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Abstract

Evidence for the human health effects of pesticides is needed to inform risk assessment. We
studied the relationship between occupational insecticide use and risk of non-Hodgkin lymphoma
(NHL) by pooling data from nine case-control studies participating in the InterLymph Consortium,
including 7909 cases and 8644 controls from North America, the European Union and Australia.
Insecticide use was coded using self-report or expert assessment, for insecticide groups (eg,
organophosphates, pyrethroids) and active ingredients (eg, malathion, permethrin). Associations
with insecticides were estimated using logistic regression to produce odds ratios (ORs) and

95% confidence intervals (CI) for all NHL and NHL subtypes, with adjustment for study site,
demographic factors and use of other pesticides. Occupational insecticide use, overall, was not
associated with risk of NHL. Use of organophosphate insecticides was associated with increased
risk of all NHL and the subtype follicular lymphoma, and an association was found with diazinon,
in particular (ever use: OR = 2.05, 95%Cl: 1.24-3.37). The carbamate insecticide, carbaryl, was
associated with risk of all NHL, and the strongest associations were found with T-cell NHL for
ever-use (OR = 2.44, 95%Cl: 1.13-5.28) and longer duration (>8 years vs never: OR = 2.90,
95%Cl: 1.02-8.25). There was no association of NHL with other broad groups of insecticides,
including organochlorines and pyrethroids, and some inverse associations were estimated in
relation to historical DDT use. Our findings contribute to the totality of evidence available to
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help inform risk decisions by public health and regulatory agencies of importance given continued,
widespread use of organophosphate and carbamate insecticides.

Keywords
chronic lymphocytic leukemia; insecticide; multiple myeloma; non-Hodgkin lymphoma; pesticide

1| INTRODUCTION

Exposure to insecticides is widespread, both in agricultural and residential/community
settings. Approximately 400 000 tons of insecticides are applied globally in agriculture
each year, and this amount has remained relatively constant over the past two decades,!
even as restrictions have been imposed on certain insecticides due to ecological or health
concerns. Several insecticides in current use are suspected to contribute to development

of non-Hodgkin lymphoma (NHL) and have been prioritized in epidemiological research;
however, for most insecticide active ingredients, the evidence from human studies remains
limited for causal inference.? These data deficiencies have hindered previous reviews of
the potential carcinogenicity of some frequently used insecticides, such as permethrin,2 or
necessitated heavy reliance on animal and mechanistic data in evidence conclusions (such as
for dieldrin,3 parathion® and carbary!®).

General-population based studies often lack statistical power for investigation of insecticide-
related risks, because of the relative rarity of pesticide-exposed jobs. Large occupational
cohorts of participants with frequent pesticide exposures, such as the Agricultural Health
Study (AHS) of over 50 000 licensed pesticide applicator participants,’ are advantageous,
but few.8 Therefore, additional evidence from general-population based studies is desirable
in the assessment of pesticide-related risks, within multiple, diverse populations and across
the broad spectrum of jobs in which pesticides are used. A consortium-based approach to
combine data from several general-population studies is valuable for enhancing statistical
power beyond that achievable with any individual study—enabling well-powered analyses
of less frequent exposures, as well as evaluation of etiological variation between NHL case
subtypes.® For example, the North American Pooled Project (NAPP), with a combined study
population of 1690 NHL cases and over 5000 controls, reported increased risk of NHL in
relation to use of several insecticides including lindane, malathion and carbaryl, and found
that the associations were observed only for certain NHL subtypes.?10

We previously assessed the association between lifetime occupational history and NHL risk
using pooled data from 10 case-control studies participating in the InterLymph Consortium
(>10 000 cases and >12 000 controls).11 As hypothesized, NHL risk was increased among
participants with a history of work in farming. Crop farming was associated with increased
risk of NHL in the pooled study, whereas animal farming and mixed (both crop and animal)
farming were not. This observed heterogeneity of risk among farmers implies variation

of exposures across those jobs, thus motivating research to characterize risk in relation to
specific exposures, such as pesticides and the wide variety of active ingredients used in
farming. In the InterLymph study, we also found increased risk of NHL among participants
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who worked in forestry or cleaning/janitorial jobs—suggesting possible pesticide-related
effects in nonfarming occupations. To follow up on these findings, we conducted a study
of occupational insecticide use in relation to NHL risk in an InterLymph pooled analysis
of nine case-control studies that queried participants on pesticide exposures. Our goal was
to identify past and current-use insecticides that may increase risk of NHL, and to evaluate
associations with major NHL subtypes.

