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The relation between cigarette smoking and risk of acute
myeloid leukemia: An updated meta-analysis of
epidemiological studies

Sophia Fircanis,' Priscilla Merriam,' Naushaba Khan,? and Jorge J. Castillo®*

Smoking has been postulated as an environmental risk factor for acute myeloid leukemia (AML). The primary
objective of this meta-analysis of observational studies was to evaluate the epidemiologic relationship
between smoking and the risk of development of AML. Twenty-three studies published between January
1993 and December 2013 were included in our analysis, and accounted for 7,746 cases of AML. The outcome
of interest was the relative risk (RR) with 95% confidence interval (Cl) of developing AML in adult cigarette
smokers in comparison with non-smokers, and was estimated using the random-effects model. Our results
showed that current and ever smokers have 40% (RR 1.40, 95% Cl 1.22-1.60; P<0.001) and 25% (RR 1.25, 95%
Cl 1.15-1.36; P<0.001) increased risk of developing AML when compared with non-smokers. The increased
RR of AML was increased regardless of sex, study design, geographical region, and quality of the studies.
Intensity of smoking of <10, 10-20, 20-30, and >30 cigarettes per day was associated with RRs of AML of
1.27, 1.36, 1.55, and 1.77, respectively (P<0.001 for trend). Duration of smoking of <20 and >20 years was
associated with RRs of 1.07 and 1.44, respectively (P<0.001 for trend). Cumulative smoking of <10, 10-20,
20-30, and >30 pack-years was associated with RRs of 1.13, 1.23, 1.39, and 1.71, respectively (P<0.001 for
trend). Overall, cigarette smoking proves to be a significant risk factor for the development of AML in adults.
Am. J. Hematol. 89:E125-E132, 2014. © 2014 Wiley Periodicals, Inc.

B Introduction

AML is the most common acute leukemia in adults, accounting for 80% of the cases of acute leukemia in this group. According to Surveillance,
Epidemiology, and End Results (SEER) data, the median age at diagnosis is 67 years, and the age adjusted incidence rate is 3.7 per 100,000 men
and women per year [1], with ~14,590 new cases diagnosed each year in the United States (US) [2]. Currently, standard of care regimens, which
include intensive chemotherapy and allogeneic stem cell transplantation, are associated with dismal cure rates in patients with AML, especially in
older patients [3]. A recent population-based study revealed a 5-year survival rate of 15%, which varied greatly based on age [4]. This study
showed a 5-year survival rate of 50% in patients younger than 40 years but <5% in patients older than 70 years.

There are some well-described risk factors for the development of AML, including a history of prior chemotherapy exposure, exposure to ioniz-
ing radiation, or pre-existing hematologic disorders [5]. Typically, however, these risk factors are found in only a small percentage of patients that
develop the disease. Outside of benzene exposure, little is described regarding the association between AML and environmental exposures, espe-
cially smoking. Because smoking-related diseases are preventable, the association between smoking and the development of AML is worth of fur-
ther investigation. A meta-analysis by Brownson et al. has previously established an association between AML and smoking [6]. However,
differences according to sex, geographical region or intensity and duration of smoking were not investigated. Furthermore, the prevalence of smok-
ing has steadily decreased in the US in the last decade [7], which could have affected the relation between smoking and AML.

The main objective of the present study was to more fully describe the relation between smoking and AML through a meta-analysis of observa-
tional epidemiologic studies published since 1993. Additionally, we explored the effects of smoking on the risk of AML according to sex and geo-
graphical region, and further analyzed the effects of intensity and duration of smoking on the risk of developing of AML.

B Methods

Literature search. A PubMed search from January 1, 1993 to December 31, 2013 was undertaken using the keywords: “(smoking OR tobacco OR cigarette) AND leukemia.”
The titles and abstracts of the resulting articles were examined and, after excluding non-related articles, full-text articles were retrieved. If an article was selected for inclusion,
the references were reviewed looking for additional studies. The electronic and by-hand literature searches were independently performed by at least two of the investigators.
Additional search of EMBASE, Google Scholar and the Cochrane Database of Systematic Reviews did not provide additional studies.

Inclusion and exclusion criteria. Prospective cohort and case-control studies reporting on the relation between cigarette smoking and incidence of AML were included,
regardless of language. Studies reporting on acute promyelocytic leukemia, acute leukemia without specifying a myeloid origin and myeloid leukemia without specifying an
acute subtype were excluded. Reviews or letters to the editor without original data, editorials, case reports, and cross-sectional studies were excluded. Studies included in a
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Figure 1. Search strategy. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

previous meta-analysis by Brownson et al. [6] were also excluded. If there were
multiple publications from the same study, the most relevant was selected while
using the other publications to clarify methodology, if necessary. The study selec-
tion was performed independently by at least two of the investigators.

