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Abstract

Insecticide use has been linked to increased risk of non-Hodgkin lymphoma (NHL),

however, findings of epidemiologic studies have been inconsistent, particularly for

NHL subtypes. We analyzed 1690 NHL cases and 5131 controls in the North Ameri-

can Pooled Project (NAPP) to investigate self-reported insecticide use and risk of

NHL overall and by subtypes: follicular lymphoma (FL), diffuse large B-cell lymphoma

(DLBCL) and small lymphocytic lymphoma (SLL). Odds ratios (OR) and 95% confi-

dence intervals for each insecticide were estimated using logistic regression.

Subtype-specific associations were evaluated using ASSET (Association analysis for

SubSETs). Increased risks of multiple NHL subtypes were observed for lindane

(OR = 1.60, 1.20-2.10: FL, DLCBL, SLL), chlordane (OR = 1.59, 1.17-2.16: FL, SLL)

and DDT (OR = 1.36, 1.06-1.73: DLBCL, SLL). Positive trends were observed, within

the subsets with identified associations, for increasing categories of exposure dura-

tion for lindane (Ptrend = 1.7 × 10−4), chlordane (Ptrend = 1.0 × 10−3) and DDT

(Ptrend = 4.2 × 10−3), however, the exposure-response relationship was nonlinear.

Ever use of pyrethrum was associated with an increased risk of FL (OR = 3.65,

1.45-9.15), and the relationship with duration of use appeared monotonic (OR for

>10 years: OR = 5.38, 1.75-16.53; Ptrend = 3.6 × 10−3). Our analysis identified several

novel associations between insecticide use and specific NHL subtypes, suggesting

possible etiologic heterogeneity in the context of pesticide exposure.
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1 | INTRODUCTION

Non-Hodgkin lymphoma (NHL) includes a heterogeneous group of

neoplasms arising from lymphoid tissues, with diverse histological and

molecular characteristics, and distinct etiologic profiles.1,2 NHL is the

fifth most common cancer in the world, with the highest incidence

observed in developed regions, such as North America and Western

Europe.3 Increasing NHL incidence has been documented internation-

ally since the 1950s,4 which coincided with the widespread use of

synthetic pesticides, stimulating interest in these environmental and

occupational exposures.5 However, the increase in the latter half of

the 20th century, followed by a more recent stabilization in incidence

rates, cannot be attributed to a specific etiologic factor, changes in

diagnosis and classification, quality of cancer registry data or the

occurrence of NHL as a second malignancy.4

Pesticides are among the most prevalent and studied agricultural

exposures. Several have been reviewed for their carcinogenicity by the

International Agency for Research on Cancer (IARC) or other agencies

that conduct comprehensive reviews and classified as possible, pro-

bable or known human carcinogens.6-9 A 2007 meta-analysis of 13

case-control studies observed a significantly increased risk of NHL

associated with overall occupational pesticide exposure, however, the

estimate for organochlorine exposure was not significantly elevated,

and our study lacked association estimates for specific pesticides.10

However, another review that examined incidence and mortality end-

points concluded that consistent associations with pesticides overall,

functional classes (ie, herbicides, insecticides, fungicides) or specific

chemicals were lacking.11 In a 2014 meta-analysis, which assessed

21 pesticide chemical groups and 80 active ingredients from 44 publica-

tions, a positive association with NHL risk was observed for organo-

chlorine insecticides, specifically γ-hexachlorocyclohexane, commonly

known as lindane.12 These conclusions were consistent with the IARC

classification of lindane as a known (Group 1) carcinogen.9,13 Other

chlorinated compounds, including dichlorodiphenyltrichloroethane

(DDT),9 aldrin14 and dieldrin14 are considered probable (Group 2A)

human carcinogens, while chlordane,15 heptachlor15 and toxaphene15

are classified as possibly carcinogenic (Group 2B).

The most relevant carcinogenic mechanisms may vary across

chemical compounds and also depend on the cancer site and target

tissue. An early observation of weak estrogenic and anti-estrogenic

properties for organochlorine insecticides suggested a possible role in

hormonally mediated tumorigenesis.16,17 Putative carcinogenic

mechanisms for other sites is likely to involve an interplay between an

increased burden of reactive oxygen species (ROS) and dysregulation

of apoptotic and immune response pathways.18 Organochlorine expo-

sure has been shown to induce chronic activation of monocytes

resulting in oxidative stress and chronic inflammation, which facilitate

malignant transformation.19

Insecticides have been shown to activate oncogenic pathways

involved in regulation of cell cycle and survival, such as mitogen-

activated protein kinase/phosphatidylinositol 3-kinase (MAPK/PI3K)

signaling cascades and ERK1/2 phosphorylation.18 DDT metabolites

have been shown to induce MAPK-mediated apoptosis and activate

the complement system in the absence of any pathogen, which may

increase in susceptibility to infections, upregulate tumor necrosis

factor-alpha activity and induce cytokine imbalance. Indirect genomic

mechanisms via the regulation of gene transcription by interference at

the epigenetic level may also be relevant for cancer risk, with several

studies demonstrating an inverse relationship between DNA methyla-

tion and plasma concentrations of DDT, DDE, β-HCH, oxychlordane,

α-chlordane and mirex.20,21

The epidemiologic data implicating organochlorine exposure in

NHL susceptibility are highly suggestive, however, inconsistencies in

the literature preclude a definitive conclusion. Variation across studies

may reflect differences in exposure definitions and circumstances, as

What's new?