2| MATERIALS AND METHODS

2.1| Study population

The International Lymphoma Epidemiology Consortium (InterLymph) was formed in

2001 to facilitate intellectual exchange and collaborative research toward identifying
preventable risk factors for lymphoid cancers. Data from case-control studies participating
in InterLymph were pooled for this investigation of occupational insecticide exposures in
relation to risk of non-Hodgkin lymphoid malignancies (NHL), including the major NHL
subtypes diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma (FL), as well as
chronic lymphocytic leukemia (CLL)/small lymphocytic lymphoma/mantle cell lymphoma/
prolymphocytic leukemia (hereafter referred to, collectively, as CLL), multiple myeloma
(MM), other B-cell lymphomas (OBCL), T-cell lymphomas (TCL) and not otherwise
specified/unknown NHL (NOS).12 Individual case-control studies were eligible for the
pooled analysis if they collected information on occupational insecticide use, including
specific types of insecticides.

A summary of the nine participating case-control studies is provided in Table 1.13-22 The
individual studies included persons with histologically confirmed incident primary diagnosis
of NHL that occurred during the respective enrollment periods, spanning from 1980 to 2013.
Controls were identified in the general population or from participating hospitals/clinics and
were frequency-or pair-matched to the cases by variables including age and sex, and in some
studies, region or ethnicity. For evaluation of insecticides, the pooled database included 8644
controls and 7909 cases (1469 CLL, 1794 DLBCL, 1295 FL, 1355 MM, 1405 OBCL, 251
TCL and 340 NOS).

We requested data from each study on occupational history, farming and pesticide use

at work. Four of the studies queried all participants about pesticide use in any type of

job, and five of the studies administered questions about pesticides to persons with a
history in farming or who ever worked in other jobs with probable exposure, such as

pest control, gardening and forestry. Only one questionnaire did not distinguish personal
handling of chemicals between work and at home (Yale). Variables that were already
harmonized for previous InterLymph studies were obtained from the Data Coordinating
Center (DCC) of InterLymph (the Mayo Clinic, Rochester, MN, USA), including age, sex,
race, Hispanic ethnicity, socioeconomic status (SES, based on education and/or income in
the studies), NHL subtypes coded according to the 2008 World Health Organization (WHQO)
classification23:24 and occupational title coded according to the International Standard
Classification of Occupations (ISCO) 1968.2°
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Pesticide exposure assessment

Occupational use of insecticides and other pesticides were coded directly from questionnaire
responses (self-report, six studies) or from reviews conducted by local experts in the
individual studies (expert assessment, three studies). Self-reported pesticide use was based
on responses to either closed-ended!3:21 or open-ended!4:16:17.19.22 questions (Table 1);
these were coded as a specific insecticide if either the active ingredient, or a product

that contained the active ingredient, was nhamed. Only personal handling of pesticides (ie,
mixed/loaded/applied) was coded as exposed, from the questionnaires that provided this
level of detail. Self-reported responses to open-ended questions were reviewed (blinded

to case status) by the principal investigator (AJD) and an industrial hygienist (TH) and

were coded as insecticide groups and active ingredients by matching reported pesticide
names to information from product labels, EPA registration materials, manufacturer
documentation, and pesticide classification databases; the few discrepancies between AJD
and TH were resolved through discussion and reevaluation of information. Self-reported
pesticides that were not coded as insecticide groups and/or active ingredients of interest were
coded in broad categories as other insecticides, herbicides, other noninsecticide pesticides
or “any pesticide” (where information was lacking for more specific coding). Expert
assessment of pesticide use, previously conducted by three of the studies as described in
previous publications,1518.20 jnvolved review (blinded to case status) of participant reports
of pesticide use and cross-checking of responses against information such as product
availability dates, geographic location and crops/animals (ie, crop-exposure matrix, for
example,25). Based on the expert review, a participant’s originally reported pesticide use
may have been coded by the expert as either exposed or unexposed. In addition, participants
who did not report pesticide use might have been coded by experts as exposed based on their
responses regarding farming, crops, and animals.

