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The main objectives of the present meta-analysis of prospective cohort studies were to evaluate the role
of obesity on the incidence and mortality of leukemia in adults. Obesity was associated with a relative risk
(RR)0f 1.26 (95% C11.17-1.37; p<0.001) for leukemia incidence and 1.29 (95% CI 1.11-1.49; p=0.001) for
mortality. Obesity was also associated with an increased incidence of acute myeloid leukemia (RR 1.53,
95%(CI11.26-1.85; p<0.001), chronic lymphocytic leukemia (RR 1.17,95% CI 1.08-1.27; p<0.001), chronic

myeloid leukemia (RR 1.16, 95% CI 1.04-1.30; p=0.007) and acute lymphoblastic leukemia (RR 1.62, 95%
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in obese men.

CI1.12-2.32; p=0.009). The risk of incidence and mortality of leukemia in adults was consistently higher

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Leukemia comprises a group of diseases characterized by the
uncontrolled, malignant proliferation of mature leukocytes or their
precursors in the blood and bone marrow. According to SEER
data, approximately 44,000 individuals will be diagnosed with and
22,000 will die from some type of leukemia in 2011 in the United
States (US) alone [1]. Despite recent advances in the understand-
ing of the pathophysiology of leukemia, its etiology remains poorly
understood. A series of potential entities, such as myelodysplastic
syndromes or exposure to chemotherapy, have been described as
risk factors for leukemia; however, in the large majority of cases, a
specific cause will not be identified.

Overweight and obesity have emerged as potential risk factors
for the development of leukemia, as seen in previous studies [2-4].
According to the World Health Organization (WHO) and the Centers
for Disease Control and Prevention (CDC), overweight and obe-
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sity are defined by a body mass index (BMI) of 25-29.9 kg/m?2 and
>30kg/m?, respectively [5,6]. In a recent report, the prevalence
of overweight and obesity in adults older than 20years of age in
the US between 2007 and 2008 was 33.9% and 34.4%, respectively
[7]. The same study also reports that the prevalence of overweight
and obesity has been progressively increasing since 1999 in men
and women of all ages and ethnicities [7]. Overweight and obe-
sity have been associated with increased incidence and mortality
rates of cardiovascular disease, diabetes mellitus and certain types
of cancer.

The main objective of our study is to evaluate the association
between BMI and incidence and mortality of leukemia in adult indi-
viduals. Secondary objectives were to evaluate the effect of sex on
the incidence and mortality of leukemia in obese individuals, and to
investigate the incidence of specific subtypes of leukemia according
to BML

2. Methods

Two authors independently performed a search using
Pubmed/MEDLINE through December 30, 2011. The key search
was: (obesity OR overweight OR “body mass” OR BMI OR “body
weight” OR anthropometric) AND leukemia. Additionally, the
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reference lists of each selected study and published meta-analyses
were reviewed looking for missing studies. An article was consid-
ered relevant if it contained original data from a prospective cohort
study reporting on the association between BMI and the incidence
or mortality of leukemia in adults. Retrospective case-control and
cross-sectional studies were excluded. Any discrepancies between
reviewers were resolved through consensus. If there were multiple
publications from the same study, the most relevant was selected
using older publications to clarify methodology.

The data extraction was performed independently by at least
two of the authors, and included author, year, country, source and
size of the cohort, number of cases, years of follow-up, inclusion
and exclusion criteria, methods of BMI and leukemia ascertain-
ment, outcome and variables used for adjustment. For missing
information, attempts were made to contact the authors of the
original studies. The results of this meta-analysis are presented
in accordance to the checklist proposed by the Meta-analysis Of
Observational Studies group [8]. The quality of the studies was
assessed independently by at least two of the authors using the
Newcastle-Ottawa Scale (NOS) [9]. The NOS evaluates the quality
of cohort studies using three parameters with a maximum of four
points for selection, two points for comparability and three points
for outcome. We assigned scores of 7-9 for high-quality studies.
Any discrepancies between reviewers were addressed by a joint
reevaluation of the original article with the principal investigator.