Insecticides are persistent environmental pollutants that

have been linked to increased risk of non-Hodgkin lym-

phoma (NHL). Although NHL encompasses a heterogeneous

group of malignancies, few studies have examined subtype-

specific associations for insecticide exposure. Analyzing data

from population-based case-control studies of lymphatic

cancers, the authors of this study show that lindane, chlor-

dane, and DDT are associated with increased risk of multiple

NHL subtypes. Analyses further uncovered a novel link

between increased follicular lymphoma risk and pyrethrum

use. None of the insecticides investigated, however, were

associated with all NHL subtypes, suggesting a role for etio-

logic heterogeneity in pesticide exposure and NHL risk.
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well as study designs and populations sampled. Furthermore, associa-

tion estimates for individual insecticides are often limited to commonly

used compounds, resulting in limited human evidence for many other

agents. Disease heterogeneity, as well as changes in NHL classifications

over time, add an additional layer of complexity, since combining all

neoplasms represented by NHL into a single outcome may obscure

associations with specific subtypes. This is supported by recent findings

from the Agricultural Health Study (AHS), which reported links between

specific NHL subtypes and several organochlorine insecticides, includ-

ing lindane and DDT.22 The AHS analysis provided important insights,

however, it was based on a limited number of cases, and only two other

modestly sized studies presented subtype-specific association esti-

mates for chlorinated compounds.23,24

The aim of our study is to systematically evaluate the subtype-

specific associations with NHL risk in relation to self-reported use of

organochlorines and other less commonly assessed inorganic insecti-

cides. This analysis uses data from the North American Pooled Project

(NAPP), which was created by pooling individual-level data from three

population-based case-control studies conducted in the U.S. and one

study in six Canadian provinces.

2 | MATERIALS AND METHODS

2.1 | Study population

The NAPP is comprised of three population-based case-control studies

of lymphatic and hematopoietic cancers conducted by the

U.S. National Cancer Institute in Kansas, Iowa/Minnesota and Nebraska

in the 1980s,25-28 and the Cross Canada Study of Pesticides and Health

(CCSPH),29-33 which was conducted in Quebec, Ontario, Manitoba, Sas-

katchewan, Alberta and British Columbia between 1991 and 1994. The

study design and data collection in the CCSPH were modeled after the

U.S. studies, making the data amenable to pooling. Detailed methodolo-

gies and findings of the individual studies included in the NAPP have

been published.25-29 Briefly, eligible participants included white men

aged 30 years or older in Iowa/Minnesota, white men and women aged

21 years or older in Kansas and Nebraska, and men aged 19 years or

older in the CCSPH. Deceased participants were considered eligible in

all U.S studies, but not in the CCSPH. Proxy respondents were permit-

ted for CCSPH participants requiring assistance due to illness or disabil-

ity, or for deceased participants in the U.S. studies. Nebraska was the

only location to include female participants. Controls were selected

from the general population in each state/province. Selection proce-

dures varied by study and included random digit dialing, voters’ lists,

health insurance records, Medicare listings for those older than

65 years and state mortality files (deceased cases). Cases and controls

were frequency-matched to the overall case distribution by age

(±2 years in Nebraska and Kansas, and CCSPH, ±5 years in Iowa/Min-

nesota), vital status and year of death (if applicable), sex (Nebraska) and

province of residence (Canada). The present analysis uses data from the

complete NAPP dataset of 1690 NHL cases and 5131 controls.

2.2 | Lymphoma classification

Incident NHL cases in the NAPP were diagnosed during the 1980s

and 1990s and classified using the Working Formulation34 in Iowa,

Minnesota and Nebraska; the International Classification of Diseases

for Oncology First Edition (ICD-O-1; 1976) in Kansas and Quebec;

and ICD-O-2 (1990) in Ontario, Manitoba, Saskatchewan, Alberta and

British Columbia. The original histology codes were revisited and NHL

classifications in the NAPP were harmonized using ICD-O-1, since

these codes were available for NHL subtypes in all studies. NHL sub-

types in the NAPP were classified as follicular lymphoma (FL), diffuse

large B-cell lymphoma (DLBCL), and small lymphocytic lymphoma

(SLL). The “Other” category was comprised of cases with unclassifiable

or undifferentiated histology. The majority (73%) of cases in this group

had the following ICD-O-1 codes: 9590 (n = 39), 9640 (n = 29), 9612

(n = 28), 9630 (n = 23), 9591 (n = 19) and 9684 (n = 15). The complete

list of ICD codes for each NHL phenotype is listed in Table S1. Review

by a reference pathologist was conducted on 84% of Canadian

cases,29 87% of Kansas cases,28 and for all interviewed cases in Iowa/

Minnesota35 and Nebraska.27

2.3 | Data collection

Participants or their proxies provided information about demo-

graphic characteristics, pesticide use, occupational and agricultural

exposures and exposure to other known or suspected NHL risk fac-

tors, including lifestyle factors and medical history. Questionnaires

were administered by telephone interviewers (Kansas and Nebraska),

or in person (Iowa/Minnesota). In Canada, eligible participants were

mailed preliminary questionnaires and subsequently interviewed by

phone. All studies involved a sequential ascertainment of pesticide

exposure. Individuals who provided an affirmative answer to general

questions about pesticide use or exposure to substances within

broad groups (ie, insecticides, herbicides, fungicides) were subse-

quently asked more detailed follow-up questions regarding specific

agents, including the duration of exposure in years. Participants who

did not report any pesticide use were excluded from these follow-up

questions and were classified as unexposed. Duration of pesticide

use was collected in studies from Canada, Iowa, Minnesota and

Nebraska, but not Kansas.

