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ABSTRACT

Objectives Given mixed evidence for carcinogenicity
of current-use herbicides, we studied the relationship
between occupational herbicide use and risk of non-
Hodgkin's lymphoma (NHL) in a large, pooled study.
Methods We pooled data from 10 case-control
studies participating in the International Lymphoma
Epidemiology Consortium, including 9229 cases and
9626 controls from North America, the European Union
and Australia. Herbicide use was coded from self-report
or by expert assessment in the individual studies, for
herbicide groups (eg, phenoxy herbicides) and active
ingredients (eg, 2,4-dichlorophenoxyacetic acid (2,4-D),
glyphosate). The association between each herbicide
and NHL risk was estimated using logistic regression

to produce ORs and 95% Cls, with adjustment for
sociodemographic factors, farming and other pesticides.
Results We found no substantial association of all
NHL risk with ever-use of any herbicide (OR=1.10,
95% Cl: 0.94 to 1.29), nor with herbicide groups or
active ingredients. Elevations in risk were observed for
NHL subtypes with longer duration of phenoxy herbicide
use, such as for any phenoxy herbicide with multiple
myeloma (>25.5 years, OR=1.78, 95% Cl: 0.74 to 4.27),
2,4-D with diffuse large B-cell lymphoma (>25.5 years,
OR=1.47,95% Cl: 0.67 to 3.21) and other (non-2,4-D)
phenoxy herbicides with T-cell lymphoma (>6 years,
lagged 10 years, OR=3.24, 95%Cl: 1.03 to 10.2). An
association between glyphosate and follicular lymphoma
(lagged 10 years: OR=1.48, 95% Cl: 0.98 to 2.25) was
fairly consistent across analyses.

Conclusions Most of the herbicides examined were
not associated with NHL risk. However, associations

of phenoxy herbicides and glyphosate with particular
NHL subtypes underscore the importance of estimating
subtype-specific risks.

INTRODUCTION

Synthetic herbicides were first introduced to
the agricultural market for weed control in the
1940s. Today, herbicides are widely applied in
farming as well as urban and residential settings,
resulting in potential exposure for both applica-
tors and the general public. Several herbicides

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Several widely used herbicides have been
classified by advisory or regulatory bodies in
recent years as possible or probable human
carcinogens, based on limited or inadequate
evidence from epidemiological studies and
stronger evidence from animal bioassays and
mechanistic studies.

= Limitations of prior epidemiological studies
on this topic include assessment of simple
exposure metrics such as ever-use that did
not characterise dose or level of exposure,
limited or no adjustment for other herbicides or
pesticides and small sample sizes

WHAT THIS STUDY ADDS

= In our analysis of a large, pooled study
population with assessment of lifetime
occupational histories and adjustment of
herbicide risk estimates for use of other
pesticides, we found increased risks of non-
Hodgkin's lymphoma (NHL) in association with
longer-duration 2,4-dichlorophenoxyacetic acid
(2,4-D) use.

= Analysis of risks with glyphosate use, including
eight total studies with six that have not
previously reported on glyphosate, found no
association with all NHL and an association
with follicular lymphoma that was limited to
short-duration use.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our results support previous evidence for the
carcinogenicity of 2,4-D.

= The association we found between glyphosate
use and follicular lymphoma, but not with all
NHL, underscores the importance of estimating

subtype-specific risks to clarify associations.

have been evaluated for human carcinogenicity in
recent years by international or national advisory
or regulatory bodies; for example, in 2015, the
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International Agency for Research on Cancer (IARC) classified
2,4-dichlorophenoxyacetic acid (2,4-D) as a possible carcinogen
and glyphosate as a probable carcinogen.'?

The human (epidemiological) data supporting these assess-
ments were considered inadequate or limited,® * forcing heavy
reliance on the available animal bioassays and mechanistic data
for evidence conclusions. Nevertheless, several epidemiolog-
ical studies showed positive relationships between exposure
to the herbicide active ingredients and risk of non-Hodgkin's
lymphoma (NHL), so research has continued to focus on NHL
as a target cancer outcome. Noted limitations of the previous
epidemiological research include assessment of simple exposure
metrics such as ever-use that did not characterise dose or level
of exposure, limited or no adjustment for other pesticides, and
small sample sizes. More recent studies have sought to overcome
these limitations, primarily through analysis of large study popu-
lations and assessment of semi-quantitative exposure metrics
including duration, frequency and intensity.

While the evidence linking herbicide exposures to NHL risk
is mixed, heavy use of herbicides begs further study. To add new
data on the topic, we conducted a pooled analysis of case-control
studies participating in the International Lymphoma Epidemi-
ology (InterLymph) Consortium. Our aim was to estimate asso-
ciations between occupational herbicide use and risk of NHL
and its major subtypes in a large study population, with a partic-
ular focus on 2,4-D and glyphosate. We also aimed, to the extent
possible, to estimate risks for various exposure metrics harmon-
ised across the studies, including duration and lagged use.