The primary outcome measured was the maximally adjusted
relative risk (RR) with 95% confidence interval (95% CI) of develop-
ing or dying from leukemia in overweight and obese individuals.
In all calculations, the reference group was individuals with BMI
18.5-24.9kg/m2. To measure the outcome, the random-effects
model was used [10], which accounts for heterogeneity between
and within studies. We assessed for heterogeneity using the
I index [11]; values of 25%, 50% and 75% are consistent with
mild, moderate and severe heterogeneity, respectively. Publication
bias was addressed by the trim-and-fill method [12], which esti-
mates the potential effect that non-published (imputed) studies
might have had on the outcome. Leukemia subtypes were acute
myeloid (AML), acute lymphoblastic (ALL), chronic myeloid (CML)
and chronic lymphocytic leukemia (CLL). Meta-regression analy-
ses were used to assess the linear relationship between BMI and
incidence and mortality of leukemia. The value in kg/m? assigned
to each category was the mid-point for closed categories. For open
categories, we assumed lowest and highest BMI of 15 and 50 kg/m?,
respectively. All calculations and graphs were obtained with Com-
prehensive Meta-Analysis (Biostat Inc., New Jersey, USA).

3. Results

Our initial search rendered 1778 returns, from which a total
of 16 prospective cohort studies on incidence [13-28] and 6 on
mortality [21,29-33] were included (Fig. 1). The characteristics of
the studies included in this meta-analysis are shown in Table 1. A
total of 20,813 incident leukemia cases and 2358 leukemia deaths
were identified in cohorts of approximately 11 million and 3 million
individuals, respectively.

3.1. Incidence

Complete incidence results are shown in Table 2. Publication
bias did not alter our results in any of the subsets studied.

The overall RR of leukemia for obese individuals was 1.26 (95%
CI 1.17-1.37; p<0.001). Meta-regression showed a 1.7% increase
in leukemia incidence per kg/m?2 of BMI (p<0.001). In obese men
and women, there was an increased RR of leukemia (Fig. 2) but
not in overweight men or women. Meta-regression showed a 2.4%

Articles identified through literature search: 1,778

Articles rejected: 1,705
Reviews: 110

Case reports: 77

Other: 1,518

Articles selected for full-text review: 73
Articles found after reference list search: 5§

Articles rejected: 57
Case-control study: 22
Did not pertain to
incidence, mortality or
obesity: 15

Did not pertain to
leukemia: 13
Letters/editorials: 5
Did not allow outcome
Calculation: 2

Articles evaluating incidence or mortality: 21

Fig. 1. Search results.

increase in the incidence of leukemia per kg/m? of BMI in men
(p<0.001) but there was no association in women (p=0.11). Sensi-
tivity analyses performed by region of report showed consistency
among Asian, European and American populations with RR of
2.52(95% C11.03-6.20; p=0.01; I> =0%), 1.35 (1.16-1.55; p<0.001;
2=61%)and 1.19(95% CI 1.10-1.28; p<0.001; I2 = 0%), respectively.

Ten studies reported on the incidence of CLL
[13-15,17,20,22-25,27]. The RR of CLL was increased in obese
and overweight individuals (p <0.001 and p=0.002, respectively).
Meta-regression showed a 0.8% increase in incidence per kg/m?2
of BMI (p=0.07). A significant increased incidence was found only
in obese men (p=0.02; Fig. 3, top). Meta-regression showed an
increase of 1.3% per kg/m? of BMI in men (p=0.02) but no linear
association was found in women (p =0.65).

Seven studies reported on the association between AML and BMI
[14-16,22-25]. The RR of AML was statistically significant in obese
individuals (p <0.001). Meta-regression showed a 3.1% increase in
AML incidence per kg/m?2 of BMI (p < 0.001). The RR of AML in obese
men was 1.64 (p <0.001; Fig. 3, bottom). Meta-regression showed a
3.8% increase in AML incidence per kg/m? of BMI in men (p <0.001)
but no linear relationship was found in women (p=0.56).

