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Abstract

Objective To conduct a systematic review and meta-
analyses of published studies examining the association
between myeloid leukemias (ML) and occupational pesti-
cide exposure.

Methods Studies were identified from a MEDLINE
search through 31 May 2006 and from the reference lists of
identified publications. Studies were summarized and
evaluated for publication bias. Relative risk estimates for
ML were extracted from 17 cohort and 16 case—control
studies published between 1979 and 2005. Fixed- or ran-
dom-effect meta-analysis models were used depending on
the presence of heterogeneity between studies. Separate
analyses were conducted after stratification for study de-
sign, occupational group, ML subtype or gender.

Results The overall meta-rate ratio estimate (meta-RR)
for the cohort studies was 1.21 (95% confidence interval
[CI] 0.99-1.48). Substantial heterogeneity existed among
cohort studies (p = 1.064 x 107°), mainly reflecting the
varying occupational categories examined. The meta-RR
was 6.32 (95% CI: 1.90-21.01) for manufacturing workers
and 2.14 (95% CI: 1.39-3.31) for pesticide applicators.
After stratification of cohort studies by specific ML sub-
type, an increased risk of acute myeloid leukemia (AML)
was found (meta-RR: 1.55; 95% CI: 1.02-2.34). No sig-
nificant heterogeneity was detected among case—control
studies and an increased risk of chronic myeloid leukemia
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(CML) was found among men (meta-RR: 1.39; 95% CI:
1.03-1.88) and farmers or agricultural workers (meta-RR:
1.38; 95% CI: 1.06-1.79).

Conclusion The strongest evidence of an increased risk of
ML comes from manufacturing workers and pesticide
applicators. Further studies will be needed to correlate
reliable exposure data within these specific occupational
groups with well-defined subtypes of leukemia to refine
this assessment.

Keywords Meta-analysis - Myeloid leukemia -
Pesticides - Occupation - Risk

Introduction

Leukemias are a heterogeneous group of neoplasms de-
rived from hematopoietic cells. Disruption of the normal
hierarchy of maturation results in hematological disorders
characterized by either excesses or deficiencies of the
mature effector cells [1]. Classification of leukemias is
broadly related to the cell of origin (e.g., lymphoid or
myeloid) as well as to the rapidity of the clinical course
(e.g., acute or chronic) but modern categorizations have
identified specific leukemias on the basis of biologic,
antigenic, and molecular characteristics of these diseases
[2, 3].

The causes of leukemia remain largely unknown al-
though several factors have been found associated. They
can be broadly grouped into (a) familial and genetic factors
including inherited diseases (e.g., Down syndrome) or
other chromosomal abnormalities (e.g., Philadelphia chro-
mosome), (b) environmental factors resulting from occu-
pational exposures, ionizing and non-ionizing radiation,
chemicals, pesticides, smoking, diet, and other lifestyle
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factors as well as (c) medical- and therapy-related factors
including radiotherapy, diagnostic irradiation, pharmaceu-
ticals and chemotherapy, viruses [4]. Major identified risk
factors that contribute to leukemogenesis are ionizing
radiation in high dose, benzene exposure and at least one
virus (HTL-1) [5].

There are several arguments in favor of a role of
occupational exposures in the development of leukemia: the
male excess of leukemia, the consistent increase among
older males in many geographic areas, the higher incidence
of acute myeloid leukemia in developed countries and
industrial metropolitan areas in the US, and the presence of
known and suspected hazardous agents in the workplaces [6].

Environmental and occupational exposures to pesticides
as a risk factor for hematopoietic tumors have been widely
studied mainly among farmers and agricultural workers, in
rural communities and in the pesticide manufacturing
industry but the results have not been consistent. Most of
the earlier studies reported risk for leukemia as a single
entity or by classification that did not allow to distinguish
specific leukemia categories, partly because of the histor-
ical nomenclature but also due to the limited number of
cases in individual studies. Failure to take into consider-
ation the diversity of leukemias may account for some
inconsistent findings from early epidemiological studies
and, moreover, could hide type-specific risk factors. The
diversity of leukemias deriving from a variety of stem cells
at different hierarchical levels of hematopoietic and lym-
phoid cell development is indeed likely to be associated
with a variety of etiological mechanisms [7]. In addition, as
some exposures appear to be related to a specific histo-
logical type of leukemia (e.g., benzene most clearly asso-
ciated with AML [4, 8]), it can be assumed that a family of
pesticides could be related to a specific leukemia cell type.
As the varying forms of leukemias probably have different
etiologies, it is important to have a more precise break-
down of these data to properly assess the results [9].

As myeloid leukemias are the most frequent forms
among adults [10], this paper focused on available epi-
demiologic data dealing these forms of the disease and
occupational pesticide exposure to examine whether it is
possible to obtain a more accurate estimate of their rela-
tionship.