The insecticides coded for the pooled study were chosen based on a priori interest and
frequency in the pooled data; they included a broad grouping of any type of insecticide,
organochlorines (group), DDT, chlordane, lindane, dieldrin, organophosphates (group),
malathion, chlorpyrifos, parathion, diazinon, pyrethroids (group), permethrin, carbamates
(group) and carbaryl. Studies were included in the pooled data for each insecticide if there
was any participant in the study that ever used the particular type of insecticide. For each
insecticide, variables were created for ever-use and duration of use (years), by summarizing
information across all jobs held by a participant. In addition, based on the first year of

the insecticide use, lagged exposure variables were coded, limited to use that occurred
earlier than 10 years before the reference date (diagnosis date for cases or corresponding
reference date for controls). Duration and lagged-use duration variables were categorized
for statistical analyses based on percentiles (p) among those exposed to each insecticide, in
two exposure categories (<50p, >50p), three categories (<50p, >50p-75p, >75p), and four
categories (<50p, >50p-75p, >75p-90p, >90p).

Statistical analysis

2.3.1| Pooled analysis—All pooled analyses were conducted using SAS v. 9.4 (Cary,
NC, USA). Logistic regression was used to estimate the odds ratio (OR) and 95% CI for the
association between each insecticide and risk of NHL. Exposure was modeled as ever-use,
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duration in categories and lagged versions of the variables, each with never-use as the
reference category. The trend in NHL risk across categories of duration was evaluated by
the P-value from modeling the median of each duration category as a continuous variable.
Several variables were selected, a priori, to adjust for potential confounding, including

(all coded as indicator terms) the study center (eg, specific city or hospital acting as

a data collection center for a particular study), participant age (years in categories of

<45, 45-54, 55-64, 65-74, <75), gender and SES (low, medium, high). We also assessed
several additional variables as potential confounders based on comparison of the unadjusted
and adjusted estimates for insecticide use, including race/ethnicity (non-Hispanic white or
assumed based on region/ethnicity [<2% of pooled population], non-white or Hispanic,
missing), farming occupation (ever/never), “high-probability exposed occupation” (ever/
never worked in any job we considered, a priori, as posing relatively high probability of
pesticide use, including jobs in farming/fishing/forestry, gardener/groundskeeper, cleaner/
janitor/building maintenance worker [including pest control], or general laborer), herbicide
use (ever/never) and other noninsecticide pesticide use (ever/never, for example, fungicides,
nematicides, rodenticides, etc.). Based on our assessment of covariate adjustment, we
included herbicide use and other noninsecticide pesticide use as additional covariates in

all analyses.

Etiologic heterogeneity was evaluated by fitting polytomous logistic regression models for
the NHL subtypes, including CLL, DLBCL, FL, MM, OBCL and TCL, with estimation of
the OR and 95% CI for each subtype-specific association vs a common control group. A
P-value was computed for heterogeneity of the association with each insecticide exposure
among the six subtypes (P-heterogeneity).

We presented as our main results the associations with ever and lagged use (yes/no)
exposure with at least five exposed cases, and the associations with duration variables for
the most fine categorization (2, 3 or 4 duration categories) that contained at least 10 exposed
cases in the highest exposure category (we presented two-category duration as the default if
none of the categorizations had 10 exposed cases in the highest category).

2.3.2| Sensitivity analyses—Several additional analyses of the pooled data were
conducted to assess sensitivity of the main results to alternate specifications of the

model covariates, exposure assessment, population subgroups or case definition, including
(a) adjustment for farming occupation; (b) adjustment for insecticide groups, including
organochlorines, organophosphates, carbamates or pyrethroids (differing based on the main
insecticide of interest in the model), in addition to the main model covariates for herbicides
and other noninsecticide pesticides; (c) dropping the covariates for herbicides and other
noninsecticide pesticides; (d) dropping the covariate for SES; (e) fitting separate models for
studies with exposures coded according to self-report or expert assessment; (f) considering
as exposed, only persons with assessed exposure who also ever worked in a high-probability
exposed occupation (as above, farming/fishing/forestry, gardener/groundskeeper, cleaner/
janitor/building maintenance [including pest control] or general laborer); (g) limiting the
population to participants who ever lived or worked on a farm, to assess the impact of
hypothesized higher baseline risk of NHL in farmers27; (h) fitting separate models for
males and females; (i) excluding the largest study with the highest frequency of insecticide
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exposure (Mayo); (j) defining cases according to an NHL classification that included
lymphomas originating from B cells and T cells, but excluded CLL and MM (similar to
the 1982 Working Formulation).28

2.3.3| Meta-analysis—Random effects meta-analysis was conducted on study-specific
ORs to assess comparability of findings from the pooled analysis to those from an alternate
approach to analysis of data from multiple studies, as well as to test heterogeneity of the
estimated effect among studies by the 12 statistic. Meta-analyses were conducted using
StataSE v. 15 (StataCorp LLC, College Station, TX, USA).