Five studies reported on the incidence of CML[15,16,23-25].The
overall RR of CML in obese individuals was increased (p=0.007),
but not in overweight individuals. There was not a statistically sig-
nificant association when evaluating men and women separately.
Meta-regression did not show an association between BMIand CML
in men or women.

Four studies reported on the incidence of ALL [15,16,23,24].
The RR for ALL was elevated in obese and overweight individuals
(p=0.009 and p=0.02, respectively). The RR of ALL in was increased
in obese men (p=0.03) but not in obese women. Meta-regression
analyses did not show a linear relationship between BMI and ALL
in men or women.

3.2. Mortality

Six studies evaluated the association between BMI and leukemia
mortality [21,29-33]. The RR for overweight and obese individu-
als was 1.10 (95% CI 1.00-1.21; p=0.05; I>=17%) and 1.29 (95%
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Table 2
Outcome estimates on the association between overweight/obesity and the incidence of leukemia subtypes according to sex.
Overweight RR (95% CI) p-Value % index Obesity RR (95% CI) p-Value P index
Leukemia
All cases 1.09 (1.04-1.14) <0.001 0% 1.26 (1.17-1.37) <0.001 43%
Men 1.05(0.99-1.13) 0.12 0% 1.40 (1.24-1.57) <0.001 33%
Women 1.12 (1.00-1.25) 0.05 24% 1.20(1.07-1.35) 0.002 29%
CLL
All cases 1.10(1.03-1.17) 0.004 0% 1.17 (1.08-1.27) <0.001 11%
Men 1.07 (0.97-1.17) 0.17 0% 1.22 (1.04-1.45) 0.02 48%
Women 1.12 (0.96-1.31) 0.15 11% 1.09 (0.94-1.26) 0.26 0%
AML
All cases 1.15(0.95-1.39) 0.15 58% 1.53(1.26-1.85) <0.001 50%
Men 1.02 (0.85-1.22) 0.83 38% 1.64 (1.30-2.07) <0.001 55%
Women uTC - - 1.48 (1.00-2.20) 0.05 48%
CML
All cases 1.08 (0.91-1.28) 0.39 57% 1.16 (1.04-1.30) 0.007 0%
Men 0.92 (0.59-1.44) 0.72 73% 1.16 (0.99-1.35) 0.06 0%
Women uTC - - 1.17 (1.00-1.36) 0.05 0%
ALL
All cases 1.36 (1.06-1.76) 0.02 0% 1.62 (1.13-2.32) 0.009 20%
Men uTC - - 1.69 (1.04-2.73) 0.03 29%
Women uTC - - 1.09 (0.38-3.07) 0.88 32%

RR, relative risk; CI, confidence interval; CLL, chronic lymphocytic leukemia; AML, acute myeloid leukemia; CML, chronic myeloid leukemia; ALL, acute lymphocytic leukemia;

UTC, unable to calculate.

Cl 1.11-1.49; p=0.001; I2=30%; Fig. 4), respectively. The RR for
obese men was 1.45 (95% CI 1.22-1.72; p<0.001; I? =0%) and for
obese women was 1.14 (95% CI 0.99-1.33; p=0.07; I2 =0%). Meta-
regression analysis showed a 1.2% increase in leukemia mortality
per kg/m? of BMI in women (p=0.01) and a 1.9% increase in men
(p=0.10).