Occupational exposure to pesticides includes a broad
range of occupational categories such as end-users (e.g.,
farmers and applicators) and workers during the manu-
facturing process (manufacturing workers) both undergo-
ing diverse qualitative and quantitative exposures.

In spite of these variations which make comparisons
difficult, we followed in the present paper, a meta-analyt-
ical approach to examine subgroups of studies classified by
occupational categories to possibly point to settings with
the highest risk.

@ Springer

Materials and methods
Study identification and selection
Study identification

A search on MEDLINE (National Library of Medicine,
Bethesda, MD) was conducted for the period 1966 to 31
May 2006. The search strategy combined medical subject
headings and key words including myeloid, myelogenous,
leukemia, chronic, acute, granulocytic, pesticides, occu-
pation, farmers, agriculture, pesticide applicators, manu-
facturing workers, with no restriction of publication type or
publication date. Recent articles in occupational medicine
and epidemiology journals were also scanned for relevant
publications. Finally, the reference lists of the relevant
publications identified were checked for additional studies,
limiting the search to studies published in English in the
open literature, in peer-reviewed journals. Published stud-
ies were used as they are likely to be more reliable than
unpublished reports.

Study selection

A study was considered eligible for further review if (1) it
referred to an occupational group of interest exposed to
pesticides (farmers, pesticide applicators, workers engaged
in the manufacture of pesticides and others like horticul-
turists, greenhouse workers, gardeners, ...), (2) if the out-
come included (subtypes of) myeloid leukemia in adults
(International Classification of Diseases, 10th revision,
code C92) [11] and (3) if the study used a cohort or case—
control design. Excluded studies were those that did not
report original results (reviews, comments, letters, edito-
rials), experimental studies and proportional mortality ra-
tios (PMR) studies (mainly because of ambiguities in
interpreting results) as well as ecological studies (Fig. 1).
Exceptions concerning occupational groups are studies on
farmers’ wives or women living in a farm, also included in
our analysis. Although not classified as occupationally
exposed, they may be directly engaged in farm activities or
be indirectly exposed to pesticides (e.g., household con-
tamination).

Studies were also excluded if they concerned certain
forms of pre-leukemia, known as myelodysplastic syn-
dromes (International Classification of Diseases, 10th
revision, code D46) [11] in which about 5-40% develop
AML [12], if they included subjects already included in
another more complete or more recent study examining a
greater number of subjects or with longer follow-up dura-
tion and if they provided insufficient data to determine an
estimator of relative risk (RR) for myeloid leukemia and its
confidence interval.
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STUDY SELECTION

Excluded studies

No myeloid
cell type
(N=110)

Eligible studies
Excluded studies

Other disease
condition Redundant /
(N=9) Overlap /

Included studies
Updated data

(N=9) Cohort Case-control
Studies Studies
(N=17) (N=16)

Fig. 1 Study selection. Note. N = number of studies

No occupational
groups of interest /
No pesticide exposure
(N=15)

Other than cohort /
case-control design
(N=61)

Reviews /
Meta-analyses
(N=24)

Case-reports /| | Experimental PMR /
Letters Studies Ecological Studies
(N=13) (N=16) (N=8)

Insufficient data
to determine a risk
estimate and its CT
(N=14)

The systematic review and identification of eligible
studies was performed by 1 reviewer (GVMF).

Data extraction

A structured abstract was derived for each study identified.
Two authors read the reports and independently extracted
and tabulated the most relevant RR estimators, with their
95% Cls. The results of this exercise were compared be-
tween the authors and consensus was obtained before the
meta-analysis. Mortality and incidence outcomes were
combined as both are likely to be equally affected by the
potential causal factor.

Overall meta-analysis

Cohort studies: if more than one follow-up analysis had
been published for the same population, we used the most
recently published report. Generally, when multiple esti-
mates of RR were given, we retained (or calculated, see
below) the overall data for the total cohort, for any expo-
sure, for the total follow-up period and for all types of
myeloid leukemia. Exceptions were papers reporting data
justifying their inclusion in other meta-analyses as detailed
below (stratifying studies in the meta-analyses). We did not
include data resulting from further stratification, e.g., by
latency period, by gender, by job title/femployee group, by
exposure groups, by factory. In some cases, the RR and/or
95% CI was not reported in the publication but we could
derive it from the raw data presented [13].

Case—control studies: no overall meta-analysis was
performed for case—control studies because when studies
reported multiple OR, the available data did not allow to
calculate a combined OR e.g., for all types of ML or for

both genders. These data were included in stratified meta-
analyses.

Stratifying studies in the meta-analyses

Cohort studies: separate meta-analyses were conducted by
stratifying data (a) for different occupational groups
(manufacturing workers, pesticide applicators, and farmers/
agricultural workers), (b) for different types of ML (AML
and CML), (c) by gender (men and women) and by gender
and ML subtype.