2.4 | Statistical analysis

For each pesticide of interest, we examined two exposure metrics:

dichotomous indicator for ever/never use and self-reported duration

(years) of insecticide use. Odds ratios (OR) and corresponding 95%

confidence intervals for each exposure metric were estimated using

logistic regression, with adjustment for age, sex, location (province or

state), use of proxy respondents and family history of leukemia or

lymphoma in a first-degree relative.
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TABLE 1 Characteristics of participants in the North American Pooled Project (NAPP)

Characteristic and description Cases n (%) Controls n (%) ORa (95% CI)

Age (years)

≤50 301 (17.8) 1292 (25.2)

>50 to 60 300 (17.8) 784 (15.3)

>60 to 70 561 (33.2) 1274 (24.8)

>70 to 80 395 (23.4) 1154 (22.5)

80> 133 (7.9) 627 (12.2)

Mean (SD) 62.7 (13.8) 61.6 (17.1)

Location: USA

Iowa 293 (17.3) 603 (11.8)

Minnesota 329 (19.5) 642 (12.5)

Nebraska 385 (22.8) 1432 (27.9)

Kansas 170 (10.1) 948 (18.5)

Location: Canada

Quebec 117 (6.9) 291 (5.7)

Ontario 142 (8.4) 585 (11.4)

Manitoba 34 (2.0) 113 (2.2)

Saskatchewan 29 (1.8) 91 (1.7)

Alberta 65 (3.8) 196 (3.8)

British Columbia 126 (7.5) 230 (4.5)

NHL subtypes

Diffuse large B-cell 647 (38.2) —

Follicular 468 (27.7) —

Small cell lymphocytic 171 (10.1) —

Otherb 400 (23.7) —

Missing 4 (0.2) —

Respondent type

Self 1140 (67.5) 3372 (65.7)

Proxy 533 (31.5) 1692 (33.0)

Unknown or missing 17 (1.0) 67 (1.3)

Sex

Male 1506 (89.1) 4424 (86.2)

Female 184 (10.9) 707 (13.8)

Family historyc

Any cancer

None 813 (48.1) 3075 (59.9) 1.00

At least 1 affected 844 (49.9) 1961 (38.2) 1.59 (1.42-1.78)

Unknown or missing 33 (2.0) 95 (1.9)

Leukemia or lymphoma

None 1493 (88.3) 4790 (93.4) 1.00

At least 1 affected 139 (8.2) 202 (3.9) 2.02 (1.66-2.62)

Unknown or missing 58 (3.4) 139 (2.7)

Lived or worked on a farm

No 577 (34.1) 1840 (35.9) 1.00

Yes 1102 (65.2) 3276 (63.9) 1.06 (0.94-1.20)

Unknown or missing 11 (0.7) 15 (0.3)

Total 1690 5131

aOdds ratios are adjusted for age, study location and use of proxy respondents.
bIncludes lymphomas of indeterminate histology or those that do not meet the criteria for the subtypes above.
cFirst-degree relatives only.
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2.5 | Dichotomous exposure: ever use

Associations with ever use of each insecticide were estimated for NHL

overall and for each NHL subtype: FL, DLCBL, SLL and Other. To charac-

terize subtype-specific associations, summary statistics (regression coef-

ficients and corresponding standard errors) from logistic regression

analyses of each subtype alone were analyzed using ASSET (Association

analysis for SubSETs).36 ASSET was originally developed for investigating

genetic pleiotropy,36 but it has also been used to characterize differences

in risk factor profiles across NHL subtypes.2 We aimed to identify groups

of NHL subtypes for which risks associated with exposure to a specific

insecticide were consistently elevated, referred to as the positive subset.

Unlike effects for genetic variants, which may be significantly risk-

increasing or protective, we did not hypothesize that self-reported insec-

ticide use is likely to be inversely associated with any NHL subtypes.

However, to conduct an unbiased analysis we performed a two-sided

subset search, which allows for both positive and negative direction of

effect. ASSET calculates P values using permutation, accounting for the

number of exposures and possible subsets tested for each exposure. For

two-sided analyses, ORs and corresponding P values are estimated for

positively and negatively associated traits, as well as an overall P value,

which combines association signals from each subset (PASSET). The analy-

sis also accounts for correlation between test statistics for each NHL

subtype due to the shared control group in the NAPP.

2.6 | Duration of exposure: years of use

Self-reported years of pesticide use were analyzed as categorical and

continuous metrics. For subjects who reported using a specific insecti-

cide, missing years of use were assigned a positive value using multiple

imputation based on the available duration information of the controls

who were users of each pesticide. The proportion of missing duration

information varied across insecticides, ranging from 40% for HCCH to

12.3% for methoxychlor. The imputation procedure was implemented

using PROC MI in SAS 9.4 and applied to strata defined according to

study site and geographical location, proxy respondent status, sex and

10-year age groups (<65, 65-74, 75-84, 85-94, 95 years or older).

For each insecticide, years of use were categorized into ordinal

5- or 10-year exposure groups and were compared to no exposure.

Associations were estimated in relation to NHL overall, as well as the

specific NHL subtypes that were identified as belonging to the posi-

tive subset using ASSET. Linear trends in risk were assessed by

modeling the ordinal exposure categories as continuous (Ptrend). Sev-

eral pesticides (endrin, creosote, calcium arsenate) were excluded

from analyses of duration due to insufficient data (<10 controls with

complete information).

Nonlinear relationships between exposure duration and disease

risk were investigated using generalized additive models (GAMs). Self-

reported, nonimputed years of insecticide use were modeled using

TABLE 2 Odds ratios (OR) for non-Hodgkin lymphoma (NHL) in relation to self-reported insecticide use (ever/never) in the North American
Pooled Project (NAPP)