3| RESULTS

The nine case-control studies participating in the pooled analysis were conducted in North
America and Europe from 1980 to 2013 (Table 1). Two of the studies focused only on

MM (LAMMCC, BCMM), and an additional four studies included MM among other NHL
subtypes (Italian, Yale, Epilymph, ENGELA). CLL was included as an NHL subtype in
three studies (Epilymph, ENGELA, Mayo), whereas other studies included the histologically
similar small lymphocytic lymphoma, but not CLL. Two studies conducted from 1988 to
1994 had relatively large proportions of cases with NOS-unknown pathology (LANHL
[26.1%)], Italian [39.9%]) and the NOS subtype declined over later study periods. One

study included only women (Yale) and another included only men for the analysis of
occupational insecticides (ENGELA); populations of the other studies were reasonably
similar with regards to age and gender. There were very few non-Hispanic white participants
in the European studies, compared to the North American and Australian studies. The
individual study controls differed with regards to history of work in farming, as at least

one study focused on agricultural regions (Italian, 31.4% ever held farming job) and

other studies were conducted in large urban areas (LAMMCC [10.4% farming], LANHL
[6.5% farming], BCMM [7.0% farming]). The frequency with low SES was highest in the
study focused on agricultural areas (Italian, 57.3%) and was lowest in studies conducted
during later time periods. Use of pesticides and insecticides appeared to correlate with

the proportion of controls who ever worked in farming. One exception (Yale) reported

low farming history (2.1%) among their all-female population in Connecticut, USA but
relatively high insecticide use (8.2%); this was the only study that prompted for exposures
in leisure, as well as at work. The study with the lowest coded insecticide use among
controls (Epilymph, 2.0%) reported moderate farming history (17.1%); however, experts in
that study assessed only certain classes of insecticides (organochlorines, organophosphates,
carbamates). Frequencies of the insecticide classes and active ingredients used in each study
are shown in Table S1. The highest numbers of exposed controls were observed in the
relatively large Mayo and Italian studies. The proportion exposed was generally highest in
the Mayo study, which collected data by closed-end questions specifying each pesticide.

Characteristics of the 7909 cases and 8644 controls in the pooled dataset are shown in
Table 2. Although most of the individual studies matched by demographic factors, a higher
proportion of cases than controls were older, male and of low SES. Cases and controls were
fairly similar with regard to race/ethnicity; over 93% of participants were non-Hispanic
white/assumed. Cases were slightly more likely than controls to have ever worked in
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farming (17.4% vs 16.2%) and to have ever been occupationally exposed to any type of
pesticide (14.0% vs 12.6%) or insecticide (7.4% vs 6.6%). The 570 control participants with
occupational insecticide use were more likely to have ever worked in any of the occupations
considered a priori as having high probability of pesticide use (77.2%) than exclusively in
other occupations (22.8%). Specifically, controls with insecticide use had frequently worked
in farming (72.5%) and forestry (2.1%), or as gardeners/groundskeepers (5.0%), cleaners/
janitors/building maintenance workers (6.7%) and general laborers (4.9%). However, when
considering all controls who ever worked in farming, only 29.5% had ever used insecticides.

Use of any type of insecticide was not associated with risk of all NHL for ever-use

(OR =1.01, 95%CIl: 0.84-1.18), lagged use or with longer duration (Table 3 shows main
results for all NHL; results from additional duration categorizations are shown in Table
S2). Organochlorine insecticide use, as a group, was not associated with risk of all NHL
(ever, OR =0.92, 95% CI: 0.76-1.12). The most frequently used organochlorine, DDT,
was inversely associated with all NHL for ever-use (OR = 0.78, 95% CI: 0.61-1.00), but
without a trend by duration. Elevated, nonstatistically significant ORs were observed in
association with the less frequently used organochlorine insecticides chlordane, lindane
and dieldrin, such as increased risk of all NHL in association with lagged-use of lindane
with duration longer than 8 years (OR = 2.13, 95%Cl: 0.89-5.10, ~trend = .13). Use of
organophosphate insecticides, as a group, was associated with risk of all NHL (ever-use, OR
=1.22, 95%CI: 1.01-1.47), and risk increased with longer duration (>31 years, OR = 1.49,
95%Cl: 0.90-2.47, P-trend = .05). Of the organophosphate active ingredients we evaluated,
diazinon was associated with increased risk of all NHL, with general trends of stronger
associations with longer duration, but similar estimated effects for ever and lagged use.
There were no clear associations with chlorpyrifos, malathion or parathion. The carbamate
insecticide, carbaryl, was associated with increased risk of all NHL (ever, OR = 1.34,
95%Cl: 1.03-1.75). The risk associated with carbaryl increased from the lowest duration
category to duration >50th to <75th percentile for both ever use (OR = 1.97, 95%Cl: 1.12,
3.45) and lagged use (OR = 2.12, 95%Cl: 1.26, 3.56), but declined across longer durations.
The insecticide groups, carbamates and pyrethroids, were not associated with risk of all
NHL.