METHODS

Study population

InterLymph formed in 2001 to facilitate intellectual exchange
and collaborative research towards identifying preventable risk
factors for lymphoid cancers. Individual case-control studies
participating in InterLymph were eligible for this pooled analysis
if they collected information on occupational chemical use by
questionnaire items that implicitly or explicitly elicited reporting
of herbicides.

A summary of the 10 participating case-control studies is
provided in table 1.°7'° The studies included persons with histo-
logically confirmed incident primary diagnosis of NHL during the
respective enrolment periods, spanning 1980-2013. Reflecting
changes in the pathology classification of lymphomas,'” the
studies used different criteria for inclusion of lymphoma
subtypes. Controls were identified from the general population
or participating hospitals/clinics and were frequency-matched or
pair-matched to the cases by factors including age and sex, and
in some studies, region or race. The pooled data included 9626
controls and 9229 cases (1638 chronic lymphocytic leukaemia/
small lymphocytic lymphoma/mantle cell lymphoma/prolym-
phocytic leukaemia (hereafter referred to, collectively, as CLL),
2160 diffuse large B-cell lymphoma (DLBCL), 1587 follicular
lymphoma (FL), 1581 other B-cell lymphoma (OBCL), 1355
multiple myeloma (MM), 456 T-cell lymphoma (TCL) and 452
not otherwise specified/unknown (NOS/UNK)).

Variables already harmonised for previous InterLymph
analyses included age at the reference date (diagnosis date or
corresponding date for controls), sex, race/Hispanic ethnicity,
socioeconomic status (SES) at the reference date (based on
education and/or income),'® NHL subtype coded according to
the 2008 WHO classification'” 2 and job titles from occupa-
tional histories, coded according to the International Standard
Classification of Occupations 1968.%! 2

Pesticide exposure coding

Each study provided data on occupation, farming and pesti-
cide use. Occupational use of pesticides was coded directly
from questionnaire responses (ie, self-report) or from reviews
conducted by local experts in the individual studies (ie, expert
assessment), as described previously (online supplemental mate-
rial 1).%

Particular herbicides were selected for the pooled analysis
based on exposure in at least three studies, and included use
of any herbicide, the broad herbicide groups of phenoxy acids
(‘phenoxy’ herbicides), triazines and amides, and the active
ingredients 2,4-D, glyphosate, atrazine, alachlor, trifluralin,
dicamba, pendimethalin and paraquat, as well as grouped ‘other’
(non-2,4-D) phenoxy herbicides (eg, 2,4,5-T, MCPA, mecoprop).
For each herbicide group or active ingredient, exposure variables
were summarised across all jobs held by a participant. Ever-use
and use duration were coded, in addition to lagged versions of
these variables that captured use >10 years before NHL diag-
nosis or the corresponding reference date for controls. Dura-
tion variables were categorised based on percentiles (p), in two
categories (<50p, >50p) and three categories (<50p, >50p to
75p, >75p).

Although a 10-year exposure lag was selected for the main
analysis, a priori, variables were also created for lagged expo-
sure windows that covered multiple periods before the case
diagnosis or control reference date. These were coded as
four indicator variables (>0-5 years, >5-10 years, >10-20
years, >20 years), and participants could be included in one
or multiple exposure windows, depending on their years of
use. Another set of indicator variables was created to repre-
sent decades of use (before 1960, 1960s, 1970s, 1980s, 1990s,
2000 or later).

Statistical analysis

Pooled analysis

Logistic regression was used to estimate ORs and 95% Cls for
associations between herbicide use and risk of NHL. All pooled
analyses were conducted using SAS V.9.4 (Cary, North Carolina,
USA). Exposure was analysed in separate models as ever-use,
duration, 10-year lagged ever-use or duration, lagged expo-
sure windows and decades of use—each with never-use of the
particular herbicide as the reference category. The linear trend
in NHL risk across categories of duration was evaluated by the
p value from modelling 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 indi-
cator terms) the study centre (ie, specific city/hospital of data
collection), age (<45, 45-54, 55-64, 65-74, =75 years), gender,
SES (low, medium, high), race/ethnicity (white, non-Hispanic vs
non-white or Hispanic) and farming occupation (ever vs never).
Covariates were also included to adjust for other pesticide use, as
evidence of confounding by other pesticides has been suggested
in previous studies of herbicides and NHL." * This adjustment
included up to five covariates, selected and coded specifically for
each herbicide, broadly including indicators for use of organo-
phosphate insecticides, organochlorine insecticides, phenoxy
herbicides, glyphosate and any other pesticide (details in online
supplemental material 2).