Insecticide

Exposure prevalence Associations with NHL

Cases (n = 1690) (%) Controls (n = 5131) (%) ORa (95% CI) P value

Organochlorines

Lindane 113 (6.7) 185 (3.6) 1.69 (1.31-2.18) 4.8 × 10−5

Chlordane 111 (6.6) 226 (4.4) 1.45 (1.14-1.84) 2.8 × 10−3

DDT 210 (12.4) 435 (8.5) 1.32 (1.10-1.58) 3.3 × 10−3

Dieldrin 45 (2.7) 84 (1.6) 1.53 (1.05-2.23) .03

Heptachlor 50 (3.0) 92 (1.8) 1.47 (1.02-2.11) .04

HCCH 15 (0.9) 30 (0.6) 1.91 (1.01-3.62) .05

Aldrin 88 (5.4) 171 (3.3) 1.31 (0.99-1.73) .06

Endrin 6 (0.4) 7 (0.1) 2.03 (0.67-6.21) .21

Toxaphene 27 (1.7) 57 (1.1) 1.30 (0.81-2.09) .28

Methoxychlor 83 (5.1) 235 (4.6) 1.12 (0.85-1.47) .41

Organic compounds

Nicotine (Black Leaf 40) 53 (3.1) 92 (1.8) 1.50 (1.05-2.13) .02

Pyrethrum 13 (0.8) 18 (0.4) 1.94 (0.93-4.04) .08

Rotenone 21 (1.3) 37 (0.7) 1.43 (0.82-2.48) .21

Creosote 2 (0.1) 5 (0.1) 1.96 (0.38-10.22) .42

Inorganic compounds

Copper acetoarsenite (Paris Green) 55 (3.3) 98 (1.9) 1.32 (0.93-1.87) .12

Calcium arsenate 4 (0.2) 5 (0.1) 1.66 (0.44-6.24) .45

Abbreviations: CI, confidence intervals; OR, odds ratio.
aLogistic regression models were adjusted for age, sex, location (province or state), use of proxy respondents and diagnosis of leukemia or lymphoma in a

first-degree relative.
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smoothing p-splines, which combine a B-spline basis with a discrete

penalty on the basis coefficients. The smoothing spline method avoids

the knot selection problem of other approaches, such as restricted

cubic splines, by using a maximal set of knots and controlling the

degree of complexity by penalization. This approach also ensures that

in cases where the best-fitting model is linear, the spline coefficients

will shrink to a simple 1 degree of freedom model. Optimal smoothing

parameters were estimated using generalized cross-validation criteria.

P values for the smooth terms from the GAM model correspond to an

association test between self-reported years of insecticide use and

risk of NHL or specific subtypes and are based on a Wald-type test

statistic derived by Marra and Wood.37 Analyses were implemented

using the R package mgcv. Statistical analyses were conducted using R

version 3.6.1.

3 | RESULTS

The main characteristics of the NHL cases and controls in the NAPP

are summarized in Table 1. NHL cases were slightly older than con-

trols, aged 62.7 and 61.6 years (means), respectively. The NAPP

dataset included predominantly male subjects (86.9%), since women

were only eligible to participate in Nebraska. Having a positive family

history of cancer in a first-degree relative was significantly associated

with NHL risk (OR = 1.59, 95% CI: 1.42-1.78). The magnitude of this

association was larger for a history of lymphatic and hematopoietic

cancers in a first-degree relative (OR = 2.02, 1.66-2.62). The propor-

tion of participants who reported ever living or working on a farm or

ranch was similar for cases (65.2%) and controls (63.9%), and this was

not statistically significantly associated with NHL status.

3.1 | NHL risk related to ever use

Associations for each insecticide and NHL overall are presented in

Table 2. Ever use of several organochlorine insecticides was statis-

tically significantly associated with increased NHL risk: lindane

(OR = 1.69, 95% CI: 1.31-2.18), chlordane (OR = 1.45, 1.14-1.84),

DDT (OR = 1.32, 1.10-1.58), Black Leaf 40, a nicotine-based

insecticide (OR = 1.50, 1.05-2.11), dieldrin (OR = 1.53, 1.05-2.23),

heptachlor (OR = 1.47, 1.05-2.13) and hexachlorocyclohexane

(HCCH; OR = 1.91, 1.01-3.62). Associations were also observed

for use of aldrin (OR = 1.31, 0.99-1.73) and pyrethrum

(OR = 1.94, 0.93-4.04).

Before proceeding to subtype-specific associations, we con-

ducted several sensitivity analyses. First, we excluded exposure

TABLE 3 Association estimates for self-reported insecticide use based on the ASSET analysis, which identified non-Hodgkin lymphoma (NHL)
subtypes that were positively associated (OR > 1) with each exposure to each individual insecticide

Insecticide ORa 95% CI PASSET
b Positively associated subset

Organochlorines

Lindane 1.60 (1.22-2.09) 1.6 × 10−3 FL, DLBCL, SLL

Chlordane 1.59 (1.20-2.11) 2.8 × 10−3 FL, SLL, Other

DDT 1.36 (1.09-1.69) .013 DLBCL, SLL, Other

HCCH 2.68 (0.95-7.60) .11 FL, SLL

Toxaphene 1.76 (0.74-4.19) .13 FL, SLL

Heptachlor 2.37 (0.75-7.51) .23 SLL

Dieldrin 1.52 (0.82-2.82) .27 FL, SLL, Other

Aldrin 1.39 (0.83-2.32) .32 DLBCL, Other

Endrin 2.41 (0.48-12.08) .60 FL, DLBCL, SLL

Methoxychlor 1.16 (0.27-4.88) .69 FL, DLBCL, Other

Organic compounds

Pyrethrum 3.63 (1.03-12.75) .084 FL

Nicotine (Black Leaf 40) 1.48 (0.87-2.52) .24 DLBCL, SLL, Other

Creosote 4.16 (0.25-69.58) .46 FL, Other

Rotenone 1.78 (0.56-5.64) .65 FL, SLL

Inorganic compounds

Copper acetoarsenite (Paris Green) 2.31 (0.88-6.09) .15 SLL

Calcium arsenate 2.74 (0.08-94.21) .82 FL, SLL

Abbreviations: DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; SLL, small cell lymphocytic lymphoma; OR, odds ratio; CI, confidence

intervals.
aEstimates were generated using odds ratios for each subtype, adjusted for age, sex, location (province or state), use of proxy respondents and diagnosis of

leukemia or lymphoma in a first-degree relative.
bP values adjusted for multiple comparisons across subsets of NHL types and insecticides tested.
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TABLE 4 Association estimates for self-reported years of insecticide use for non-Hodgkin lymphoma (NHL) overall and subsets positively
associated NHL subtypes identified in the ASSET analysis