Subtype-specific associations between insecticide use and NHL risk are shown in Table 4
for ever-use and by duration for selected insecticides in Figure 1 (all subtype results of

our main analysis are included in Table S2). Elevated ORs for the association between any
type of insecticide and risks of the subtypes FL and TCL were not statistically significant.
Substantial heterogeneity was observed among the subtypes for the association with ever-
use of organochlorines (~-het = .005), with increased risk of FL (OR = 1.62, 95%Cl:
1.14-2.31) but no trend by duration (Table S2), an inverse association with TCL based on
small numbers, and no evidence of an association with the other subtypes. There were no
statistically significant increased risks with DDT use, although elevated ORs were observed
for MM with longer duration of use (Table S2); inverse associations were observed for CLL.
As with all NHL, nonstatistically significant elevated ORs were estimated for the subtypes
in association with chlordane, lindane and dieldrin. The observed association between
organophosphates and all NHL (~-het = .06) was particularly reflected in the results for

FL, which was strongly associated with organophosphates for ever-use (OR = 2.01, 95%Cl:
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1.41-2.84), without a clear trend by duration (Figure 1). Diazinon use was associated with
increased risk of several subtypes and increases were generally highest with longer duration
(Figure 1), such as with longer than 8 years for DLBCL (OR = 3.16, 95%CI: 1.22, 8.20,
P-trend = .03) and FL (OR = 3.13, 95%Cl: 1.24-7.89, P-trend = .006). Risk increases were
also seen in association with parathion use for several subtypes, such as with lagged-use
duration >11 years for MM (Table S2, 11 cases OR = 2.24, 95%ClI: 1.00-5.03, ~trend = .08)
and OBCL (17 cases, OR = 2.42, 95%Cl: 1.23-4.74, P-trend = .01). Moderate heterogeneity
was observed among the subtypes for the association with ever-use of carbaryl (P=.03),
including strong associations with TCL and FL and no association with CLL. The subtype
associations with carbaryl were generally strongest with longer duration (Figure 1) and
when lagged, such as with lagged-use duration longer than 6.5 years (Table S2) for FL (18
cases, OR = 2.02, 95%Cl: 1.10-3.72, ~trend = .02), OBCL (16 cases, OR = 1.87, 95%ClI:
1.01-3.49, P-trend = .06) and TCL (6 cases, OR = 3.37, 95%CI: 1.25-9.13, P-trend = .01).

Our main findings were generally robust to sensitivity analyses, particularly for subtype-
specific effects (Figure 2). Results were similar with adjustment for farming occupation,
when dropping the covariates for herbicides and other noninsecticide pesticides, or without
adjustment for SES. Adjustment for organochlorines resulted in higher risk estimates for
organophosphates and carbary!l (ie, negative confounding) in association with all NHL and
some subtypes; for example, we observed increased risk of CLL in association with ever-use
of organophosphates after adjustment for organochlorines (OR = 1.43, 95%CI: 1.01-2.01,
not shown in figures). Associations with diazinon were similar following adjustment for
organochlorines or carbamates. Carbaryl associations were somewhat diminished with
adjustment for organophosphates; nevertheless, the increased risks remained statistically
significant in association with TCL and for all NHL with longer lagged duration of use
(data not shown). Risk estimates were generally elevated in studies with expert assessment
of exposure and were higher (albeit less precise) than in those based on self-report (Figure
2 and Figure S1), but ORs were elevated with both types of exposure assessment for
organophosphates, diazinon, and carbaryl. Based on expert assessment alone, there was a
statistically significant association with ever use of lindane (OR = 3.14, 95%CI: 1.09-9.06).
Consideration of exposure only among persons who ever worked in a high-probability
exposed occupation resulted in similar risk estimates for organophosphates as a group

and for parathion (data not shown), somewhat reduced risk estimates for diazinon with