Data gathering. Data extraction was performed independently by at least two of
the investigators, and included author, year of publication, country of origin, sam-
ple size, method of ascertainment of smoking, and method of diagnosis of AML.
For case-control studies, we extracted years of inclusion, the source and definition
of cases and controls, the outcome measured (odds ratio) with 95% Cls, and the
variables used for matching and/or adjustment. For cohort studies, we extracted the
source of the exposed and the nonexposed cohort, years of follow-up, the outcome
measured with 95% ClIs, and the variables used for adjustment.

Quality assessment. Two investigators, using the Newcastle Ottawa Scale (NOS)
[8], independently assessed the quality of each study. The NOS consists of three
parameters of quality: selection, comparability, and exposure (case-control studies)
or outcome (cohort studies). The NOS assigns a maximum of four points for selec-
tion, two points for comparability, and three points for exposure/outcome. Arbitra-
rily, NOS scores of 1-3, 4-6, and 7-9 were considered low, intermediate and high
quality, respectively.

Statistical analysis. Because the risk of AML in the general population is low,
the relative risk (RR) and the odds ratio (OR) are virtually equivalent [9], allowing
the pooling of cohort and case-control studies (i.e., rare disease assumption). The
outcome of interest was the maximally adjusted RR with 95% confidence interval
(CI) of developing AML in cigarette smokers compared with never smokers. The
random effects model (REM) [10], which accounts for intra and inter-study hetero-
geneity, was used to estimate the combined outcome. The presence of heterogeneity
was assessed using the Cochran’s Q statistic [11], and further quantified using the
I? [12]. For the Q statistic, a P value <0.10 was considered significant for heteroge-
neity. I* values of 25, 50, and 75% were considered as mild, moderate, and severe
heterogeneity, respectively. Publication bias was investigated by funnel plot observa-
tion [13], and assessed by the trim-and-fill analysis [14]. The trim-and-fill method
assumes that the effect sizes of all the studies distribute normally around the center
of a funnel plot; if asymmetry is found, it generates imputed studies that would bal-
ance such asymmetry and re-calculates the measured outcome. Stratified analyses
were performed in current smokers and ever smokers. Sensitivity analyses were per-
formed according to sex, study design, geographical region, study quality, number
of cigarettes smoked, number of years of smoking and cumulative smoking in
pack-years. All calculations and graphs were obtained using Comprehensive Meta-
Analysis version 2.2.050 (Biostat, Englewood, NJ). The results of this meta-analysis
are presented in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses proposed checklist [15].

B Results

Search results

Twenty-three studies were included in this meta-analysis from
which 6 (26%) were prospective cohort [16-21] and 17 (74%) were
case-control studies [22-38]. Ten studies (43%) were from Europe,
ten (43%) from Canada/USA and three (14%) from Asia. The search
flow diagram is shown in Fig. 1.

Characteristics of the cohort studies

The main characteristics of the cohort studies are shown in Table
I. Studies were published between 1993 and 2012. Three studies
(50%) originated from the US, two (33%) from Europe and one
(17%) from Asia. A total of 2,139 cases of AML were identified from
a cohort of 3,654,041 individuals. The diagnosis of AML was assessed
using national and/or regional cancer registries in all cases. Smoking
was assessed by questionnaire in three studies (50%) and by personal
interview in three studies (50%). All the studies adjusted the outcome
analyses for age, two studies (33%) adjusted for sex and two (33%)
for body mass index. Based on the NOS, all the studies were consid-
ered of high quality.

Characteristics of the case-control studies

The main characteristics of the case-control studies are shown in
Table II. Studies were published between 1992 and 2013. Eight studies
(47%) originated from Europe, seven (41%) from the US and Canada,
and two (12%) from Asia. A total of 5,607 cases of AML and 22,784
controls were included in this meta-analysis. Controls were
population-based in thirteen studies (76%), and were matched by age
in all studies and by sex in 14 studies (82%). The diagnosis of AML
was confirmed pathologically in twelve studies (71%) and assessed
through medical record review in five (29%). Smoking habits were
assessed using personal interview in 12 studies (71%) and using
mailed questionnaires or chart review in 5 (29%). Based on the NOS,
11 studies (65%) were of high quality, and 5 (29%) and 1 (6%) were
of intermediate and low quality, respectively.