Insecticide

Number exposed NHL overall Positively associated subset

Cases Controls ORa (95% CI) Ptrend ORa (95% CI) Ptrend

Organochlorines

Lindane

Unexposed 1410 4002 1.00 1.00

>0 to 5 years 30 59 1.39 (0.88-2.19) 1.8 × 10−4 1.37 (0.84-2.22) 1.7 × 10−4

>5 to 10 years 28 47 1.85 (1.15-2.98) 1.95 (1.18-3.23)

>10 years 52 75 1.73 (1.20-2.50) 1.81 (1.22-2.68)

Chlordane

Unexposed 1409 3959 1.00 1.00

>0 to 10 years 81 160 1.46 (1.11-1.94) 3.0 × 10−3 1.77 (1.30-2.42) 1.0 × 10−3

>10 to 20 years 15 44 1.09 (0.63-1.86) 1.27 (0.68-2.38)

>20 years 15 20 2.15 (1.12-4.13) 1.99 (0.90-4.40)

DDT

Unexposed 1316 3780 1.00 1.00

>0 to 10 years 129 246 1.40 (1.12-1.75) .02 1.51 (1.17-1.94) 4.2 × 10−3

>10 to 20 years 43 92 1.16 (0.80-1.67) 1.40 (0.93-2.11)

>20 years 31 65 1.27 (0.83-1.95) 1.33 (0.83-2.12)

Dieldrin

Unexposed 1477 4105 1.00 1.00

>0 to 10 years 37 70 1.48 (0.98-2.25) .04 1.62 (1.00-2.60) .02

>10 years 6 8 1.74 (0.62-4.86) 2.14 (0.69-6.64)

Heptachlor

Unexposed 1470 4091 1.00 1.00

>0 to 5 years 22 46 1.38 (0.81-2.33) .07 1.91 (0.56-6.47) .05

>5 to 10 years 14 22 1.80 (0.93-3.49) 4.65 (1.53-14.10)

>10 years 14 24 1.34 (0.68-2.63) 1.40 (0.30-6.57)

HCCH

Unexposed 1505 4153 1.00 1.00

>0 to 10 years 11 19 2.42 (1.18-4.95) .14 3.44 (1.48-7.97) .03

>10 years 4 11 0.93 (0.25-3.48) 1.37 (0.28-6.66)

Aldrin

Unexposed 1434 4017 1.00 1.00

>0 to 5 years 37 73 1.31 (0.89-2.00) .20 1.53 (0.95-2.46) .18

>5 to 10 years 26 37 1.61 (0.94-2.78) 1.82 (0.96-3.43)

>10 years 23 56 1.03 (0.63-1.69) 1.02 (0.54-1.90)

Methoxychlor

Unexposed 1437 3949 1.00 1.00

>0 to 10 years 45 132 1.13 (0.80-1.69) .50 1.18 (0.83-1.69) .32

>10 to 20 years 26 69 1.12 (0.72-1.76) 1.19 (0.75-1.89)

>20 years 12 33 1.06 (0.54-2.09) 1.12 (0.56-2.25)

Toxaphene

Unexposed years 1497 4134 1.00 1.00

>0 to 10 years 14 30 1.28 (0.70-2.34) .75 2.35 (1.22-4.54) .22

>10 years 9 19 0.96 (0.42-2.18) 0.89 (0.27-2.90)
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information provided by proxy respondents (Table S2). Although most

of the associations became slightly attenuated, most of the estimates

remained similar (lindane: OR = 1.63, 1.23-2.16; chlordane: OR = 1.36,

1.10-1.68). The largest attenuation was observed for aldrin (OR = 1.07,

0.78-1.46). Next, based on data available for a subset of the partici-

pants (4048 controls, 1468 NHL cases), we identified individuals who

started using a specific insecticide within 5 years of NHL diagnosis or

study enrolment. Fewer than 1% of cases or controls recently initiated

insecticide use (maximum: n = 16 for methoxychlor). Classifying these

subjects as unexposed did not meaningfully change the results (lindane:

OR = 1.74, 1.28-2.30; chlordane: OR = 1.44, 1.09-1.89; DDT: 1.31,

1.06-1.62; heptachlor: OR = 1.50, 0.99-2.27; pyrethrum: OR = 2.29,

0.99-5.31; methoxychlor: OR = 1.11, 0.82-1.50).

Associations between self-reported insecticide use and specific

NHL are presented in Table S3. We observed heterogeneous associa-

tions across NHL subtypes for multiple insecticides. Lindane use was

associated with statistically significantly elevated odds of DLCBL

(OR = 1.71, 1.17-2.50), FL (OR = 1.58, 1.07-2.32) and SLL (OR = 1.98,

1.12-3.51), but not the other/nonclassifiable category (OR = 1.38,

0.84-2.26). DDT use was associated with risk of DLBCL (OR = 1.40,

1.07-1.82), but not FL or SLL. Although pyrethrum was associated

with NHL overall, the magnitude of this association was largest for FL

(OR = 3.65, 1.45-9.15).

The pattern of subtype-specific associations was more formally

investigated by meta-analyzing estimates presented in Table S3 using

ASSET. None of the insecticides tested were associated with all NHL

subtypes, including the other/nonclassifiable group (Table 3). After

accounting for multiple comparisons across exposures and multiple sub-

set searches for each insecticide, only lindane was statistically signifi-

cantly associated with three main NHL subtypes: FL, DLCBL and SLL

(OR = 1.60, 95% CI: 1.22-2.09, PASSET = 1.6 × 10−3). Chlordane and DDT

were also significantly associated with more than one NHL subtype. The

increased risk subset for chlordane included FL, SLL and other NHL sub-

types (OR = 1.59, 1.20-2.11, PASSET = 2.8 × 10−3). DDT use was associ-

ated with an increased risk of DLCBL, SLL and the other/nonclassifiable

NHL group (OR = 1.36, 1.09-1.69, PASSET = .013). The ASSET analysis

also identified several positive signals that did not achieve statistical sig-

nificance. Exposure to pyrethrum was primarily associated with the FL

subtype (OR = 3.63, 1.03-12.75, PASSET = .084). HCCH use increased the

risk of FL and SLL subtypes (OR = 2.68, 0.95-7.60, PASSET = .11).