loss of statistical significance, and higher estimates for carbaryl. Estimates were slightly
attenuated for all NHL when the analysis was limited to participants who ever lived or
worked on a farm, but estimates remained elevated for the subtypes. Elevated risks of all
NHL in association with ever-use of organophosphates, diazinon and carbaryl were only
observed among males; however, findings for FL were observed in both males and females.
In analyses limited to males, an estimated increased risk of TCL in association with any
type of insecticide use (21 cases, OR = 2.52, 95%Cl: 1.12-5.68, not shown in figures)
increased with longer duration (>10 years, 11 cases, OR = 3.03, 95%Cl: 1.21-7.62; P-trend
= .04). Estimated risks were also higher in association with an NHL classification that
excluded CLL and MM, than with the WHO NHL classification used in our main analysis.
Exclusion of the Mayo study from the pooled population resulted in a large drop in exposure
frequencies, but for most insecticides, did not result in large changes in the size of risk
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estimates or our conclusions. Results of random-effects meta-analysis of the study-specific
ORs largely aligned with the main results (Figure 2), and there was little evidence for
heterogeneity of effect between the individual studies for our main findings (Figure S2).

DISCUSSION

In our pooled analysis of nine case-control studies, occupational insecticide use, overall, was
not associated with risk of NHL. We found evidence for increased NHL risk in association
with use of organophosphate insecticides as a group, and notably with diazinon, as well

as with the carbamate insecticide, carbaryl. There was no association of NHL with other
broad groups of insecticides, including organochlorines and pyrethroids. The associations
with diazinon and carbaryl were generally stronger with longer duration of use, and the
association with carbaryl was somewhat stronger with at least 10 years latency (ie, lagged
use). We found negligible heterogeneity among the individual studies in the associations
with these insecticides, and there was fair consistency in results across sensitivity analyses.

Our consortium-based pooling approach produced a large study population for analysis

of specific insecticides in relation to NHL. We had excellent statistical power to
investigate previously reported associations with organophosphate insecticides, carbamates
and pyrethroids, among others. As in any study, we expect that a number of statistically
significant associations would occur by chance alone; however, we do not believe chance
explains our main findings. If we consider the proportion of statistically significant results
expected by chance to be equal to our set alpha level of .05, we would expect roughly
eight chance findings from the number of tests performed to generate Table 3 results

(156 tests); nevertheless, we found double that number (16) of statistically significant
results. Furthermore, we did not interpret all results (ie, all tests) as independent findings
—rather, we considered our results, in whole, for interpretation of the association with any
one insecticide (such as by looking for a trend across duration categories, assessing the
importance of an exposure lag and comparing the association for all NHL and subtypes), and
reported as our main findings those results with strength of evidence across analyses.

The size of our dataset enabled estimation of insecticide associations with the most common
NHL subtypes. Among our novel findings were strong associations of carbaryl with TCL,
and any type of insecticide with TCL among male participants. It is important to note that
TCL, itself, is a heterogeneous group of neoplasms, and we did not have the statistical power
to evaluate specific TCL subtypes. However, a previous InterLymph pooled study found
increased risk of the cutaneous T-cell subtypes mycosis fungoides and Sezary syndrome
(MF/SS) in association with a history of farming occupation, but no association with
peripheral T-cell lymphoma, suggesting possible TCL subtype-specific associations with
insecticides.8 Across the various results in our study, FL and OBCL subtypes were most
frequently associated with insecticide exposures, such as prominent associations of FL with
all organophosphates, diazinon and carbaryl. Of note, we found little evidence that CLL

risk was associated with the insecticides we studied. The earlier studies, which originally
classified NHL subtypes based on the Working Formulation (LANHL, Italian), had higher
proportions of cases with NOS-unknown pathology, even after InterLymph harmonization of
subtypes according to WHO. This disharmonization of subtype classification between earlier
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and later studies may have caused bias if the types of cases with NOS classification had
differing etiology from other subtypes (ie, more or less strongly associated with insecticide
exposure). Nonetheless, our main subtype-specific results (such as the association of
carbaryl with FL or TCL) were similar between studies with large (Italian) and small (Mayo)
proportions of NOS-unknown cases.