Aetiological heterogeneity was evaluated by fitting polyt-
omous logistic regression models for the NHL subtypes, with
estimation of the OR and 95% CI for each subtype-specific asso-
ciation versus a common control group.
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Meta-analysis

Random effects meta-analysis was conducted on study-specific
ORs to assess comparability to findings from the pooled anal-
ysis, and to test heterogeneity of the estimated effect among
studies by the p value for the I* statistic (p value for heteroge-
neity (‘p-het’)). Meta-analysis was conducted using StataSE V.15
(StataCorp, College Station, Texas, USA).

Sensitivity analysis

Several additional analyses of the pooled data were conducted
to assess sensitivity of the main results to: (1) no adjustment
for other pesticides; (2) limiting to participants who never used
other specific herbicides as an alternative approach to assessing
confounding, in analysis of phenoxy herbicides (excluded if used
glyphosate), 2,4-D (excluded if used other phenoxy herbicides
or glyphosate), other phenoxy herbicides (excluded if used 2,4-D
or glyphosate) and glyphosate (excluded if used phenoxy herbi-
cides); (3) limiting exposure to high-frequency (eg, days/year) of
use in 6 of the 10 studies (defined as frequency of use above the
25th percentile frequency value for the particular herbicide in
each study); herbicide use from the four studies without frequency
information were also included in this analysis using the same
exposure coding as the main analysis; (4) limiting the population
to participants who ever worked on a farm, as this subgroup was
more likely to be exposed than the rest of the study population,
yet may also have had unmeasured risk factors®*; (5) limiting
to participants who never worked in farming but ever worked
in non-farming jobs considered, a priori, to have relatively high
probability of herbicide use, including jobs in forestry and occu-
pation as a gardener/groundskeeper, janitor/cleaner or general
labourer; (6) fitting separate models for men and women, as the
two genders may have different levels of exposure®; (7) fitting
separate models for studies with exposures coded according to
expert assessment or self-report; (8) fitting separate models for
the largest study with the highest herbicide exposure prevalence
(Mayo), and other studies excluding Mayo.

RESULTS

The 10 case-control studies participating in the pooled analysis
were conducted in North America, Europe and Australia from
1980 to 2013 (table 1). Controls differed between the studies
by history of work in farming, as at least one study exclu-
sively focused on agricultural regions (Italian, 31.4% ever held
farming job), other studies included a mix of rural and urban
areas (ENGELA and Mayo, 15.6%-18.1% farming) and several
studies were conducted in large cities (LAMMCC, LANHL and
BCMM, 6.5%-10.4% farming). Occupational pesticide use was
somewhat reflective of farming history in the studies, ranging
from 5% (LAMMCC) to 26% (Italian). Herbicide use ranged
from 1.4% (LAMMCC) to 13.6% (Mayo) and was generally less
common than insecticide use, except in two studies conducted
after the year 2000 (ENGELA and Mayo). Individual study prev-
alences of all the herbicides are shown in online supplemental
table 1.

Characteristics of the 9229 cases and 9626 controls in the
pooled dataset are shown in table 2. Although most of the
individual studies matched by demographic factors, cases were
slightly older and more frequently male than the controls. Cases
and controls were fairly similar with regard to race; over 90%
of participants were white/assumed white. Cases were slightly
more likely than controls to be classified as low SES (41.5% vs
37.6%) or to have ever worked in farming (16.5% vs 15.5%).
Cases were also more likely than controls to have ever used any

Workplace

Table 2 Characteristics of cases and controls in the International
Lymphoma Epidemiology study of herbicides (n (%))

Controls Cases
N=9626 N=9229
Age (years)
<45 1692 (17.6) 1306 (14.1)
45-54 1726 (17.9) 1716 (18.6)
55-64 2472 (25.7) 2566 (27.8)
65-74 2886 (30.0) 2849 (30.9)
>75 850 (8.8) 792 (8.6)
Gender
Female 4597 (47.8) 4195 (45.4)
Male 5029 (52.2) 5034 (54.6)
Race/Hispanic ethnicity*
White, non-Hispanic 8928 (92.8) 8471 (91.8)
Black 244 (2.5) 226 (2.5)
Other non-white or Hispanic 416 (4.3) 483 (5.2)
Missing 38(0.4) 49 (0.5)
Socioeconomic status
Low 3614 (37.6) 3827 (41.5)
Medium 3170 (32.9) 2754 (29.8)
High 2762 (28.7) 2203 (23.9)
Missing 80 (0.8) 445 (4.8)
Job history (ever)
Farming 1492 (15.5) 1526 (16.5)
Forestry 65 (1.0) 69 (1.1)
Gardener/Groundskeeper 74 (1.0) 93 (1.3)
Janitor/Cleaner 344 (4.8) 400 (5.7)
General labourer 460 (4.8) 532 (5.8)
Occupational pesticide use (ever)
Anyt 1201 (12.5) 1263 (13.7)
Insecticide 639 (6.6) 669 (7.2)
Herbicide 596 (6.2) 644 (7.0)

*White category includes ‘assumed white’, based on region and/or ethnicity (<2%
of study population).

tOccupational use of any type of pesticide including insecticides, herbicides,
fungicides, fumigants, rodenticides, etc.

type of pesticide (13.7% vs 12.5%) or herbicide (7.0% vs 6.2%).
Controls with occupational herbicide use had frequently worked
in farming (70.5%), as gardeners/groundskeepers (7.4%),
cleaners/janitors/building maintenance workers (6.1%) and
general labourers (6.2%) (not shown). Out of all controls who
ever worked in farming, 28.29% had used herbicides (not shown).