3.2 | NHL risk related to duration of use

The distribution of years of self-reported insecticide use is described

in Figure S1. Exposure-response relationships between self-reported

TABLE 4 (Continued)

Insecticide

Number exposed NHL overall Positively associated subset

Cases Controls ORa (95% CI) Ptrend ORa (95% CI) Ptrend

Organic compounds

Pyrethrum

Unexposed 1507 4166 1.00 1.00

>0 to 10 years 6 6 1.87 (0.57-6.19) .07 2.37 (0.43-13.02) 3.6 × 10−3

>10 years 7 11 2.13 (0.85-5.35) 5.38 (1.75-16.53)

Nicotine (Black Leaf 40)

Unexposed 1468 4091 1.00 1.00

>0 to 10 years 31 56 1.54 (0.98-2.43) .07 1.39 (0.81-2.40) .04

>10 years 21 36 1.37 (0.79-2.36) 1.71 (0.95-3.09)

Rotenone

Unexposed 1499 4146 1.00 1.00

>0 to 10 years 12 26 1.28 (0.62-2.62) .09 1.59 (0.68-3.76) .06

>10 years 9 8 2.14 (0.83-5.55) 2.61 (0.79-8.59)

Inorganic compounds

Copper acetoarsenite (Paris Green)

Unexposed 1465 4085 1.00 1.00

>0 to 10 years 30 49 1.45 (0.91-2.29) .18 3.05 (1.38-6.77) .04

>10 years 25 49 1.21 (0.73-1.99) 1.44 (0.46-4.48)

Note: Years of insecticide use were imputed for exposed subjects with missing self-reported information on duration of use. The proportion of exposed

subjects with missing duration information was as follows: aldrin (15.5%), HCCH (40.0%), chlordane (16.1%), copper acetoarsenite or Paris green (21.6%),

DDT (21.1%), dieldrin (28.1%), heptachlor (20.4%), lindane (19.2%), methoxychlor (12.3%), nicotine or Black Leaf 40 (29.9%), pyrethrum (16.7%), rotenone

(27.6%) and toxaphene (22.2%).

Abbreviations: CI, confidence intervals; OR, odds ratio.
aLogistic regression models were adjusted for age, sex, location (province or state), use of proxy respondents and diagnosis of leukemia or lymphoma in a

first-degree relative.
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F IGURE 1 Generalized additive logistic regression for years of insecticide use and NHL risk, estimated in subsets of positively associated
NHL subtypes identified in the ASSET analysis. P values are based on logistic regression with smoothing splines, adjusted for age, sex, location
(province or state), use of proxy respondents and diagnosis of leukemia or lymphoma in a first-degree relative [Color figure can be viewed at
wileyonlinelibrary.com]
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duration of use were examined for NHL overall and for subtype

groupings identified in the ASSET subset analysis (Table 4). P values

indicative of a significant linear trend in risk were observed for several

insecticides, including lindane, chlordane and DDT. However, the

observed OR estimates did not increase monotonically across catego-

ries corresponding to longer duration of exposure.

Compared to the unexposed, self-reported lindane use for >5 to

10 years (OR = 1.85, 1.15-2.98) and longer than 10 years (OR = 1.73,

1.20-2.50) were associated with increased risk of NHL overall

(Ptrend = 1.8 × 10−4). The magnitude of this association increased

when the outcome was restricted to FL, DLCBL and SLL, with an OR

of 1.95 (95% CI: 1.18-3.23) for >5 to 10 years of use, and OR of 1.81

(95% CI: 1.22-2.68) for more than 10 years of use (Ptrend = 1.7 × 10−4).

For chlordane, both short-term exposure up to 10 years (OR = 1.46,

1.11-1.94) and long-term use for over 20 years (OR = 2.15, 1.12-4.13)

were associated with increased risk of NHL overall (Ptrend = 3.0 × 10−3).

This pattern persisted when NHL subtypes except DLCBL were con-

sidered (OR for <10 years: 1.77, 1.30-2.42; OR for >20 years: 1.99,

0.90-4.40; Ptrend = 1.0 × 10−3). Compared to unexposed subjects,

DDT use for up to 10 years was associated with increased risk of

NHL overall (OR = 1.40, 1.12-1.75; Ptrend = .02) and NHL subtypes

excluding FL (OR = 1.51, 1.17-1.94; Ptrend = 4.2 × 10−3), however

associations with prolonged exposure were not statistically

significant.

Compared to the unexposed, pyrethrum use for over 10 years

was associated with increased risk of FL (OR = 5.38, 1.75-16.53;

Ptrend = 3.6 × 10−3). The remaining significant findings were limited to

exposure of up to 10 years, but not for longer durations. Heptachlor

use for >5 to 10 years was associated with a fourfold increase in SLL

risk (OR = 4.65, 1.53-14.10; Ptrend = .05). This pattern was also

observed for HCCH use and risk of FL and SLL (OR = 3.44, 1.48-7.97),

copper I acetoarsetnite and SLL risk (OR = 3.05, 1.38-6.77), dieldrin

and all subtypes except for DLCBL (OR = 1.62, 1.00-2.60) and use of

toxaphene and risk of FL and SLL (OR = 2.35, 1.22-4.54).

Categorizing duration of exposure values, which were imputed

using a linear model, may yield inaccurate estimates, since this

assumes that the exposure-response relationship is linear. Therefore,

we also explored nonlinear relationships between duration of insecti-

cide use and NHL risk using nonimputed data. Analyses of years of

insecticide use using smoothing splines revealed several statistically

significant nonlinear relationships with years of use. Significant associ-

ations with NHL, most of which were characterized by a rise followed

by a plateau or decline in risk, were observed for lindane

(P = 8.4 × 10−5), chlordane (P = 1.5 × 10−6), DDT (P = 8.0 × 10−3) and

HCCH (P = .028; Figure 1). However, for pyrethrum (P = .011)

and Black Leaf 40 (P = .029), the association between years of use

and their respective NHL subtypes appeared to be linear.

