga C, Bergh J, Bliss J, et al. Risk of acute myeloid leukemia and myelo-
dysplastic syndrome in trials of adjuvant epirubicin for early breast cancer:
Correlation with doses of epirubicin and cyclophosphamide. J Clin Oncol
2005;23:4179-4191.

5. Van Leeuwen FE. Risk of acute myelogenous leukaemia and myelodysplasia
following cancer treatment. Bailliere’s Clin Haematol 1996;9:57-85.

6. Pederson-Bjergaard J, Andersen MK, Christiansen DH. Therapy-related acute
myeloid leukemia and myelodysplasia after high-dose chemotherapy and au-
tologous stem cell transplantation. Blood 2000;95:3273-3279.

7. Eastmond DA, Mondrala ST, Hasegawa L. Topoisomerase Il inhibition by my-
eloperoxidase-activated hydroquinone: A potential mechanism underlying the
genotoxic and carcinogenic effects of benzene. Clin Biol Interact 2005;153/
154:207-216.

8. Whysner J, Reddy MV, Ross PM, et al. Genotoxicity of benzene and its
metabolites. Mutation Res 2004;566:99-130.

9. Morgan GJ, Alvares CL. Benzene and the hemopoietic stem cell. Chem Biol
Interact 2005;153/154:217-222.

10. Smith MA, McCaffrey RP, Karp JE. The secondary leukemias: Challenges
and research directions. J Natl Can Inst 1996;88:407-418.

11. Zang L, Eastmond DA, Smith MT. The nature of chromosomal aberrations
detected in humans exposed to benzene. Crit Rev Toxicol 2002;32:1-42.

12. Linet MS, Yin S-N, Travis LB, et al. Clinical features of hematopoietic
malignancies and related disorders among benzene-exposed workers in
China. Environ Health Perspect 1996;104:1353—1363.

American Journal of Hematology DOI 10.1002/ajh

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Biesma DH, van den Tweel JG, Verdonck LF. Immunosuppressive therapy for
hypoplastic myelodysplastic syndrome. Cancer 1997;79:1548-1551.

Larson RA, LeBeau MM, Vardiman JW, et al. Myeloid leukemia after hemato-
toxins. Environ Health Perspect 1996;104:1303-1307.

Mijovi¢ A, Mufti GJ. The myelodysplastic syndromes: Towards a functional
classification. Blood Rev 1998;12:73-83.

Fagioli F, Cuneo A, Piva N, et al. Distinct cytogenetic and clinicopathologic
features in acute myeloid leukemia after occupational exposure to pesticides
and organic solvents. Cancer 1992;70:77-85.

Hayes RB, Yin S-N, Dosemeci M, et al. Benzene and the dose-related inci-
dence of hematologic neoplasms in China. J Natl Can Inst 1997;89:1065—
1071.

Larson RA, Le Beau MM. Therapy-related myeloid leukaemia: A model for
leukemogenesis in humans. Chem Biol Interact 2005;153/154:187—-195.

Smith SM, Le Beau MM, Huo D, et al. Clinical-cytogenetic associations in
306 patients with therapy-related myelodysplasia and myeloid leukemia: The
University of Chicago series. Blood 2003;102:43-52.

Rund D, Ben-Yehuda D. Therapy-related leukemia and myelodysplasia: Evolv-
ing concepts of pathogenesis and treatment. Hematology 2004;9:179-187.
Aul C, Bowen DT, Yoshida Y. Pathogenesis, etiology and epidemiology of
myelodysplastic syndromes. Haematology 1998;83:71-86.

Scheinberg DA, Maslak P, Weiss M.Acute leukemias. In: DeVita VT Jr, Hell-
man S, Rosenberg SA, editors. Cancer Principles and Practice, 6th ed. Phila-
delphia: Lippincott Williams & Wilkins; 2001. Section 2, Chap. 46.2, pp 2404—
24383.

Wintrobe MM. Clinical Hematology, 1st ed. Philadelphia: Lea & Febiger;
1942. p 663.

Kalapos |. Die Wirkung des Benzols bei der Leukamie. Klin Wochen
1935;15:864-867.

Beutler E. The treatment of acute leukemia: Past, present, and future. Leuke-
mia 2001;15:658-661.

Baker RK, Kurz EU, Pyatt DW, et al. Benzene metabolites antagonize etopo-
side-stabilized cleavable complexes of DNA topoisomerase lla. Blood
2001;98:830-833.

Frohling S, Skelin S, Liebisch C, et al. Comparison of cytogenetic and molec-
ular cytogenetic detection of chromosome abnormalities in 240 consecutive
adult patients with acute myeloid leukemia. J Clin Oncol 2002;20:2480-2485.
Haferlach T, Schnittger S, Kern W, et al. Genetic classification of acute mye-
loid leukemia (AML). Ann Hematol 2004;83(suppl):S97-S100.