4. Discussion
Based on the results of this meta-analysis, obesity but not over-

weight was associated with an increased incidence and mortality of
leukemia in adults. Obesity was also associated with an increased

Study name Statistics for each study

Risk Lower Upper

ratio limit limit p-Value
Britton2F 0.91 0.57 1.45 0.690
Britton2M 0.95 0.63 1.43 0.805
DeRoos2 0.96 0.61 1.52 0.861
DeRoos3 1.52 0.93 2.48 0.093
Engeland2F 1.17 1.04 1.32 0.010
Engeland2M 1.40 1.05 1.87 0.022
Engeland3F 1.06 0.84 1.34 0.625
Engeland4F 1.61 1.08 2.40 0.019
Fernberg2M 1.33 0.89 1.99 0.165
Lu2F 0.63 0.32 1.24 0.181
Moller1F 1.20 0.80 1.80 0.378
Moller1M 1.50 0.90 2.50 0.120
Oh3M 2.03 0.64 6.44 0.229
Pylypchuk2  0.77 0.35 1.69 0.515
Reeves3F 1.25 1.05 1.48 0.011
Ross2F 1.60 1.08 2.36 0.018
Samanic1M 1.42 1.31 1.54 0.000
Samanic2M  1.77 1.45 2.16 0.000
Samanic4M  1.12 0.85 1.48 0.423
Soderberg2 0.90 0.49 1.66 0.736
Song3F 3.53 0.84 14.82 0.085
Tsai2 1.17 0.98 1.40 0.091
Tsai3 1.30 0.99 1.70 0.054
Wolk1F 1.20 0.70 2.06 0.507
Wolk1M 1.40 0.80 2.45 0.239
All cases 1.26 1.16 1.37 0.000
Men 1.40 1.24 1.57 0.000
Women 1.20 1.07 135 0.002

0.1

incidence of every leukemia subtype. Furthermore, obese individu-
als consistently had a higher risk than overweight individuals, and
obese men had consistently higher incidence and mortality than
obese women. Finally, there was a statistically significant direct
linear relationship between BMI and the incidence of AML and CLL
among men.

The association of BMI and leukemia incidence found in our
study is consistent with previous studies [34,35], but the associ-
ation with leukemia mortality has not been previously evaluated
using a meta-analytical methodology. A previous meta-analysis
evaluating 9 prospective cohort studies identified a similar inci-
dence risk of leukemia in obese individuals as the one reported

Risk ratio and 95% Cl|

=[P iH'|Ti %H

0.2 0.5
No association

2 5 10
Favors association

Fig. 2. Estimates of the relative risk leukemia incidence in general in obese individuals.
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Statistics for each study

Risk Lower Upper

Study name

ratio
Britton2F 0.91
Britton2M 0.85
Engeland2M 1.14
Engeland2F 1.14
Engeland3F 1.05
Engeland4F 1.55
Ross2F 1.10
Samanic1M  1.30
Samanic2M 1.72
Soderberg2  1.00
DeRoos2 0.93
DeRoos3 0.87
Samanic4M 0.98
Pylypchuk2 0.77
Tsai2 1.17
Tsai3 1.30
Lu2F 0.63
All cases 117
Men 1.23
Women 1.09

Study name

limit limit p-Value
0.57 145 0.690
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Fig. 3. Estimates of the relative risk of acute myeloid leukemia (top) and chronic lymphocytic leukemia (bottom) incidence in obese individuals.
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Batty2 0.44 010 1.92 0.275
Calle2 1.37  1.13  1.67 0.002
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Fig. 4. Estimates of the relative risk of leukemia mortality in obese individuals.
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here [34]. However, in such study analyses by sex and geograph-
ical region were not performed. Several aspects speak in favor of
an epidemiological association between leukemia and BMI. First,
obese individuals had higher risk than overweight individuals in
the categorical analysis. Second, this association was confirmed in
the meta-regressional analysis, showing internal validity. Finally,
the large number of cases studied makes our results reliable.