Organophosphates are one of the most widely used groups of insecticides in the world,
although use has declined in recent years with restrictions and increasing use of other

types of insecticides, including pyrethroids and neonicotinoids.2® Our observed associations
between organophosphate insecticides and increased risk of NHL are supported by previous
studies. In IARC’s most recent evaluation of organophosphate insecticides in 2015,
parathion was classified as “possibly carcinogenic to humans” (Group 2B), and diazinon
and malathion as “probably carcinogenic to humans” (Group 2A), based on limited human
evidence, with some studies of NHL reporting positive associations.*30 In the AHS cohort,’
there was a significant association between lifetime days of diazinon use and FL (>median
vs never-use, RR = 3.8, 95%ClI: 1.2-11.4) with a significant exposure-response trend across
lifetime days (P = .02), as well as nonsignificant increased risk with high lifetime use for
CLL/SLL (RR = 1.9, 95%CI: 1.0-3.6); the AHS found no association with other current-use
organophosphate insecticides such as chlorpyrifos and malathion. These results largely
align with our findings for organophosphates, although we also reported risk increases

with DLBCL and OBCL subtypes. Our results differ from the NAPP analysis of pooled
case-control studies from Canada and the midwestern region of the US (which did not
include any overlap with the studies pooled in our study), which reported increased risks of
NHL in association with malathion and diazinon exposures, and attenuation of the diazinon
association when adjusted for other insecticides.1% Our results for diazinon were robust to
adjustment for other insecticides.

Carbaryl, the active ingredient in the product Sevin, is a frequently used insecticide in

food and nursery crops, and on turf. The USEPA has recognized carbaryl as “likely to

be carcinogenic in humans”, based on data showing increased risk of hemangiosarcomas

in mice.® Our findings of carbaryl-related risks for all NHL and several subtypes agree

with increased risk of FL observed in association with high lifetime days of use in the

AHS (>median vs never-use, OR = 2.8, 95%CI: 1.0-7.4) and no association with CLL/SLL/
MCL.” Increased risk associated with longer duration of carbaryl use in the NAPP (=6 years
vs never-use, OR = 1.75, 95%Cl: 1.13-2.70) was reduced with adjustment for exposure to
other insecticides (OR = 1.24, 95% CI: 0.78-1.99), and similar attenuation was observed

for the FL subtype association,10 whereas our lagged duration and subtype results were
robust to such adjustments. The strongest associations with carbaryl in our study were

with TCL; neither the AHS nor the NAPP reported on TCL. We cannot attribute meaning

to the trend observed in our study of rising estimated risks across the first two carbaryl
duration categories and declining risks with longer duration, but one possibility for this type
of pattern is bias due to competing causes of death (ie, persons with longer duration of

use died earlier from illnesses caused by long-term insecticide use, and therefore were not
diagnosed with NHL during the study period). Carbamate insecticides, as a group, were not
consistently associated with NHL risk, suggesting that a potential effect of carbaryl may
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occur through a mode of action that does not involve the common toxicological mechanism
of carbamates.

Many organochlorine insecticides have been banned from use in the US and Europe for
over 30 years. While we observed elevated risks in association with several organochlorines,
including lindane, a recognized carcinogen,3! these estimates were imprecise based on
small numbers of exposed participants. Given that most organochlorine exposures occurred
in the distant past, it may not be feasible to detect the effects of these exposures in our
pooled study if individual studies were conducted (ie, new NHL case identification) after
the hypothetical latency period for organochlorine exposure causation of NHL. The inverse
(protective) associations seen for CLL and TCL in relation to all organochlorines and

DDT could reflect this type of limitation. A similar inverse association with organochlorine
insecticide use was seen in association with risk of all NHL (RR = 0.86, 95%CI: 0.74-0.99)
in a pooled analysis of three agricultural worker cohorts.8 The estimated reduced risks could
also stem from unidentified, residual confounding.

We found no evidence of an association with pyrethroids, a large group of frequently used
insecticides, which have largely replaced organophosphates in residential applications.2®
Risk estimates for the specific active ingredient permethrin were based on very small
numbers and were, therefore, impossible to fully characterize, even in this consortium
setting. The AHS reported a strong association between permethrin and MM, but our study
did not have enough exposed MM cases to evaluate this association. Given increasing use,
further research on pyrethroids is needed—particularly with permethrin and other specific
active ingredients.

Of note, we did not study neonicotinoids, another group of insecticides whose use is
increasing rapidly.2% Neonicotinoids were either not queried or were infrequently reported in
the individual studies of our pooled analysis—most likely due to the years when the studies
were conducted.