Outcome assessment

Current smokers. Seventeen studies evaluated the relation between
current cigarette smoking and AML incidence [16-21,23,24,26-
29,32,34-36,38]. Current smokers had 40% higher risk of developing
AML than the general population with moderate heterogeneity (Fig.
2). In the subset analyses, the risk of developing AML was similar in
case-control and cohort studies with RRs at 1.35 and 1.53, respec-
tively. An increased risk of developing AML was also seen regardless
of sex with RR of 1.42 for men and 1.28 for women; there was mild
heterogeneity between studies. In the geographical analysis, studies
from Canada/USA had higher risk (RR 1.70) than studies from
Europe and Asia (RR 1.28 and 1.21, respectively). There was however
severe heterogeneity between the studies from Canada/USA, but no
heterogeneity in European and Asian studies. When investigating
studies based on their quality, the studies with low/intermediate qual-
ity rendered a higher effect size (RR 1.84) than studies of high quality
(RR 1.36). Publication bias analysis identified the presence of bias,
however, after adjusting for this, our results would have not changed.
Complete results are shown in Table III.

Ever smokers. Twenty-two studies evaluated the association
between ever smoking and AML incidence [16-33,35-38]. Ever smok-
ers had an increased risk of developing AML than the general popu-
lation (RR 1.25) with mild to moderate heterogeneity. Risk was
similar in case-control and cohort studies (RR 1.24 and 1.34, respec-
tively). Although the risk of AML was elevated in men and women,
the RR in men was 1.45 and 1.14 in women. The geographical region
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Study name Stafistics for each study
Relative Lower Upper

risk limit limit  p-Value
Bjork 2009 1.10 0.62 1.95 0.745
Ciccone 1.21 0.66 2.20 0.533
Femberg 1.50 1.06 212 0.021
Friedman 1.58 0.52 4.80 0.420
Jee 1.10 0.80 1.51 0.552
Kane 1.40 1.09 1.79 0.007
Kasm 1.00 0.80 1.25 1.000
Kroll 1.19 0.97 1.45 0.087
Ma 2.37 1.74 3.23 0.000
Mele 1.60 091 282 0.105
Musselman 1.53 1.08 2.16 0.016
Richardson 1.65 0.95 287 0.076
Speer 2.00 1.30 3.09 0.002
Stagnaro 0.93 0.61 1.41 0732
Strom 1.74 1.30 233 0.000
Wbng 1.28 1.00 1.63 0.048
Xu 347 1.00 12.00 0.049

1.40 1.22 1.60 0.000

Relative risk and 95% CI
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Figure 2. Estimates of the relative risk of developing acute myeloid leukemia in current smokers.

analysis showed a similar increase in the risk of developing AML in
European (RR 1.17), Canada/USA (RR 1.31), and Asian studies (RR
1.29). When evaluating studies according to their quality, studies con-
sidered of low/intermediate and high quality showed an increase in
the risk of AML in ever smokers (RR 1.31 and 1.24, respectively);
however, the risk of AML in low/intermediate quality studies did not
reach statistical significance. Complete results are shown in Table IV.

Dose response analysis

We evaluated the risk of developing AML in cigarette smokers
according to intensity (i.e., number of cigarettes smoked per day), dura-
tion (ie., number of years of smoking), and cumulative smoking (ie.,
number of pack-years of smoking). In our intensity analysis, which
included data from 14 studies [16,19-24,28-31,35,37,38], individuals
who smoked <10, 10-20, 20-30, and >30 cigarettes per day had a RR
of AML of 1.27, 1.36, 1.55, and 1.77, respectively (P < 0.001 for trend).
In our duration analysis, which included nine studies [21-23,26,29-
31,35,38], individuals who smoked for <20 and >20 years had RR of
AML of 1.07 (NS) and 1.44, respectively (P < 0.001 for trend). Finally,
in the cumulative smoking analysis, which included nine studies [21-
23,27,29,31,33,36,38], individuals who smoked <10, 10-20, 20-30, and

>30 pack-years had RR of AML of 1.13, 1.23, 1.39, and 1.71, respec-
tively (P < 0.001 for trend). Heterogeneity was non-existing to moder-
ate, and adjustment for publication bias would have not altered our
results. Complete results from our analysis are shown in Table V.

B Discussion

The association between smoking and AML has been recognized
[39]. In a previous meta-analysis, such relation was further eval-
uated [6]; however, the available data at the time did not allow for
the evaluation of sex and geographic differences. Also, dose-
response analyses were not performed. We present the results of an
updated meta-analysis aimed at comprehensively evaluating the
association between cigarette smoking and the development of
AML. In this study, which included over 7,500 cases of AML, we
found that smoking increases the risk of developing AML regardless
of sex, geographical region, study design and quality of studies. Our
dose-response analysis suggests an increase in the risk of AML with
higher intensity and longer duration of smoking. Furthermore, anal-
yses of heterogeneity and publication bias had minimal impact on
our results.