Grimwade D, Walker H, Oliver F, et al. The importance of diagnostic cytoge-
netics on outcome in AML: Analysis of 1,612 patients entered into the MRC
AML 10 trial. Blood 1998;92:2322—-2333.

Mauritzson N, Albin M, Rylander L, et al. Pooled analysis of clinical and cyto-
genetic features in treatment-related and de novo adult acute myeloid leuke-
mia and myelodysplastic syndromes based on a consecutive series of 761
patients analyzed 1976-1993 and on 5098 unselected cases reported in the
literature 1974—2001. Leukemia 2002;16:2366—2378.

Pulsoni A, Pagano L, Lo Coco R, et al. Clinicobiological features and out-
come of acute promyelocytic leukemia occurring as a second tumor: The
GIMEMA experience. Blood 2002;100:1972-1976.

Appelbaum FR, Le Beau MM, Willman CL. Secondary Leukemia. American
Society of Hematology Booklet; 1996. pp 33—47.

Andersen MK, Larson RA, Mauritzson N, et al. Balanced chromosome abnor-
malities inv (16) and t(15;17) in therapy-related myelodysplastic syndromes
and acute leukemia: Report from an international workshop. Genes Chromo-
somes Cancer 2001;33:395-400.

Olney HJ, Le Beau MM. Evaluation of recurring cytogenetic abnormalities in
the treatment of myelodysplastic syndromes. Leuk Res 2007:427-434.

Silver RT, Bennett JM, Goldman JM, et al. The third international congress on
myeloproliferative and myelodysplastic syndromes. Leuk Res 2007;31:11-17.
Catenacci DVT, Schiller GJ. Myelodysplasic (sic) syndromes: A comprehen-
sive review. Blood Rev 2005;19:301-319.

Kantarjian H. Myelodysplastic Syndromes (MDS): What is new? Leuk Insights
2006;1(1):1-8.

Malcovati L, Giovanni M, Porta D, et al. Prognostic factors and life expectancy
in myelodysplastic syndromes classified according to WHO criteria: A basis
for clinical decision making. J Clin Oncol 2005;23:7594—-7603.

Kushner JP, Lee GR, Wintrobe MM, et al. Idiopathic refractory sideroblastic
anemia. Clinical and laboratory investigation of 17 patients and review of the
literature. Medicine 1971;50:139-159.

Cazzola M, Barosi G, Gobbi PG, et al. Natural history of idiopathic refractory
sideroblastic anemia. Blood 1988;71:305-312.

Garand R, Gardais J, Bizet M, et al. Heterogeneity of acquired idiopathic
sideroblastic anaemia (AISA). Leuk Res 1992;16:463-468.

Strom SS, Gu Y, Gruschkus SK, et al. Risk factors of myelodysplastic syn-
dromes: A case-control study. Leukemia 2005;19:1912—-1918.

Cortes J. CMML: A biologically distinct myeloproliferative disease. Curr Hem-
atol Rep 2003;2:202-208.

Germing U, Kiindgen A, Gattermann N. Risk assessment in chronic myelo-
monocytic leukemia (CMML). Leuk Lymphoma 2004;45:1311-1318.

Szpurka H, Tiu R, Murugesan G, et al. Refractory anemia with ringed sidero-
blasts associated with marked thrombocytosis (RARS-T), another myeloproli-
ferative condition characterized by JAK2 V617 F mutation. Blood 2006;108:
2173-2181.

Irons RD, Lv L, Gross SA, et al. Chronic exposure to benzene results in a
unique form of dysplasia. Leuk Res 2005;29:1371-1380.

829



47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

830

Ruiz MA, Augusto LGS, Vassallo J, et al. Bone marrow morphology in
patients with neutropenia due to chronic exposure to organic solvents (ben-
zene): Early lesions. Path Res Pract 1994;190:151-154.

Aksoy M, Erdem S, Dincol G. Types of leukemia in chronic benzene poison-
ing. A study in thirty-four patients. Acta Haematol 1976;55:65-72.

Aksoy M. Different types of malignancies due to occupational exposure to
benzene: A review of recent observations in Turkey. Environ Res 1980;23:
181-190.

Rinsky RA, Hornung RW, Silver SR, et al. Benzene exposure and hematopoi-
etic mortality: A long-term epidemiologic risk assessment. Am J Indust Med
2002;42:474-480.

Wong O. Investigations of benzene exposure, benzene poisoning and malig-
nancies in China. Reg Toxicol Pharm 2002;35:126—135.

Bergsagel DE, Wong O, Bergsagel PL, et al. Benzene and multiple myeloma:
Appraisal of the scientific evidence. Blood 1999;94:1174-1182.