Case—control studies: stratifications were performed for
the different types of ML, for occupation (farmers/agri-
cultural workers or occupationally exposed to pesticides
when further specification was lacking) and for gender and
ML subtype.

Cohort and case—control studies: grouping of cohort
and case—control estimates of relative risk was made for
ML subtype, for occupation and ML subtype as well as for
gender and ML subtypes.

Data analysis

A detailed account of the procedure for data analysis has
been published before [14]. In brief, homogeneity among
data was evaluated to test between-study comparability.
The significance of the between-study variance was eval-
uated with the In(RR) statistic test, which has a xz distri-
bution with degrees of freedom equal to the number of
studies pooled minus 1. The applied formula is: y*> = X
w;[In(RR); — ln(RR)p]z, for i =1 to N, where N is the
number of studies combined, RR,, is the overall pooled RR
estimate, RR; is the RR for the ith study and w; = 1/V;
where V; is the variance of the In(RR),. A low p value for
this statistic indicates the presence of heterogeneity, which
questions the validity of the pooled estimates [15, 16].

In the absence of heterogeneity, we calculated RRs and
CIs according to a fixed model [17], which assumes that
results across studies differ only by sampling error. The
study variance (V;) was calculated, using the CI given,
according to the equation V; = [(In(Clypper) — In(Cliower))/
3.92]2. As detailed by Stewart et al. [18] and Dennis [19], the
maximum likelihood estimate of the pooled RR in the fixed
effect model is the exp(In(RR),,). The pooled In(RR), equals
2 [In(RR)/V;J/[Z(1/V})], where V; is the variance for an
individual study as described above and In(RR); is the log RR
estimate for study i. This is a variance-weighted least square
mean. The variance of the pooled In(RR),,, Var(In(RR),) or
V, is given by: [SE(In(RR),)] = [Z(I/Vl-)]_1 where SE is the
standard error. The pooled variance is used to calculate a
95% CI around the pooled RR estimate.
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When data are heterogeneous or if there is reason to be-
lieve that publication bias exists, the random effects model is
more appropriate. Under this model, the point estimate of the
pooled effect measure and its CI incorporate the additional
variability due to between-study variance (7%). Random ef-
fects models were applied, using the method described by
Der Simonian and Laird [20]. These authors proposed a non-
iterative estimator of 7> defined as est(z?) = max{0, [Q —
(k = DI[Z w; — (£ (WH)/Z w;} where Q is the heterogeneity
statistic, k is the total number of studies, and w; are the in-
verse variance weights for In(RR). Potential sources of het-
erogeneity were evaluated by subset analysis.

The overall meta-analysis for cohort studies is repre-
sented by a forest plot where the confidence interval for
each study is represented by a horizontal line and the point
estimate by a square. The size of the square corresponds to
the weight of the study in the meta-analysis. The confi-
dence interval for the total is represented by a diamond.

The influence of study size was explored by plotting the
natural logarithm of the estimate of RR (In RR) versus the
inverse of standard error (1/SE). Funnel plot asymmetry
was tested by the linear regression method suggested by
Egger et al. [21].

We conducted sensitivity analyses by omitting studies
reporting imprecise values (weight < 1.5 and < 10%,
respectively) to estimate the importance of individual
studies in the combined summary statistic and to determine
whether any of these had a disproportionate influence [22].
We also conducted influence analyses to reestimate the
pooled relative risk while dropping 1 study at a time and
examine whether any studies disproportionately influenced
the results.

Results
Literature selection and study characteristics

A large number of articles were retrieved from MEDLINE
and hand searching in the reference lists of the relevant
publications. We reduced these to a list of 251 studies
selected for further evaluation (Fig. 1). Among these
studies, 186 were excluded for the following reasons: no
myeloid cell type (n = 110), no pesticide exposure and/or
occupational group of interest (n = 15), other than cohort
or case—control design (n = 61): reviews or meta-analyses
(n = 24), case-reports or letters (n = 13), experimental
studies and/or cytogenetic abnormalities (n = 16), PMR or
ecologic studies (n = 8).

Among the 65 remaining eligible studies, 32 were ex-
cluded because they explored other disease conditions
(e.g., myelodysplastic syndrome, thrombocytopenia, pre-
leukemic condition, second primary cancer) but not ML
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(n=9), the data were redundant/updated/overlapping
(n = 9), data were insufficient to determine a risk estimate
and its confidence interval (n = 14). Seventeen cohort
studies [23-39] and 16 case—control studies [40-55] were
identified as fulfilling the inclusion criteria.