We present as our main results, analyses of ever-use and dura-
tion (table 3). The full set of pooled results including 10-year
lagged exposures, exposure windows and decades of use are
shown in online supplemental table 2. Occupational use of
any type of herbicide was only weakly associated with risk of
all NHL (OR=1.10, 95%CI: 0.94 to 1.29). Increased risk of
TCL was estimated in association with ever-use of any herbi-
cide (OR=1.40, 95%CI: 0.87 to 2.27) and moderate duration
(>12to 25.5 years, OR=2.21, 95%CI: 1.11 to 4.41). There
was little difference between lagged and unlagged exposure
associations for any herbicide use with all NHL (online supple-
mental table 2). Herbicide use during the 1960s was associated
with increased risk of all NHL, as was use in the 2000s or later
(table 4). However, the association between herbicide use and
TCL was strongest for use in the 1970s (OR=3.28, 95%CI:
1.42 to 7.56).
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Table 4 Associations between occupational herbicide use and risk of all NHL (ORs and 95% Cls)*

Other phenoxy
Herbicides Phenoxy herbicides 2,4-D herbicides Glyphosate
Cases OR (95%Cl) Cases OR (95%Cl) Cases  OR (95%Cl) Cases OR(95%Cl) Cases OR (95%Cl)
Lagged exposure
windowst#
>0-5 years 202 1.07 (0.78 to 1.47) 100 1.55(0.99 to 2.42) 60 1.53(0.83 t0 2.84) 19 0.54 (0.16 t0 1.82) 146 0.85 (0.60 to 1.20)
>5-10years 222 0.91 (0.64 to 1.29) 106 0.72 (0.44t0 1.18) 75 0.76 (0.41 to 1.41) 23 2.20(0.53 t0 9.08) 169 1.14(0.78 to 1.67)
>10-20 years 318 1.20(0.92 to 1.56) 170 1.02 (0.72 to 1.44) 138 0.97 (0.66 to 1.43) 34 1.18 (0.49 t0 2.83) 199 1.08 (0.79 to 1.49)
>20 years 445 0.92 (0.75t0 1.12) 290 1.00 (0.79 to 1.28) 234 1.03 (0.78 to 1.36) 68 0.75(0.50t0 1.12) 146 0.84(0.62 t0 1.13)
Decades of use
Before 1960 162 0.81(0.61 to 1.09) 99 0.73 (0.51 to 1.04) 73 0.70 (0.46 to 1.06) 22 0.53 (0.27 to0 1.02) 0 -
1960s 281 1.31(0.98 to 1.75) 182 1.41 (0.99 to 1.99) 139 1.57 (1.05 to 2.35) 51 1.59 (0.89 to 2.84) 0 -
1970s 337 0.87 (0.65t0 1.17) 206 1.09 (0.77 to 1.55) 168 1.12 (0.76 to 1.65) 49 0.73 (0.39t0 1.38) 107 1.17 (0.82 to 1.65)
1980s 361 1.03 (0.79 to 1.36) 193 0.78 (0.55t0 1.12) 158 0.77 (0.52 to 1.15) 36 2.69 (1.06 to 6.81) 178 0.85(0.63 to 1.16)
1990s 295 0.82 (0.63 to 1.06) 155 0.99 (0.69 to 1.42) 113 0.93 (0.60 to 1.44) 16 0.32(0.11 t0 0.94) 222 0.85 (0.62 to 1.15)
2000s or later 121 1.78 (1.26 t0 2.52) 63 1.30(0.82 t0 2.07) 49 1.32(0.76 t0 2.28) 3 0.79 (0.15 to 4.15) 132 1.24 (0.87 t0 1.76)

Lagged exposure windows and decades of use for selected herbicides.

*ORs and 95% Cls from logistic regression models, with adjustment for study centre, age, gender, socioeconomic status, race/Hispanic ethnicity, farming work history and a set of covariates for use

of other pesticides.

tExposure windows for timing of herbicide use before the reference date (diagnosis date for cases or corresponding reference date for controls).
$Modelled as a set of indicator variables; participants could be exposed in multiple lagged exposure windows or decades.

2,4-D, 2,4-dichlorophenoxyacetic acid; NHL, non-Hodgkin's lymphoma.