Wong O, Raabe GK. Cell-type specific leukemia analyses in a combined
cohort of more than 208,000 petroleum workers in the United States and the
United Kingdom, 1937—-1987. Reg Toxicol 1995;21:307-321.

Satin KP, Bailey WJ, Newton KL, et al. Updated epidemiological study of
workers at two California petroleum refineries, 1950-1995. Occup Environ
Med 2002;59:248-256.

Lynge E, Andersen A, Nilsson R, et al. Risk of cancer and exposure to gaso-
line vapors. Am J Epidemiol 1997;145:449-458.

Wong O, Harris F, Rosamilia K, et al. An updated mortality study of workers
at a petroleum refinery in Beaumont, Texas, 1945-1996. J Occup Environ
Med 2001;43:384-401.

Lewis RJ, Schnatter AR, Drummond |, et al. Mortality and cancer morbidity in a
cohort of Canadian petroleum workers. Occup Environ Med 2003;60:918-928.
Graff JJ, Sathiakumar N, Macaluso M, et al. Chemical exposures in the
synthetic rubber industry and lymphohematopoietic cancer mortality. J Occup
Environ Med 2005;47:916-932.

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

Sorahan T, Nichols L, Harrington JM. Mortality of United Kingdom oil refinery
and petroleum distribution workers, 1951-1998. Occup Med 2002;52:333-339.
Satin KP, Wong O, Yuan LA, et al. A 50-year mortality follow-up of a large
cohort of oil refinery workers in Texas. J Occup Environ Med 1996;38:492—
506.

Divine BJ, Hartman CM, Wendt JK. Update of the Texaco mortality study
1947-93. . Analyses of specific cause of death for white men employed in
refining, research, and petrochemicals. Occup Environ Med 1999;56:174—
180.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Gun RT, Pratt N, Ryan P, et al. Update of mortality and cancer incidence in
the Australian petroleum industry cohort. Occup Environ Med 2006;63:476—
481.

Bloemen LJ, Youk A, Bradley TD, et al. Lymphohaematopoietic cancer risk
among chemical workers exposed to benzene. Occup Environ Med
2004;61:270-274.

Korte JE, Hertz-Picciotto I, Schulz MR, et al. The contribution of benzene to
smoking-induced leukemia. Environ Health Perspect 2000;108:333—-339.
Kane EV, Roman E, Cartwright R, et al. Tobacco and the risk of acute leuke-
mia in adults. Brit J Can 1999;81:1228-1233.

Chelghoum Y, Danaila C, Belhabri A, et al. Influence of cigarette smoking on
the presentation and course of acute myeloid leukemia. Ann Oncol 2002;
13:1621-1627.

Carmona R. The 2004 Surgeon General’s report. The Health Consequences
of Smoking. Chap 2, p 254. US Department of Health and Human Services.
Sandler DP, Shore DL, Anderson JR, et al. Cigarette smoking and risk of
acute leukemia: Associations with morphology and cytogenetic abnormalities
in bone marrow. J Natl Can Inst 1993;85:1994-2003.

Pasqualetti P, Festuccia V, Acitelli P, et al. Tobacco smoking and risk of hae-
matological malignancies in adults: A case-control study. Brit J Haematol
1997;97:659-662.

Estey E, Déhner H. Acute myeloid leukaemia. Lancet 2006;368:1894—-1907.
Hsing AW, Hansson L-E, McLaughlin JK, et al. Pernicious anemia and subse-
quent cancer. A population-based cohort study. Cancer 1993;71:745-750.
Brinton LA, Gridley Z, Hoover R, et al. Cancer risk following pernicious ane-
mia. Brit J Cancer 1989;59:810-813.

Drabick JJ, Davis BJ, Byrd JC. Concurrent pernicious anemia and myelodys-
plastic syndrome. Ann Hematol 2001;80:243—-245.

Rosner F, Lee SL. Down’s syndrome and acute leukemia: Myeloblastic or
lymphoblastic? Report of forty-three cases and review of the literature. Am J
Med 1972;53:203-218.

Xie Y, Davies SM, Xiang Y, et al. Trends in leukemia incidence and survival in
the United States (1973-1998). Cancer 2003;97:2229—-2235.

Rossi G, Pelizzari AM, Bellotti D, et al. Cytogenetic analogy between myelo-
dysplastic syndrome and acute myeloid leukemia of elderly patients. Leuke-
mia 2000;14:636-641.

Danaei G, Vander Hoorn S, Lopez AD, et al. Causes of cancer in the world:
Comparative risk assessment of nine behavioural and environmental risk fac-
tors. Lancet 2005;366:1784—1793.

Pedersen-Bjergaard J, Andersen MK, Christiansen DH, et al. Genetic path-
ways in therapy-related myelodysplasia and acute myeloid leukemia. Blood
2002;99:1909-1912.

American Journal of Hematology DOI 10.1002/ajh