Tables 1 and 2 provide selected characteristics of the
cohort and case—control studies used in the analysis,
respectively. The studies were published between 1979
and 2005. Studies differed according to the definition of
cases, either restricted to AML (n = 17) and/or to CML
(n = 12) or without subtype specification of ML (n = 12).
Nine cohorts and 7 case—control studies were from
Europe, 6 cohorts and 7 case—control studies from USA/
Canada, 2 cohorts and 1 case—control studies from
Australia/New Zealand and 1 case—control study was
from China. Data were presented separately for women
(n=7) and for men (n = 19) and/or combined for both
genders (n = 15). Pesticide exposed workers included
manufacturing workers (2 cohort studies), pesticide
applicators (5 cohort studies), farmers or agricultural
workers (9 cohort and 12 case—control studies), horti-
culturists (1 cohort study) and occupational exposure to
pesticides without other precisions (5 case—control stud-
ies). Reference populations in the cohort studies repre-
sented predominantly national, provincial or regional
large populations. Eleven cohort and 3 case—control
studies were mortality studies, 6 cohort and 12 case—
control studies were morbidity studies and 2 case—control
studies reported OR for mortality and incidence.

The estimates of the RR for the pesticide exposed
groups of workers to develop or die from myeloid leukemia
varied between 0.25 and 9.55 and included from 1 up to
458 cases. Thirteen studies (5 cohort and 8 case—control)
reported increased RR estimators for AML with 2 cohort
studies presenting a confidence interval that did not contain
1. Four case—control studies had relative risk estimates lower
than 1. For CML, increased RR estimators were reported in 9
studies (3 cohort and 6 case—control) with 1 cohort reporting
a 95% ClI that did not include 1. Decreased CML relative risk
estimators were reported in three case—control studies.
Among the 10 studies (7 cohort and 3 case—control)
reporting increased RR estimators for ML, 1 cohort and 2
case—control studies had a confidence interval that did not
contain 1. Reduced risk was reported in 3 cohort and 1
case—control studies, 2 out of the 3 cohort studies pre-
senting a 95% CI that did not include 1. One study reported
no association between ML and occupational exposure of
agricultural workers with a RR estimator of 1.

Data synthesis

Table 3 summarizes the results of the different meta-
analyses of cohort and case—control studies performed.
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Table 3 %> Woolf and p-value for homogeneity, pooled estimates of myeloid leukemia risk and 95% confidence intervals for several groupings

of the data concerning pesticide exposed workers

Grouping N. Studies Pooled rate ratio 95% Cl Homogeneity
12 Woolf p-value
Cohort studies
ML: All cohort studies 17 1.21 0.99-1.48 52.079 1.064 x 107
By occupation
Manufacturing workers 2 6.32 1.90-21.01 0.457 0.500 (fixed)
Pesticide applicators 5 2.14 1.39-3.31 2.736 0.603 (fixed)
Farmers/agricult. workers 9 1.03 0.86-1.23 26.795 7.669 x 107
Horticulturists 1 1.1 0.2-3.3
By ML subtype
CML 3 2.00 0.62-6.43 7.115 2.851 x 1072
AML 5 1.55 1.02-2.34 13.748 8.146 x 107
By gender
Men 12 1.08 0.88-1.32 30.827 1.173 x 107
Women 5 1.20 0.84-1.74 14.095 6.999 x 107
By gender and ML subtype
Men: AML 4 1.10 0.98-1.25 7.633 0.054 (fixed)
Women: AML 2 1.29 0.63-2.64 6.691 9.691 x 107
Men: CML 2 1.02 0.86-1.20 0.549 0.459 (fixed)
Women: CML 1 1.06 0.68-1.53
Case—control studies
By ML subtype
AML 12 1.00 0.87-1.17 7.391 0.767 (fixed)
CML 9 1.25 0.99-1.57 8.927 0.349 (fixed)
ML 4 1.40 1.09-1.81 5.065 0.167 (fixed)
By occupation and ML subtype
Farmers/agric. work.:
AML 9 0.99 0.84-1.16 6.166 0.629 (fixed)
CML 7 1.38 1.06-1.79 5.173 0.522 (fixed)
Occupational exp. to pest.:
AML 3 1.14 0.75-1.73 0.835 0.641 (fixed)
CML 2 0.88 0.54-1.43 1.182 0.277 (fixed)
By gender and ML subtype
Men: AML 5 1.00 0.83-1.20 0.865 0.930 (fixed)
Men: CML 5 1.39 1.03-1.88 2.660 0.616 (fixed)
Women: AML 1 0.87 0.57-1.32
Cohort + case—control studies
By ML subtype
CML 12 1.11 0.97-1.26 17.598 0.091 (fixed)
AML 17 1.07 0.98-1.17 21.832 0.149 (fixed)
By occupation and ML subtype
Farmers/agricult. workers:
AML 12 1.06 0.97-1.16 18.060 0.080 (fixed)
CML 8 1.10 0.97-1.26 8.973 0.255 (fixed)
By gender and ML subtype
Men: AML 9 1.08 0.97-1.20 8.768 0.362 (fixed)
Women: AML 3 1.12 0.72-1.75 7.770 0.021
Men: CML 7 1.09 0.95-1.26 6.368 0.383 (fixed)