TABLE IlIl. Relative Risk Estimates of AML in Current Smokers Compared With Nonsmokers

/

No. studies RR (95% CI) P value ? Publication bias Adjusted RR (95% CI)

All studies 17 1.40 (1.22-1.60) <0.001 57% Yes 1.39 (1.21-1.59)
Study design

Case-control " 1.35 (1.17-1.56) <0.001 45% No

Cohort 1.53 (1.13-2.08) 0.007 73% Yes 1.47 (1.08-1.98)
Sex

Male 5 1.42 (1.12-1.81) 0.004 28% No

Female 5 1.28 (1.03-1.60) 0.03 27% Yes 1.46 (1.15-1.86)
Region

Europe 8 1.28 (1.14-1.45) <0.001 0% Yes 1.26 (1.12-1.42)

Canada/USA 7 1.70 (1.24-2.32) 0.001 76% Yes 1.63 (1.21-2.21)

Asia 2 1.21 (1.00-1.47) 0.05 0% uTC
Quality

High 15 1.36 (1.18-1.57) <0.001 58% No

\Low/intermediate 2 1.84 (1.30-2.60) 0.001 0% utc /

RR: relative risk; Cl: confidence interval; UTC: unable to calculate.
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TABLE IV. Relative Risk Estimates of AML in Ever Smokers Compared With Nonsmokers

e

Adjusted RR (95% cm

No. studies RR (95% Cl) P value P Publication bias
All studies 22 1.25 (1.15-1.36) <0.001 34% No
Study design
Case-control 16 1.24 (112-1.36) <0.001 31% Yes 1.31 (1.17-1.46)
Cohort 6 1.34 (1.09-1.65) 0.006 50% Yes 117 (0.93-1.48)
Sex
Male 5 1.45 (1.14-1.85) 0.002 49% Yes 1.50 (1.20-1.88)
Female 4 1.14 (1.00-1.29) 0.046 0% Yes 114 (1.01-1.30)
Region
Europe 10 117 (1.06-1.29) 0.002 0% Yes 117 (1.07-1.29)
Canada/USA 9 1.31 (1.08-1.58) 0.005 67% Yes 1.23 (1.01-1.49)
Asia 3 1.29 (1.09-1.51) 0.003 0% No
Quality
High 17 1.24 (114-1.36) <0.001 30% No
kLow/intermediate 5 1.31 (0.96-1.78) 0.09 54% No j

RR: relative risk; Cl: confidence interval.

Our analysis reveals a 40% increase in the risk of AML in current
smokers, and of 25% in ever smokers. Such risk was equally increased
in case-control and prospective cohort studies and when removing
low and intermediate quality studies, supporting the consistency and
strength of our analysis. Although our study did not include a
“former smoker” category due to lack of data, one could hypothesize
that the risk of AML in former smokers might be lower than in cur-
rent smokers. This suggests that stopping smoking might be associ-
ated with a decrease in the risk AML. The risk of AML was increased
in male and female smokers. The risk of AML appears slightly higher
in men than women, especially in the ever smoker category, which
could be a reflection of specific gender disparities that deserve further
attention. Similarly, the risk of AML was increased regardless of geo-
graphical region, although it appeared higher in studies from Canada/
USA than in European or Asian studies, specifically in current
smokers.

Interestingly, our dose-response analysis shows a direct relation
between intensity and duration of smoking and risk of AML. The
risk of AML increased from 27% in smokers who smoke <10 ciga-
rettes per day to 77% in smokers who smoke >30 cigarettes per day.
Also, the risk of AML increased from 7 to 44% in smokers who
smoked for <20 years and >20 years, respectively. Finally, the risk of
AML increased with cumulative smoking form 13% in smokers who
smoked <10 pack-years to 71% in smokers who smoked >30 pack-
years. The trends in AML risk for intensity, duration and cumulative
smoking were all statistically significant. These findings support a
direct coherent association between smoking and risk of AML. Based
on these results, one could hypothesize that intensity of smoking (i.e.,

cigarettes smoked per day) is a stronger risk factor for AML than the
duration of smoking (i.e., number of years of smoking). However, the
available data does not permit additional analysis in this regard.