Phenoxy herbicides and 2,4-D, specifically, were associated
with non-significantly increased risks of several NHL subtypes.
The most consistent associations were observed by increasing
duration of use for phenoxy herbicides with MM (>235.5 years,
OR=1.78, 95%CI: 0.74 to 4.27; p-trend=0.15) and 2,4-D
with DLBCL (>25.5 years, OR=1.47, 95%CI: 0.67 to 3.21;
p-trend=0.21). Associations with any phenoxy herbicides and
2,4-D were generally less strong when exposure was lagged by
10 years (online supplemental table 2); likewise, the strongest
associations were estimated for exposures within 5 years before
diagnosis (table 4 and online supplemental table 2). An associa-
tion between phenoxy herbicides and TCL (OR=1.85, 95% CI:
0.98 to 3.48) was explained by an association with other (ie,
non-2,4-D) phenoxy herbicides (OR=2.71, 95%CI: 1.16 to
6.33). Analysis of lagged exposure windows showed the highest
ORs for TCL with exposures occurring 10-20 or >20 years
before diagnosis, and associations with longer duration were
strongest with a 10-year lag (>6 years, OR=3.24, 95% CI: 1.02
to 10.2; p-trend=0.04). The highest increased risks of all NHL
were estimated for phenoxy herbicide or 2,4-D use that occurred
in the 1960s—a pattern also observed for 2,4-D use in associ-
ation with DLBCL (use in 1960s, OR=3.02, 95%CI: 1.50 to
6.09). In contrast, the association between phenoxy herbicide
use and MM was strongest for use that occurred in the 2000s or
later, based on five exposed cases (OR=3.60, 95% CI: 0.94 to
13.7). Use of other phenoxy herbicides in the 1980s was associ-
ated with increased risk of all NHL (table 4) and use in the 1970s
was most strongly associated with increased risk of TCL (seven
exposed cases, OR=3.29, 95%CI: 0.70 to 15.4).

Glyphosate use was not associated with all NHL in our main
analysis (OR=1.03, 95%CI: 0.83 to 1.29). An association
between glyphosate use and FL was somewhat stronger when
lagged by 10 years (OR=1.48, 95%CI: 0.98 to 2.25, online
supplemental table 2) and this association was limited to shorter-
duration exposures (<8 years, OR=1.80, 95% CI: 1.15 to 2.82;
>8 years, OR=1.00, 95%CI: 0.55 to 1.83). Non-statistically
significant risk increases were also estimated for OBCL and TCL
in association with mid-level or longest duration categories of
glyphosate use. The association between glyphosate use and FL

was strongest for use during the 1970s (OR=1.21, 95% CI: 0.70
to 2.09), whereas the association with all NHL was highest for
use in the 2000s or later (OR=1.24, 95% CI: 0.87 to 1.76).

None of the other herbicide groups or active ingredients exam-
ined were associated with increased risk of NHL. Inverse asso-
ciations, some statistically significant, were estimated for amide
herbicides and trifluralin. Some elevated ORs were observed in
association with paraquat use, based on small numbers.

Selected meta-analysis forest plots are shown in online supple-
mental figure 1. Meta-analysis confirmed weak associations of
ever-use of any herbicide, phenoxy herbicides or 2,4-D with all
NHL, with little or moderate heterogeneity of effect between
studies. An association between any herbicide use and TCL
was slightly stronger in meta-analysis (nOR=1.69, 95%CI:
1.00 to 2.86, p-het=0.65) than pooled analysis. The associa-
tion between glyphosate and all NHL from meta-analysis was
stronger for lagged use (mOR=1.38, 95%CI: 0.79 to 2.42,
p-het=0.07) than ever-use (mOR=1.02, 95%CI: 0.70 to 1.48,
p-het=0.17), although both analyses revealed moderate hetero-
geneity between studies. Associations were higher from meta-
analysis than pooled analysis and showed little heterogeneity
for lagged glyphosate use with NHL subtypes FL (mOR=2.20,
95%CI: 1.00 to 4.87, p-het=0.20) and TCL (mOR=2.58,
95%CI: 0.60 to 11.1, p-het=0.28), and phenoxy herbicide
use duration >8 years with MM (mOR=2.33, 95%CI: 0.81 to
6.66, p-het=0.32). Results were similar between meta-analysis
and pooled analysis and there was little heterogeneity for longer-
duration 2,4-D use (>8 years) in association with DLBCL and
OBCL.