@ Springer
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Table 3 continued
Grouping N. Studies Pooled 95% CI Homogeneity
rate ratio > -
%~ Woolf p-value
Women: CML 1 1.06 0.68-1.53

Abbreviations: N. Studies, number of studies; 95% CI, 95% confidence interval; (fixed), fixed effects estimates, otherwise random effects
estimates; pooled rate ratios are in bold when the 95% CI do not include 1 and in bold italics for borderline CI values (0.99-...); single studies
data are presented as indicative in italics; ML, myeloid leukemia; AML, acute myeloid leukemia; CML, chronic myeloid leukemia

Cohort meta-analyses

The meta-RR for all cohort studies was 1.21 (95% CI:
0.99-1.48). A forest plot of the 17 cohort studies is re-
ported in Fig. 2. The study of Ji and Hemminki [31]
contributed 54% of the total weight. Removal of this
study from the overall meta-analysis resulted in a meta-
rate ratio of 1.32 (95% CI: 1.01-1.72). No other studies
contributed more than 30% of the total weight. The
strong heterogeneity existing among the 17 RR estimates
(p value of 1.06 x 107) argues against an overall
meta-analysis of the data. Further analyses were there-
fore carried out to identify sources of heterogeneity,
pooling studies according to different stratification vari-
ables.

Stratification of the studies by occupation indicated
consistency among studies including manufacturing
workers and pesticide applicators as evinced by p values
for heterogeneity of 0.5 and 0.6, respectively, but not for
farmers and/or agricultural workers (p value of 0.0008).

For manufacturing workers (mRR: 6.32; 95% CI: 1.90-
21.01) and pesticide applicators (mRR: 2.14; 95% CI:
1.39-3.31) relative risk estimators were statistically sig-
nificantly increased.

Stratification of the studies by myeloid leukemia sub-
types (chronic or acute) reduced heterogeneity but some
variation across studies persisted as indicated by p values
of 0.03 and 0.008, respectively. A significantly increased
risk was observed for AML (mRR: 1.55; 95% CI: 1.06—
2.26).

Stratification by gender (men or women) yielded no
great difference between men (mRR: 1.08; 95% CI: 0.88-
1.32) and women (mRR: 1.20; 95% CI: 0.84-1.74) and
heterogeneity remained although reduced when compared
with all cohort studies combined.

Crossing stratification by gender and myeloid leukemia
subtypes strongly reduced heterogeneity for AML and
CML in men (p values of 0.05 and 0.46, respectively).
Meta-rate ratios higher than 1 were obtained but the con-
fidence intervals included 1.

Study Relative risk Weight Relative risk
95% CI) % (95% CI)
Blair et al., 1983 i — 0.3 3.33(0.69, 9.73)
Stark et al., 1990 — 1.0 0.85(0.41, 1.57)
Bueno de Mesquita et al., 1993 R — 0.2 4.17 (0.50, 15.05)
Littorin et al., 1993 —_— 0.2 1.1(0.2,3.3)
Aspetal., 1994 0.1 0.67 (0.02, 3.71)
Dean, 1994 ] 19.5 0.81 (0.69, 0.94)
Semenciw et al., 1994 m 14.6 0.78 (0.65, 0.93)
Kelleher et al., 1998 —a- 2.1 1.81 (1.09, 2.83)
Cantor and Silberman, 1999 —a— 0.8 4.51 (0.65,2.98)
Sperati et al., 1999 —— 1.3 2.69 (1.39, 4.70)
Beard et al., 2003 — 0.2 1.15 (0.25, 5.39)
Acquavella et al.,2004 —_— 0.2 9.55 (1.16, 34.48)
Bucci et al., 2004 —— 1.8 1.00 (0.60, 1.68)
Ji and Hemminki, 2005 . 54.1 1.02 (0.93, 1.12)
Nanni et al., 2005 —-— 1.6 1.07 (0.63, 1.83)
t’Mannetje et al., 2005 —_— 0.1 1.16 (0.03, 6.44)
Sinner et al., 2005 - 2.1 1.91 (1.19, 3.05)
Total * 100 1.21 (0.99, 1.48)

0.01 0.1

Fig. 2 Forest plot of cohort studies on myeloid leukemia among
workers occupationally exposed to pesticides. Note. Estimators of RR
and 95% confidence intervals (CIs) of cohort studies included in the