4 | DISCUSSION

Despite accumulating evidence linking insecticide exposure to

increased NHL risk, epidemiologic data remain relatively limited for

many compounds, especially for associations with specific NHL sub-

types. Our study attempted to address this gap and identified several

compounds that were associated with increased risk of NHL and

exhibited subtype-specific associations. The most consistent evidence

across multiple exposure metrics was observed for lindane, chlordane

and DDT. Statistically significant associations were also observed for

selected exposure metrics, particularly duration of use, for pyrethrum,

HCCH, heptachlor, copper acetoarsenite and nicotine-based Black

Leaf 40.

Importantly, none of the insecticides examined appeared to be

associated with all NHL subtypes, suggesting that studies that are

unable to examine NHL subtypes may miss associations. Pyrethrum

use was associated with FL, while heptachlor and copper

acetoarsenite were primarily associated with increased SLL risk. Asso-

ciations with duration of use were strengthened when years of use

for each insecticide were examined in relation to NHL subtypes

included in the positive subset identified by ASSET. This pattern of

results is compatible with the etiologic heterogeneity of lymphomas2,4

and further supports the relevance of subtype-specific analyses.

Our findings are compatible with some of the existing epidemio-

logic literature, however, we also report several novel subtype-

specific relationships. Ever use of lindane (γ-HCCH) was associated

with significantly increased risks of three NHL subtypes (FL, DLCBL

and SLL), while HCCH was associated with FL and SLL only. Lindane

is a known human carcinogen, easily absorbed via all routes of expo-

sure, and associated with production of free radicals, reactive oxygen

species and chromosomal aberrations in human lymphocytes.38,39 The

most recent IARC assessment of lindane highlighted strong associa-

tions in epidemiological studies,9 including previous reports from

case-control studies comprising the NAPP,26,29 as well as the

AHS.22,40 However, in contrast to our findings, estimates for ever use

were not elevated in the AHS and significant exposure-response

trends were observed for NHL overall22,40 and FL only.22 Dis-

entangling the associations between lindane and HCCH, which is clas-

sified as possibly carcinogenic (2B), is challenging. Approximately 47%

of participants who reported HCCH exposure did not report exposure

to lindane, however, technical-grade HCCH is a mixture of isomers

(primarily α, β, γ, δ and ε). Commercial lindane products may also

include ~10% β-HCCH, which has a longer half-life.13 Thus, although

our findings raise the possibility that different HCCH isomers are

implicated in NHL susceptibility, we cannot preclude the possibility of

exposure misclassification and contamination of the HCCH signal by

the effects of lindane (γ-HCCH).

The significant association between chlordane use and risk of

NHL and several subtypes (SLL, FL and other) is a novel finding. The

literature on chlordane has been mixed, including results from studies

comprising the NAPP. McDuffie et al. found no association in the

CCSPH,29 while Brown et al observed significantly increased risks

among farmers in Iowa/Minnesota who handled chlordane.35 The

subtype-specific analysis of the AHS cohort also reported elevated

risks for SLL, but the estimates did not reach statistical significance.22

However, SLL and CLL (chronic lymphocytic leukemia) were analyzed

as a composite phenotype in the AHS, which may also contribute
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differences between our results. Inconsistencies across studies of

NHL may be partly explained by our observation that chlordane

appears unrelated to DLBCL risk. Since DLBCL is the most common

NHL subtype,41 this association may dominate the effects observed

for NHL overall. Furthermore, comparing subtype-specific associa-

tions across studies conducted in different time periods is complicated

by changes in lymphoma classifications. Depending on the ICD coding

used at the time of data collection and analysis, the phenotype defini-

tions in some studies may not be directly comparable with more

recent classification strategies.