Sensitivity analyses (figure 1) revealed generally small (<10%
change in OR from main model) or modest (10%-20% change
in OR) magnitudes of confounding by other pesticides (online
supplemental table 3). Exclusion of participants with potentially
confounding exposures to other herbicides typically resulted in
stronger associations for phenoxy herbicides and glyphosate in
relation to NHL and subtypes, except the association between
phenoxy herbicides and MM was diminished. Limiting to rela-
tively high frequency of use in the studies that collected this
information had little impact on most results, with exception
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Figure 1

Sensitivity and alternative analyses of selected associations between occupational herbicide use and risk of non-Hodgkin's lymphoma (NHL) and

NHL subtypes (ORs and 95% Cls from logistic regression models, with adjustment for study centre, age, gender, socioeconomic status (SES), race/Hispanic
ethnicity, farm work history and a set of covariates for use of other pesticides). NHL subtypes: 2,4-D, 2,4-dichlorophenoxyacetic acid; DLBCL, diffuse large
B-cell lymphoma; FL, follicular lymphoma; MM, multiple myeloma; TCL, Tcell lymphoma. ‘Change in OR' refers to the OR change from the main analysis to

the alternative/sensitivity analysis.

of slightly lowering ORs for associations of glyphosate with all
NHL and FL. Several associations were stronger (higher ORs)
when limiting to participants who ever worked on a farm, such
as 2,4-D use with all NHL and other phenoxy herbicides with
TCL, although associations with glyphosate were diminished.
The association between lagged glyphosate use and FL was
prominent among participants with non-farming jobs. Notable
differences by gender were higher risk estimates among women
for NHL associations with any phenoxy herbicide and 2,4-D. In
contrast, associations of any herbicide and other phenoxy herbi-
cides with TCL were limited to men. Associations were generally
stronger in studies with expert assessment of exposure than with
exposure based on self-report.

Associations were generally more strongly positive with exclu-
sion of the Mayo study (figure 1 and online supplemental table 4).
These results differ from our main results with more suggestive
duration-response trends for any herbicide with TCL and MM,
and for phenoxy herbicides and 2,4-D with all NHL and several
subtypes. For example, elevated ORs were estimated for 2,4-D
use duration >8 years in association with all NHL (OR=1.48,
959%CL: 0.86 to 2.56, p-trend=0.14), DLBCL (OR=2.16,
95%CI: 0.97 to 4.81, p-trend=0.05), FL (OR=2.16, 95% CI:
0.91 to 5.11, p-trend=0.07), OBCL (OR=2.15, 95%CI: 0.88
to 5.26, p-trend=0.12) and MM (OR=2.62, 95%CI: 0.68 to
10.1, p-trend=0.17). Associations with glyphosate lagged use
were considerably stronger with exclusion of the Mayo study,
for all NHL (OR=1.40, 95%CI: 0.93 to 2.13), FL (OR=2.16,

959%CI: 1.10 to 4.24) and OBCL (OR=1.92, 95%CI: 0.95 to
3.89).

DISCUSSION

In our consortium-based analysis of data pooled from 10 case-
control studies, we found no substantial association of any herbi-
cide, herbicide groups or individual active ingredients with risk
of all NHL. Elevations in risk by increasing duration of 2,4-D
use were observed for all NHL, DLBCL and OBCL, but ORs
were generally imprecise. An association between glyphosate use
and increased risk of FL was fairly consistent among the studies;
this association was particularly elevated in analyses of glypho-
sate exposure lagged by 10 years and with shorter duration of
use. Sensitivity analyses revealed diminished associations for
glyphosate in participants with high-frequency herbicide use or
among those who ever worked on a farm, and generally stronger
associations for 2,4-D and glyphosate among those who worked
in non-farming jobs, such as gardening. Results were also sensi-
tive to exclusion of the largest study in the pooled analysis, with
higher estimated risks after the exclusion.

Phenoxy herbicides are a widely used group of herbicides,
of which 2,4,5-T received much attention because of inherent
contamination with the carcinogenic ‘dioxin’, 2,3,7,8-tetrachlo
rodibenzo-para-dioxin. While 2,4,5-T has been banned in most
countries, 2,4-D continues to be used worldwide.?® As noted in
the TARC review, several previous studies reported an associa-
tion between 2,4-D use and NHL (including the Italian study
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in our pooled analysis),'* although risk estimates were sensitive
to adjustment for other pesticides, decreasing confidence in the
evidence.> More recent studies which adjusted for other pesti-
cides found no association between 2,4-D use and all NHL,
including the Agricultural Health Study (AHS) cohort, individu-
ally,>” and as part of a meta-analysis of three prospective agricul-
tural cohorts with exposure assignment using a crop-exposure
matrix or self-report (AGRICOH).?® In our analysis with adjust-
ment for other pesticides, we found weak trends of increasing
risk with longer duration of 2,4-D use for all NHL and several
B-cell NHL subtypes. This result is in line with a meta-analysis
that estimated increased risk from 2,4-D when considering only
‘high” exposures, based on factors such as duration, frequency
and intensity.”’ Our analysis further revealed that these associ-
ations were strongest for use in the 1960s, possibly suggesting
risk linked with early production of 2,4-D that typically resulted
in low levels of dioxin contamination—an issue that was largely
resolved by improvement of production methods in the late
1980s.%° Our novel finding of an association between other (non-
2,4-D) phenoxy herbicides and TCL is plausible based on high
levels of dioxin contamination in 2,4,5-T, which was severely
restricted for use and subsequently banned by regulatory bodies
in the countries of our pooled study in the 1970s and 1980s.
This timeline corresponds with elevated ORs we observed in
association with other phenoxy herbicide use in the 1970s and
1980s for TCL and all NHL (1980s only), and no risk increases
with use in later decades.