1 10 100
overall meta-analysis are presented. Each estimator was assigned a

weight (w;) equal to the inverse square of its standard error (SE): w; =
1/(SE)?
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Table 4 Results on ‘‘high exposure to pesticides’’

Reference  Study Results for any exposure Results for high exposure
type
P ML Estimator of  95% High exposure* ML Estimator of  95%
subtype/N. relative risk  confidence subtype/N. relative risk  confidence
cases interval cases interval
Acquavella  Cohort CML: 2 SIR: 9.55 1.16-34.48  High exposure CML: 2 SIR: 11.65 1.41-42.10
et al. [23]
Beard et al. Cohort ML: ? SIR: 1.15 0.25-5.39 > 15 years employment  ML: ? SIR: 20.90 1.54-284.41
[25]
Semenciw  Cohort ML: ? SMR: 0.78 0.65-0.93 Top exposure quartile ML: ? RR: 1.63 1.04-2.56
et al. [35]
Brown et al. Case— CML: 27 OR: 1.1 0.6-2.0 Duration of farming CML: 5 OR: 1.0 0.4-3.1
[44] control > 45 years
Terry et al. Case— AML: 49 OR: 0.7 0.5-1.2 Years of employment at ~ AML: 39 OR: 0.7 0.4-1.2
[55] control occupation > 1 year
Adegoke Case— AML: 11 OR: 1.0 0.5-2.0 Duration of occupational ~AML: 4 OR: 1.6 0.4-6.1
et al. [40] control CML: 5 1.3 0.5-3.7 exposure = 10 years CML: 1 1.2 0.1-10.5

Abbreviations: ML, myeloid leukemia; CML, chronic myeloid leukemia; AML, acute myeloid leukemia; SMR, standardized mortality ratio; SIR,
standardized incidence ratio; OR, odds ratio; RR, estimated relative risk; ?, number of cases not given or that can not be calculated

*High exposure definition in the different studies were as follows: Acquavella et al. [23]: each job for each worker corresponded to an
occupational exposure category and was assigned a high, medium, low, or negligible qualitative exposure ranking

Beard et al. [25]: a subject’s period of employment was used to estimate both the type of chemical he was likely to have been exposed to and the
duration of this exposure. This was categorized into exposure group DO, D1, D2 and D3. D3 equates to 2> 15 years of employment

Semenciw et al. [35]: four exposure categories were created based on exposure quartiles (based on self-reported farming exposure data)

Brown et al. [44]: risk of leukemia according to the number of years farmed (1-9, 10-29, 3044, 45+) and ever use of pesticides

Terry et al. [55]: individuals were classified as having never or ever been employed in the occupational category (farming). Those with data
regarding the duration of employment were further classified as having worked in that occupation less than one year, or one year or more

Adegoke et al. [40]: for self-report of exposures, analyses were by ever exposed versus never exposed and by the total number of years spent on

jobs with exposure, i.e., < 10 years, and = 10 years

Case—control meta-analyses

Meta-RR were calculated after grouping studies by ML
subtype (AML, CML, ML), by occupation and ML subtype
(farmers/agricultural workers and AML or CML; occupa-
tional exposure to pesticides and AML or CML) as well as
by gender and ML subtype, combined (men and CML; men
and AML). Women data were to scarce to allow stratifi-
cation of the case—control studies. No evidence of hetero-
geneity existed among the different RR estimators
combined. The highest meta-RR estimators with confi-
dence intervals not including one were observed for CML
among farmers/agricultural workers and for CML in men.
A borderline statistically significant increased meta-RR
was observed for CML.

Cohort and case—control studies

Stratification of the studies by ML subtype, by ML subtype
and occupation as well as by ML subtype and gender could
be performed, resulting in consistency among studies for
all groupings except for AML in women. All calculated
meta-RR were higher than 1 but none reached statistical
significance.

@ Springer

Six studies (3 cohort studies and 3 case-control studies)
reported 7 RR estimators of ML according to high expo-
sure to pesticides. These results are summarized in Table 4.
In the three cohort studies, higher estimators of relative risk
were observed for the high exposure groups, all of them
showing confidence intervals not including 1. Among the
case—control studies, 1 out of 4 estimators of relative risk
increased, 2 were slightly decreased and 1 did not change.

Funnel plot and assymetry

The visual inspection of Fig. 3 suggests some asymmetry
arising from a lack of small studies with low RR estima-
tors. The linear regression method of Egger et al. [21]
which confirmed the suggested asymmetry (intercept
2.489; 95% CI: 0.4769-4.501; p = 0.02).