There is a biologically plausible association between smoking and
AML. Cigarette smoking exposes the smoker to over 7,000 chemi-
cals, from which 70 can be associated with the development of can-
cer [40]. A limited list of the toxic agents found in cigarette smoke
includes benzene, formaldehyde, polonium 210, arsenic, lead, and
ammonia. Benzene is probably the strongest carcinogen associated
with leukemogenesis. This matter has been recently reviewed [41].
In a recent laboratory study, hydroquinone, the major metabolite of
benzene in humans, increased expression of the p53 protein,
increased apoptosis and induced DNA double strand breaks in
human bone marrow stem cells as well as decreased stem cell differ-
entiation and proliferation [42]. Interestingly, in this study yolk sac
stem cells seemed to be especially sensitive to the effects of hydro-
quinone, which is supported by evidence that exposure to smoking
during pregnancy increases the risk of leukemia during childhood
[43].

Ionizing radiation, similar to the one emitted by polonium 210,
has also been implicated in carcinogenesis and leukemogenesis. A
recent meta-analysis found an increased risk of leukemia among
workers receiving protracted exposure to low-dose gamma radiation
[44]. On the other hand, a study in radiology technologists identified
an increased risk of leukemia among workers employed before 1950,
when radiation exposures were higher. However, there was no con-
vincing evidence of an increased risk of leukemia in medical radiation
workers exposed to current levels of radiation [45].

TABLE V. Relative Risk Estimates of AML in Smokers According to Cigarettes per Day, Years of Smoking and Cumulative Smoking (Pack-Years)

-

K>3O

No. of studies RR (95% Cl) P value ? Publication bias Adjusted RR (95% CI)

Cigarettes per day

<10 9 1.27 (1.03-1.56) 0.027 0% No

10-20 7 1.36 (1.12-1.64) 0.002 0% Yes 1.30 (1.08-1.56)

20-30 14 1.55 (1.25-1.92) <0.001 53% No

>30 13 1.77 (1.44-2.18) <0.001 27% Yes 1.71 (1.39-2.12)
Years of smoking

<20 5 1.07 (0.91-1.25) 0.415 9% Yes 1.06 (0.89-1.25)

>20 9 1.44 (1.23-1.68) <0.001 9% Yes 1.42 (1.21-1.67)
Pack-years

<10 6 113 (0.95-1.36) 0.175 0% Yes 1.11 (0.93-1.32)

10-20 5 1.23 (1.04-1.44) 0.015 12% No

20-30 8 1.39 (1.19-1.63) <0.001 0% Yes 1.42 (1.22-1.65)

7 1.71 (1.43-2.05) <0.001 0% Yes

1.54 (1.26-1.88) j

RR: relative risk; Cl: confidence interval.
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Smoking also directly affects the central and peripheral hematopoi-
etic system. Smoking has shown to decrease the number of circulating
CD34+ progenitor cells in healthy individuals [46]. In the bone mar-
row, cigarette smoke extract exposure diminishes the number of
erythrocyte and granulocyte colony-forming units, up-regulates toll-
like receptor expression and increases NF-kB, AKT and ERK expres-
sion inducing IL-8 and TGF-bl production [47]. Finally, current epi-
demiological data support a connection between smoking and the
development of myelodysplastic syndromes (MDS) [48,49], which in
turn are associated with an increased risk of AML transformation.
Whether the increased risk of AML in smokers is dependent on the
increased risk of MDS is unclear.

As with any meta-analytic approach, our study carries inherent
weaknesses based on the quality of the included studies. First, the his-
tory of smoking habits was most commonly obtained from question-
ing rather than direct observation or blood levels of cotinine, which
could have introduced recall bias; however, self-reporting of smoking
habits seem to be reliable based on recent experience in a large pro-
spective study [50]. Additionally, there are no data to support that
smoking increases the risk of other leukemia subtypes arguing against
recall bias as a cause for a false positive relation with AML. Second,

based on our study design, we cannot categorically demonstrate cau-
sality between smoking and AML; however, the dose-response rela-
tionship found as well as the fact that the majority of prospective
studies are considered of long follow-up (>10 years) supports a
causal role of smoking in AML. Third, several studies have attempted
on evaluating the association between smoking and the development
of AML with specific cytogenetic abnormalities with mixed results
[51]. However, the existing data are rather limited and did not allow
for deeper analysis but should be subject of further study. Finally, we
must acknowledge that our results might have been affected by statis-
tical multiplicity and therefore be biased. However, the statistically
significant dose-dependent relation identified between risk of AML
and the duration, intensity and cumulative smoking supports the
validity of our results.

Despite our limitations, we were able to show that cigarette smok-
ing is associated with an increased risk of developing AML, which
appears statistically and clinically significant regardless of sex and
geographical region. Additional studies should focus on racial dispar-
ities, the evaluation of potential cytogenetic abnormalities associated
with smoking, and the effects of smoking cessation on the risk of
AML. Smoking cessation should be advised globally.
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