Our study adds to existing data on the relationship between
glyphosate use and risk of NHL with analysis of a large, pooled
study population and inclusion of six studies (BCMM, Italian,
Mayo, NCI-SEER, NSW, Yale) which did not previously report
on glyphosate (as well as two studies which did previously report
on the association: ENGELA and Epilymph). We found little
evidence of an association between glyphosate use and all NHL,
and meta-analysis indicated substantial heterogeneity of effect
among the studies. Our findings for all NHL agree with recent,
large studies, including an updated analysis of the AHS cohort
that reported only small, non-significant increases in NHL risk
with higher intensity-weighted lifetime days of use, lagged by
20 years (55 cases, OR=1.12, 95%CI: 0.83 to 1.51 for the
highest vs lowest quartile)’' and the AGRICOH meta-analysis
of three cohorts (including the AHS) that found no associa-
tion between ever-use and all NHL (OR=0.95, 95%CI: 0.77
to 1.18).”* A pooled analysis of case-control studies conducted
in North America (not including studies in our analysis) found
no association between glyphosate use and all NHL for ever-use
or duration, but estimated increased risk in association with use
frequency >2days/year (30 cases, OR=1.73, 95%CI: 1.02 to
2.94).32 A meta-analysis that evaluated NHL risk in association
with ‘high’ glyphosate exposure—defined according to highest
intensity, duration, frequency and/or exposure latency (ie, ‘lag’)
assessed in the studies—estimated 17% increased risk of NHL
in association with exposure.®® In contrast, in our study, associ-
ations between glyphosate use and all NHL did not increase by
duration and diminished with consideration of high-frequency
use. We did find somewhat stronger associations with expo-
sure lagged by 10 years, but our analysis of exposure windows
revealed no association with exposure lagged by 20 years.

In analyses of NHL subtypes, we found an association between
glyphosate use and FL that was somewhat stronger when lagged
by 10 years. The association with FL was also stronger with
shorter duration, contrary to our general hypothesis of increasing
risk with longer duration of exposure to carcinogens. Neverthe-
less, similar results were reported in a recent case-control study

conducted in Italy from 2011 to 2017 (after the Italian study in
our analysis), in which higher ORs were estimated in associa-
tion with shorter duration of glyphosate use (<16 years in that
study) for all NHL, B-cell lymphoma and FL.** In subtype anal-
yses of the pooled North American study (referenced above),
glyphosate use was not associated with risk of FL, but increased
risks were estimated in relation to DLBCL for lower duration
and higher frequency.’> An association with DLBCL was not
apparent in our study. No subtype-specific associations were
found for glyphosate use in the AHS.”’ We can only speculate
on a reason for stronger associations found with shorter dura-
tion in our study and others, but such a pattern could occur if
participants with fewer years of use had more intense exposures.
Changes in glyphosate use patterns include more widespread use
(greater use prevalence) and much heavier use (greater amounts
applied) in the 1990s and 2000s, compared with the early years
of use after market introduction in 1974.*> More widespread
and heavier use in later years could correspond with greater
exposure intensity in periods of shorter duration. According to
these use patterns and if there was a causal association between
glyphosate and NHL, then we would expect to see the highest
ORs for use in the later decades, as observed for NHL and some
subtypes (small or imprecise elevated ORs) for use in the 2000s.
However, the association between glyphosate and FL was only
elevated for use in the 1970s.

Our analysis suggested different latencies (lags) for the various
herbicide exposures and NHL subtypes. While associations
between glyphosate and FL were strongest for the herbicide use
10-20 years before diagnosis, more recent exposures appeared
relevant for other subtypes including DLBCL and TCL (based on
small numbers)—and such different latencies could account for
discrepant results among studies. Associations with 2,4-D were
generally strongest for recent use within § years of diagnosis,
suggesting possible carcinogenicity through a late-stage biolog-
ical mechanism. However, longer latencies were found to be
most relevant for the ‘other’ (non-2,4-D) phenoxy herbicides,
perhaps suggesting a different mechanism than 2,4-D.