Discussion

Despite the large number of publications dealing with
pesticide exposure and leukemias in general, only a few
epidemiological studies focused on specific subtypes of the
disease. In most cases, the findings were based on a small
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Fig. 3 Cohort studies of occupational pesticide exposure and
myeloid leukemias: funnel plot of natural logarithms of relative risk
(RR) estimates versus the inverse of their standard errors (1/SE)
(InRR of the 17 cohort studies combined = 0.194)

number of events in each nosological category leading to
non-significant and inconsistent results.

The present study is, to our knowledge, the first meta-
analytical approach to assess pesticide exposure as a po-
tential occupational risk factor for adult myeloid leukemia.

The results did not clearly indicate evidence of an
overall increased risk. Although almost all calculated meta-
RRs were higher than 1, only a few showed a clear excess
risk. After stratifying the studies by occupational group,
evidence of an increased risk emerged from the cohort
studies for manufacturing workers and pesticide applica-
tors. From the case—control studies an increased risk of
CML emerged for the farmers/agricultural workers. After
stratification of the studies by ML subtype, an increased
risk emerged for AML in cohort studies as well as a bor-
derline increase for CML in case—control studies. The
apparent discrepancy between some of these results does
not allow to conclude firmly with regard to the existence of
a relationship between myeloid leukemia and overall
occupational pesticide exposure. A causal interpretation of
the increased risk of ML has generally not been suggested
by the authors of the individual studies.

A salient argument in favor of a causal relationship
between pesticide exposure and occurrence of ML was that
the strongest meta-RRs were observed for both occupa-
tional groups (manufacturing workers and pesticide appli-
cators) likely to have been more frequently and intensely
exposed to pesticides. Although no heterogeneity was
found in the effects measured among cohort studies spe-
cifically dealing with these occupational groups, it should,
however, be kept in mind that qualitative diversity among
studies existed with regard to the likely chemical expo-
sures, the definition of the cohort, the exposure contrast, the
comparison population, and the leukemia subtype. This did
not allow to isolate a specific pesticide or a particular
occupational group within pesticide applicators or manu-
facturing workers more likely to be related to a ML sub-
type. The results were obtained by pooling a small number

of cohort studies and could not be confirmed by case—
control studies but most of the latter concerned farmers/
agricultural workers and not manufacturing workers or
pesticide applicators.

An increased risk of ML could not be linked to a specific
chemical class of pesticide. Manufacturing workers’
exposures were specific to alachlor [23] and phenoxy
herbicides and chlorophenols [28]. Pesticide applicators
handled a wider variety of pesticides (including chlorinated
hydrocarbons, carbamates, organophosphates, phenoxy-
acetic acids, phthalimids, and coumarins) and pesticide use
has also changed over the past several decades.

For causal inference it is also important to examine the
risk according to a gradient of exposure. In the studies
included in our analyses, data were available only for
rough exposure-response analyses. Four studies presented
exposure-response data using duration of exposure (years
of employment, duration of occupational exposure) [25, 40,
44, 55], one study using exposure quartile [35] and one
study using qualitative exposure ranking [23]. Duration of
employment is often used as a surrogate of an increasing
cumulative exposure potential. This assumes that exposure
is uniform and continuous over the employment period,
especially for pesticide exposure, but many circumstances
challenge this assumption. The three cohort studies re-
ported increased estimators of relative risk for high expo-
sure as compared to corresponding results for any
exposure.

There are also arguments against a causal interpretation
of our results. Control of confounding by other occupa-
tional exposures and/or by non-occupational factors re-
mains a concern as it is for virtually all studies in
occupational settings. There are, however, few other
known risk factors for ML (familial and genetic factors,
environmental factors and medical and therapy related
factors) and therefore few potential confounders that could
have been controlled. Information on these risk factors was
generally lacking in studies included in this meta-analysis.

Bias is also a serious concern in meta-analysis. We
found evidence of funnel plot asymmetry among cohort
studies (Fig. 3) which may lead to overestimate the real
effect. The cohort studies that were included in the present
meta-analysis did, however, not focus specifically on
myeloid leukemia. Myeloid leukemia was reported among
other cancer types as part of the results of specific popu-
lation surveillance. As a consequence, the criticism of the
meta-analysis method concerning the limited use of nega-
tive findings (less likely to be reported in peer reviewed
sources) as well as the opposite criticism that positive
studies of occupational hazards could be suppressed by
economic forces are probably less relevant in the present
meta-analysis. Furthermore, funnel plot asymmetry may
have causes other than bias. A funnel plot should be seen as
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a mean of examining the tendency for the smallest studies
of low quality in a MA to show larger effects [56]. As a
consequence, a sensitivity analysis was conducted by
removing the smallest study results with imprecise values
(weight < 1.5% and weight < 10%, respectively) [data
not shown]. The summary RR based on the remaining 7
and 3 large studies was 1.14 (95% CI: 0.86—1.27) and 0.87
(95% CI: 0.73-1.05), respectively, as compared with the
RR of 1.21 (95% CI: 0.99-1.48) based on all the 17 cohort
studies. The decreased summary RRs observed after
removing studies with imprecise values suggests that
“‘small study effects’’ can partially explain the borderline
positive result of the MA of all cohort studies.