Our study expanded on resources already developed within Inter-Lymph, including
harmonization of case pathology according to the WHO classification2 and assignment

of standardized occupational and industry codes to work histories.1! In addition, we
capitalized on detailed pesticide exposure assessment conducted by local experts in three
of the individual studies.1>18:20 Nevertheless, exposure coding for most of the studies was
based on self-reported use by study participants, which likely resulted in underreporting/low
sensitivity of exposure assessment (particularly for specific active ingredients). Recall bias
is another concern with self-reported exposure in retrospective case-control studies, but
there was little indication of such bias in our pooled analysis, as most of the insecticides
we evaluated were not associated with increased risk of NHL, and ORs for studies with
self-reported exposure were considerably lower than those estimated for expert-assessed
exposure. Expert assessment of exposure, with comparison of detailed participant-reported
pesticide use to additional information such as crop-exposure matrices likely increased the
specificity of exposure coding, also suggested by the higher ORs we estimated for expert-
assessed exposures vs selfreport. However, none of the studies assessed the validity of their
expert-based assessment by comparison to “truth”, or compared the expert assessment to
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self-report alone. Exposure misclassification from any source (resulting from either expert-
or self-assessment) may have caused the observed higher insecticide-related risks for males
than for females, if we assume no biological difference in toxicity and the possibility that
more frequent and intense exposures in males (based on gender differences in work tasks)
would result in more accurate recall. Our pooled study may also be susceptible to selection
bias, given that participation in the studies was low to moderate (generally between 40%
and 70%32), eligible cases generally are more likely to participate than eligible controls,33
and participation in research among older adults has been reported to correlate with higher
education and income.343% Due to these patterns in study participation and the knowledge
that farming and occupational insecticide use is associated with lower SES (including in our
data), we suspect that selection bias, if it occurred, served to bias any positive insecticide
associations toward the null.

Evaluation of risks associated with insecticide chemical classes (eg, organophosphates,
carbamates) can shed light on toxicologic mechanisms that lead to development of disease.
Our results, like those of other studies, suggest a toxicological mechanism common to
organophosphate insecticides that contributes to development of several NHL subtypes.
Results from our study contribute to the totality of evidence available to support further
carcinogenic classification and regulatory review of diazinon and carbaryl. Continued
generation of data for informing regulation is particularly important given the widespread,
current use of insecticides in agricultural and residential community settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NAPP North American Pooled Project
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NOS not otherwise specified/unknown NHL
OBCL other B-cell lymphoma
OR odds ratio
SES socioeconomic status
TCL T-cell lymphoma
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What’s new?

The role of occupational pesticide use in non-Hodgkin’s lymphoma (NHL) remains
unclear, despite many studies over the years. These authors analyzed pooled data from
nine case-control studies, including 7909 cases and 8644 controls from North America,
the European Union, and Australia. Occupational insecticide use overall did not increase
cancer risk. Organophosphate insecticides as a group were associated with increased
risk of NHL, and associations were also seen with the specific ingredients diazinon

and carbaryl. Estimated risks with these current-use pesticides provide evidence for
supporting public health measures.
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Comparison of main analysis, sensitivity analyses and meta-analysis results for occupational
insecticide use, for the association between ever-use (vs never-use) and risk of all NHL

and NHL subtypes. Odds ratio (OR) and 95% confidence interval (CI) with adjustment in
the main analysis for study center, age, gender, socioeconomic status (SES), herbicides and

other noninsecticide

pesticides
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TABLE 2

Characteristics of cases and controls in the InterLymph study of insecticides (/7[%])

Controls Cases
N = 8644 N = 7909

Age
<45 years 1541 (17.8) 1051 (13.3)
45-54 years 1541 (17.8) 1433 (18.1)
55-64 years 2242 (26.0) 2218 (28.1)
65-74 years 2470 (28.6) 2422 (30.6)
=75 years 850 (9.8) 785 (9.9)
Gender
Female 4139 (47.9) 3620 (45.8)
Male 4505 (52.1) 4289 (54.2)

Race/Hispanic ethnicity?

White, non-Hispanic 8156 (94.4) 7361 (93.1)
Black 113 (1.3) 136 (1.7)
Other non-white or Hispanic 337 (3.9) 367 (4.6)
Missing 38 (0.4) 45 (0.6)

Socioeconomic status

Low 3249 (37.6) 3296 (41.7)
Medium 2854 (33.0) 2318(29.3)
High 2461 (28.5) 1851 (23.4)
Missing 80 (0.9) 444 (5.6)

Farming occupation
Never 7245 (83.8) 6530 (82.6)
Ever 1399 (16.2) 1379 (17.4)

Occupational pesticide use?
Never 7555 (87.4) 6799 (86.0)
Ever 1089 (12.6) 1110 (14.0)

Occupational insecticide use, any
Never 8074 (93.4) 7323(92.6)
Ever 570 (6.6) 586 (7.4)

aWhite category includes “assumed white”, based on region and/or ethnicity (<2% of study population).

bOccupationaI use of any type of pesticide including insecticides, herbicides, fungicides, fumigants, rodenticides and so on.
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