A strong influence of the Mayo study was evident in our anal-
ysis. The Mayo population was the largest examined, and the
reported use of herbicides was higher than other studies (consis-
tent with extensive agriculture in the upper Midwest and similar
to other published reports from the region®*®)—amounting to
more than half of the exposed participants in many pooled anal-
yses. While associations observed in the Mayo study were in line
with the other studies, they tended to be lower, as evidenced
by our sensitivity analysis excluding this study that generally
produced higher ORs than the main analysis. Future investiga-
tion of heterogeneity of effect among the studies, seen for some
associations (eg, glyphosate and all NHL), may shed light on
regional exposure differences to consider in future analyses.

A major strength of our study is the large pooled sample,
from which we characterised a broad spectrum of occupational
herbicide use, in both farming and non-farming jobs. Neverthe-
less, assessment of pesticide exposure is challenging, given the
many different pesticide products and the importance of long-
term exposure information in studies of cancer—necessitating
long, detailed questionnaires to adequately capture the relevant
information. Poor reporting is a particular issue when exposure
data are collected retrospectively via questionnaire, as for the
case-control studies in our pooled analysis, due to concern of
biased recall (ie, enhanced recall of exposure by cases, leading
to falsely elevated risk estimates). We do not believe recall bias
greatly affected our results, as none of the herbicides examined
were significantly associated with increased risk of all NHL.

804

De Roos AJ, et al. Occup Environ Med 2022;79:795-806. doi: 10.1136/0emed-2022-108371

1ybuAdoa Aq paroaloid (S3gv) Jnauadns juswaublasug
| 8p anbiydeiboliqig 82usby 1e 220z ‘2 Jequiadag uo /wod fwg wao//:dny wolj papeojumod "2z0z 18qo1d0 L U0 T/E80T-2202-PaWa0/9eTT 0T Se paysignd 1siy :ps uodiaug dnodoQ


http://oem.bmj.com/

Workplace

However, open-ended questionnaire items to elicit self-reported
exposures have been found to elicit more biased responses,’” and
this suggests a greater possibility of recall bias from some studies
than others—namely, those with open-ended elicitation of expo-
sures in any job (Yale, NCI-SEER), compared to studies with
questionnaire items on specific exposures (LACCMM, Mayo)
or questionnaires that were designed for and administered only
to participants in certain jobs like farming (ENGELA, Italian,
Epilymph, NSW, BCMM). A higher risk of reporting or recall
bias may also be suspected for the Yale study because partici-
pants were asked about exposures at work or at home, in one
questionnaire item. Such a bias may be reflected in the strong
association between phenoxy herbicides and all NHL in the Yale
study, but does not appear to have globally affected results, given
no association in the Yale study for any herbicide use in relation
to all NHL (online supplemental figure 1). Our pooled study
is also susceptible to selection bias that may have occurred in
the individual studies, given that participation in the studies was
low to moderate (generally between 40% and 70%).'® Differen-
tial selection/participation of subjects by both NHL status and
pesticide exposures could bias results in either direction, for
example, possibly causing the inverse associations (ORs <1.0)
we observed for some pesticides.

We capitalised on our pooling strategy to harmonise
herbicide variables across the individual studies, including
ever-use, duration, decades of use and lagged exposures. We
also considered use frequency (eg, days/year) in the studies
that assessed it. Although duration was consistently available
across the studies, it is only one component of cumulative
exposure that does not necessarily correspond with exposure
intensity. Unfortunately, the level of detail and types of infor-
mation available in the studies was not optimal for harmon-
ising a measure of exposure intensity across studies. Another
advantage of pooling is that the approach enabled consis-
tent adjustment for other pesticides across the studies and
adequately powered subgroup analyses. Our results suggested,
at most, modest confounding by other pesticides. Overadjust-
ment is also a concern, although this may be less of an issue
in more homogeneous subgroups, such as farmers. Results for
subgroups that differed from our main analysis may suggest
residual confounding, effect modification or greater exposure
intensity within the subgroup.

Our results add to the evidence on cancer risks from herbi-
cide use, with suggestion of increased risks for DLBCL with
longer duration 2,4-D exposure, and an association between
glyphosate use and FL. These findings underscore the impor-
tance of estimating subtype-specific risks to clarify associations.
Efforts by future studies to collect detailed information neces-
sary for assessment of exposure intensity, frequency and dura-
tion will allow estimation of cumulative exposure, which may
be most relevant for carcinogenesis. Also, based on our find-
ings, future research should consider lagged exposure windows
that may differ between subtypes, as well as decades of expo-
sure to evaluate the coherence of estimated associations with
known herbicide use patterns. Although estimated risks in our
study were somewhat variable between analyses, the implica-
tions are notable because of current widespread use of these
herbicides. Our results may contribute to future hazard assess-
ments of herbicides by inclusion in meta-analyses of ever-more
detailed associations for the frequently assessed chemicals 2,4-D
and glyphosate (such as to hone-in on subtype-specific associa-
tions with particular latencies) and by inclusion in simple meta-
analyses of ever-use for the chemicals with limited human data
(such as paraquat).
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