The influence of excluding each individual study on the
pooled estimator of ML was examined. Pooled RRs ob-
tained after removing each study in turn varied between
1.13 and 1.32. The magnitude of the effect observed varied,
with the Sperati study appearing to be the most influential
in terms of reduction in the point estimate for the pooled
RR (1.13). The 95% CI became narrower when this study
was removed because the between-study heterogeneity was
reduced. Inference changed when other studies were re-
moved, which was expected given that the initial result was
already of borderline significance. A similar situation has
been observed for leukemia among workers in the synthetic
rubber-producing industry [57].

Exposure assessment is a critical component of epi-
demiologic research in occupational settings. It varied
considerably among the studies included in the present
MA. In an attempt to partially reduce this variability,
studies were stratified by occupational categories although
exposures within a same occupational group might also
vary substantially.

The source to identify subjects as occupationally ex-
posed to pesticides are reported in Tables 1 and 2 for
cohort and case—control studies, respectively. The plant
manufacturing alachlor [23] provided adequate job and
department records to identify workers with specific
pesticide exposure and the greatest confidence that
workers were appropriately included. Manufacturing
workers employed in plants producing or formulating a
large number of chemicals [28] have a greater potential
for misclassification of exposure. Pesticide applicators
include various types of users (e.g., aerial pesticide
applicators [29], licensed pesticide applicators [26, 37]),
involved in different tasks (chemical brushwood control
[24], structural pest control [26], agricultural chemicals
spraying [29, 37, 39]). Workplace exposure was assessed
by (job) records [24, 29] and by license or others regis-
tries [26, 37, 39]. Most cohorts of applicators used mul-
tiple classes of pesticides (e.g., chlorophenoxy herbicides,
organophosphates, carbamates) and therefore contribute
little information on the carcinogenic potential with re-

@ Springer

spect to a specific pesticide or pesticide class but rather
provide information regarding the health risk of the
occupation [58]. Although studies of pesticide manufac-
turers or pesticide applicators tend to have more objective
documentation of exposure (through exposure monitoring
and job history), the diversity of exposure conditions
cannot be taken into account because of the lack of de-
tailed exposure data in the included studies. The problem
is amplified in studies of occupational groups defined
broadly as farmers or agricultural workers. Farm practices
differ among regions, which leads to differences in type
and degree of exposure. In the included studies, none of
the farming variables directly measured exposure; all
were surrogates. Exposure assessment methods were
based on mortality or incidence registries [25, 27, 33, 34],
censuses [30, 31], location of residence [36], individual
reports [35] and farm membership [38] lists. These
methods often suffer from a crude classification of
exposure to potentially hazardous agents and potential for
misclassification is a major limitation. Exposure overes-
timation is frequent and this misclassification may distort
or dampen disease associations when there is a real
underlying relationship between exposure and outcome.
This may partially explain the lower risk observed for
these occupational groups (Table 3).

All studies included workers ever employed in an
occupation related to pesticide exposure but with different
exposure assessments. An assumption that underlies our
analyses is that all individuals included in these cohorts
were exposed in their workplace.

The lack of adequate exposure definition and/or the
variations in definitions of exposure across studies is a
problem encountered in the vast majority of epidemiologic
studies in occupational settings. Influential factors (like
those related to pesticide application and behavior) should
be incorporated into exposure estimates to reduce mea-
surements error and to allow better resolution of the
exposure distribution. Future work to develop exposure
metrics that incorporate both chemical and exposure
characteristics will contribute to improve these assessments
[59].

Disease misclassification has also to be taken into con-
sideration as the reporting of ML data in epidemiological
studies has been variable. Most mortality studies refer to
codes of the International Classification of Diseases (ICD).
However, revisions of the ICD, periodically implemented
according to advances in medical science, resulted in the
introduction of more sophisticated coding systems. Thus,
when ML data are reported, they may refer to some broader
or narrower category. Specification of the ML subtypes
(e.g., AML or CML) allows to partially reduce disease
misclassification but this was made only by few authors.
These difficulties with disease nomenclature contribute to
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obscure the relationship between leukemia subtype and
occupational exposure to pesticides.

Conclusion

Our results from cohort studies indicate some evidence that
exposure encountered by manufacturing workers and pes-
ticide applicators increases the risk of ML among these
occupational groups. Further studies that would correlate
reliable exposure data for these groups with well-defined
subtypes of leukemia are needed to confirm this finding.
The apparent discrepancy observed between cohort and
case—control studies underscores again the need for further
studies focusing on well-defined ML subtypes.
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