Our study also showed an association between obesity and
the incidence of all leukemia subtypes. Our findings are consis-
tent with the results of a previous meta-analysis [34]. However, in
our study we have additionally performed meta-regression anal-
yses by leukemia subtype, and we found a statistically significant
linear association between increasing BMI and incidence of AML,
and a statistical trend for CLL. Given the large number of AML
and CLL cases, it is likely our results are due to a real association
between these leukemia subtypes and BMI. There also appear to be
a higher incidence of CML and ALL in obese individuals, although
meta-regression analyses did not reach significance. However, the
number of patients included for CML and ALL was smaller. Hence,
our negative results could have been due to a true lack of asso-
ciation or failure to identify a direct association due to the small
sample size.

An important finding was the consistent elevation in the risk of
leukemia incidence and mortality in obese men. These results could
be partially explained by an increased incidence and mortality rates
of leukemia in men compared to women. According to SEER data
[1], the age-adjusted incidence and mortality of leukemia in men
in the US is 16 and 10 per 100,000 while in women is 10 and 5 per
100,000, respectively. Similar rates in men are seen in the US and
in Europe when evaluating the most common leukemia subtypes
such as AML, CLL, CML and ALL [1,36]. On the other hand, a large US
population-based study showed the prevalence rates of overweight
and obesity were similar between men and women [7]. Hence, the
higher risk of leukemia seen in obese but not in overweight men
likely represents a biological difference between overweight and
obesity additional to the inherent higher risk in men of developing
leukemia. Itis also likely that the increased risk of leukemia in obese
men could be secondary to other behavioral factors associated with
obesity specifically in men.

Our study carries inherent weaknesses. First, half of the stud-
ies evaluated BMI as a result of self-reported height and weight.
However, as there is mounting data showing that is more likely for
overweight individuals to report normal weights than the opposite
[37], the actual association between BMI and leukemia could have
been stronger than the one reported here. Second, there are several
potential confounding behavioral risk factors for the development
and mortality of leukemia associated with obesity that were not
accounted for, such as smoking, alcohol intake, dietary factors and
diabetes. Third, itis possible that other not evaluated characteristics
such as increased waist-to-hip ratio, BMI at a specific age or changes
in BMI over time could also be of importance. Fourth, subgroup
analyses could have been affected by small sample size. Finally, our
results could have been affected by ecological bias, in which indi-
vidual characteristics are inferred based on the characteristics of
the group to which the individual belongs but may not necessarily
apply to each individual [38]. In our study, we have used standard
and clinically relevant categories of BMI, and the association found
in categorical and regressional analyses was consistent, adding to
the validity of our results. Although the presence of ecological bias
could be evaluated by performing individual-level analyses [39],
such analyses are not free of shortcomings [40].

Obesity is a chronic inflammatory condition, characterized
by increased production of pro-inflammatory cytokines (e.g.
IL-6) and adipocytokines (e.g. adiponectin, leptin), hyperinsu-
linemia, insulin resistance and elevated levels of insulin-like
growth factors [41,42]. All these factors have been pre-clinically

associated with abnormalities in hematopoietic cell prolifer-
ation, differentiation and apoptosis [43,44]. Additionally, fat
tissue adipocytes play a role in inflammation by activating
T-cells and macrophages further promoting a local inflamma-
tory state within the bone marrow microenvironment [42,45].
There is mounting evidence showing the important role the
bone marrow microenvironment (i.e. adipocytes, endothelial
cells, osteoblasts and osteoclasts) plays in the initiation and
maintenance of hematological malignancies [46]. Hence, the
relationship between obesity and leukemia is biologically plau-
sible. However, the actual mechanisms by which obesity
increase the incidence and mortality of leukemia are still to be
defined.

5. Conclusions

The results of our meta-analysis showed an association between
increasing BMI, specifically obesity, and the risk of developing and
dying from leukemia. The risk of leukemia incidence and mor-
tality appears consistently elevated in obese men. Maintaining a
healthy body weight will positively impact public health and should
be advised globally, and based on our results, could be protec-
tive against the development of leukemia. Additional studies are
needed to clarify the pathophysiologic mechanisms by which obe-
sity induce leukemia.
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