We observed a significant association between use of DDT, a

probable (Group 2A) human carcinogen, and risk of NHL overall and

all subtypes except for FL. Our findings are compatible with the

AHS,22 where increasing lifetime exposure days of DDT conferred an

increased risk of NHL overall, SLL, chronic B-cell lymphocytic lympho-

mas and mantle-cell subtypes. DDT is arguably the most extensively

studied insecticide, with strong mechanistic evidence for carcinoge-

nicity, including immunosuppression and increased oxidative

stress9,17; however, epidemiological data are varied. Analysis of

Nebraska, Iowa/Minnesota, and Kansas studies observed several posi-

tive associations with DDT exposure for NHL, but not specific sub-

types, which became attenuated after adjustment for respondent

status and use of other pesticides.42 Another analysis of data from

Nebraska and Iowa/Minnesota observed weak and nonsignificant

associations with NHL for lindane, chlordane and DDT.43 Similarly,

the European EPILYMPH study did not identify meaningful associa-

tions with DDT, or organochlorines as a group, and risk of NHL or

DLBCL.23

In addition to self-reported exposure, biomarker studies of organ-

ochlorine levels also provide suggestive links with NHL risk. A Cana-

dian study of insecticides and their metabolites observed significantly

increased risks of NHL in relation to plasma levels of p,p0-DDE, a

metabolite of p,p0-DDT, and oxychlordane, a metabolite of chlordane,

as well as β-HCCH.44 In a prospective study of serum or plasma con-

centrations in three cohorts from Europe and North America Engel

et al observed a modestly increased NHL risk for p,p0-DDE, which

became attenuated after adjustment for polychlorinated biphenyl

levels.45 Prediagnostic adipose levels of p,p0-DDT and oxychlordane in

a Danish cohort were also associated with excess risks of NHL.46

However, another European study did not find evidence of an associ-

ation between NHL risk and plasma level of organochlorines.47 A

study of prediagnostic serum concentrations of organochlorines,

including β- and γ-HCCH, in a cohort from Maryland found no associ-

ation with NHL risk, however, this analysis was based on a small num-

ber of cases.48 More recently, a pooled analysis of East Asian cohorts

with substantially higher blood concentrations of organochlorines

than in Western populations, reported a significant association

between β-HCCH levels and NHL risk, but not p,p0-DDE levels.49

In contrast to studies of well-characterized organochlorine com-

pounds, fewer studies have examined pyrethrins and other inorganic

agents. We observed a fivefold increase in FL risk associated with

10 or more years of pyrethrum use, as well as significant associations

with ever use. Pyrethrum is a naturally occurring compound with

insecticidal properties, derived from chrysanthemum flowers. Its syn-

thetic derivatives, such as permethrin, are more stable and cost-effi-

cient.50 The 2007 evaluation by the U.S. EPA deemed the evidence

for pyrethrum to be “suggestive but not sufficient to assess human

carcinogenic potential” while permethrin was classified as “likely carci-

nogenic to humans”.50 The excess risks observed for pyrethrum use in

our study are noteworthy since this class of insecticides is widely used

in place of organochlorines, both in occupational and residential set-

tings. The epidemiologic data on pyrethrins in cancer etiology are

sparse, although increased risks of leukemia have been observed in

farmers from Iowa/Minnesota.51 Two analyses of the permethrin use

in the AHS observed increased risks of multiple myeloma, but not

other lymphoma subtypes,22,52 which makes our findings for FL novel.

This analysis is also the first to report a significant association with

ever use of copper acetoarsenite and SLL risk, although a consistent

exposure-response relationship was lacking.

This analysis has several limitations that should be acknowledged.

First, all analyses of NHL risk were based on self-reported insecticide

use, rather than directly measured exposures or internal dose levels.

However, self-reported pesticide use has been shown to be an

acceptable measure of pesticide exposure in agricultural

populations.53-55 Although differential recall of pesticide use by can-

cer cases and controls is a concern in case-controls studies, previous

analyses of studies included in the NAPP found little evidence of

case-response bias.53 Comparison of information on pesticide use that

was volunteered vs information obtained after probing by the inter-

viewer found that the pattern was similar for cases and controls.27,53

In addition, the reliability of pesticide reporting among farmers is com-

parable in accuracy to information obtained on many other factors in

epidemiologic studies.55

Exposure misclassification due to the use of proxy respondents in

the NAPP may also influence the observed results; therefore, all esti-

mates in our study were adjusted for respondent status. Sensitivity

analyses excluding exposure information contributed by proxy

respondents indicated that although most of the associations became

somewhat attenuated, the overall pattern of results remained consis-

tent. This is consistent with comparisons of interviews of farmers and

their spouses, which suggest that the resulting exposure mis-

classification tends to be nondifferential and bias estimates towards

the null since spouses could not provide as much information on pes-

ticide use as the farmers themselves, rather than systematically over-

reporting pesticide use.56

Second, despite the increase in the overall sample size resulting

from pooling the CCSPH and U.S. NCI studies, exposure prevalence

remained low for some pesticides, and information on duration of use

was sparse for some agents. These data limitations hamper our ability

to make conclusive inferences regarding certain insecticide-NHL com-

binations, as well as the shape of the exposure-response relationship

between years of use and NHL risk. Our results are informative to the

extent that they illustrate high-level features of the exposure-

response relationship, such as a steep initial increase in risk followed

by a plateau compared to a gradual increase for short-term exposure

and more dramatic increase in risk for long-term users. However,
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since the selection of optimal spline parameters is entirely data driven,

replication of these features in other datasets, especially longitudinal

studies with a greater number of individuals with long-term exposure,

will provide more conclusive evidence for the true shape of the

exposure-response relationship. In addition to duration of exposure,

we also stress caution in the interpretation of our associations

observed for the Other NHL category, which represents a highly het-

erogeneous group of unclassifiable malignant lymphoma subtypes.

These caveats emphasize the need for future studies to follow up and

replicate some of the subtype-specific associations observed in the

NAPP. Lastly, our study was limited to relatively crude exposure met-

rics, such as ever use and duration of use, which precluded a more

comprehensive exposure assessment and analysis that would account

for multiple routes of exposure, such as through diet, and evaluate dif-

ferent etiologic windows, such as exposures occurring early in life.

Our study has several important advantages. Our study is the first

to systematically explore subtype-specific NHL associations for this

group of insecticides in a population based-context and incorporate this

information into our analyses of exposure duration. Other analyses

within the NAPP have reported that increasing duration of exposure to

organophosphate and carbamate insecticides increase the risk of NHL

overall, as well as FL and DLBCL subtypes.57 The NAPP is one of the

largest pooled case-control studies of agricultural exposures and hema-

topoietic cancers that included both rural and urban populations in

North America. Our analytic approach using ASSET allowed us to main-

tain an adequate level of type I error while testing a number of disease-

exposure combinations, and improve our power identifying sub-type

specific associations. The importance of distinguishing lymphoma sub-

types has also been highlighted by genetic association studies, with

robust susceptibility signals detected for FL,58,59 DLBCL60 and CLL,61

but less so for NHL overall. Furthermore, differences in genetic suscep-

tibility may be relevant for the effects of insecticide use, with some evi-

dence that associations observed for organochlorines may be modified

by genes involved in immune function and detoxification.62,63

In summary, this work provides further insight into the relation-

ship between insecticide exposure and risk of NHL subtypes in a large

population-based study. Historically, exposures to pesticides through

agricultural, industrial and domestic use, have been widespread in

both Canada and the United States. Although many compounds inves-

tigated in our study have been severely restricted or banned in devel-

oped countries, many are bio-accumulative and persistent in the

environment, creating opportunities for continued exposure through

dietary, environmental and occupational sources. Furthermore, certain

compounds, such as DDT, continue to be used in countries with less

stringent regulation64,65 and exposure can also occur under public

health exemptions related to control of mosquito-borne diseases.64,65

Therefore, characterizing insecticide effects on health is important for

improving public health decision-making and informing more effective

prevention and risk-management strategies.
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