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Pesticide Exposure and Risk of Rheumatoid Arthritis among Licensed Male
Pesticide Applicators in the Agricultural Health Study

Armando Meyer,” Dale P. Sandler,”> Laura E. Beane Freeman,’ Jonathan N. Hofmann,? and Christine G. Parks?

l0ccupati0nal and Environmental Health Branch, Public Health Institute, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

2Epidemiology Branch, National Institute of Environmental Health Sciences, National Institutes of Health, Department of Health and Human Services,
Research Triangle Park, North Carolina, USA

30ccupational and Environmental Epidemiology Branch, Division of Cancer Epidemiology and Genetics, National Cancer Institute, National Institutes of
Health, Department of Health and Human Services, Bethesda, Maryland, USA

BACKGROUND: The occupation of farming has been associated with rheumatoid arthritis (RA); pesticides may account for this association, but there
are few studies.

OBJECTIVES: We investigated associations between RA and use of pesticides in the Agricultural Health Study.

MEeTHODS: The study sample was drawn from male pesticide applicators enrolled in 1993-1997 who provided questionnaire data at baseline and at
least once during follow-up (over a median 18 y; interquartile range 16—19). Incident RA cases (n =220), confirmed by physicians or by self-reported
use of disease-modifying antirheumatic drugs, were compared with noncases (n=26,134) who did not report RA. Odds ratios (ORs) and 95% confi-
dence intervals (Cls) were estimated using logistic regression, adjusting for enrollment age, state, smoking pack-years, and education. We evaluated
the association of RA with the use of 46 pesticides and across 4 levels (never use and tertiles) of lifetime days of use for 16 pesticides with OR >1.2
for ever use.

REsuLTS: Incident RA was associated with ever use of fonofos (OR = 1.70; 95% CI: 1.22, 2.37), carbaryl (OR = 1.51; 95% CI: 1.03, 2.23), and chlor-
imuron ethyl (OR = 1.45; 95% CI: 1.01, 2.07) compared with never use. Statistically significant exposure-response trends in association with RA
were observed for lifetime days of use of atrazine [ORepiie3 = 1.62 (95% CIL: 1.09, 2.40); pyena =0.01] and toxaphene [ORenie3 = 2.42 (95% CI:
1.03, 5.68); puend = 0.02]. Exposure—response was nonlinear for fonofos [ORyepile1 = 2.27 (95% CI: 1.44, 3.57); OR¢eriite2 = 0.98 (95% CI: 0.54, 1.80);
OReriite3s = 2.10 (95% CIL: 1.32, 3.36); prena = 0.005] and suggestive for carbaryl (pueng =0.053).

CoNCLUSIONS: Our results provide novel evidence of associations between exposure to some pesticides and RA in male farmers. https://doi.org/

10.1289/EHP1013

Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune inflamma-
tory disease (MclInnes and Schett 2011) that affects 0.5-1% of the
world’s adult population (Alamanos and Drosos 2005), with
higher rates in North America and northern Europe (Helmick
et al. 2008; Tobodn et al. 2010; Widdifield et al. 2014). Because of
its chronic nature and elevated mortality, RA is a disease of great
personal, socioeconomic, and public health concern (Cross et al.
2014, Firestein 2003).

RA is a multifactorial disease that is influenced by genetic
and environmental risk factors (Silman and Pearson 2002).
Established environmental risk factors for RA include cigarette
smoking and silica exposure (Alamanos and Drosos 2005;
Mostafalou and Abdollahi 2013; Tobdén et al. 2010). Several
studies have suggested farming, pesticides, or both as a risk fac-
tor for RA (Gold et al. 2007; Li et al. 2008; Lundberg et al. 1994;
Milham 1988; Olsson et al. 2004). Although pesticides have not
been studied in animal models of RA, diverse immunotoxic
effects seen across different types of pesticides support a range of
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plausible mechanisms (Corsini et al. 2013; Mokarizadeh et al.
2015) consistent with the hypothesis that pesticides may contrib-
ute to RA. However, only a few studies have examined types of
pesticides in relation to RA.

Parks et al. (2011) observed a higher risk of RA and a
related disease, systemic lupus erythematosus, among women
who self-reported use of insecticides in the Women’s Health
Initiative Observational Study, with a greater risk in women
reporting a farming background. In a sample of the U.S. popula-
tion in the National Health and Nutrition Examination Survey,
higher serum levels of organochlorine insecticides were associ-
ated with self-reported arthritis, including RA (Lee et al. 2007).
In the Agricultural Health Study (AHS), a prospective study of
licensed pesticide applicators from Iowa and North Carolina, an
early analysis did not show any statistically significant associa-
tions between specific pesticides and RA among female spouses
(cases: n=135; controls: n=675) of licensed pesticide farmer-
applicators (De Roos et al. 2005). However, a more recent anal-
ysis of the spouses including a larger number of incident cases
(n=275) found a statistically significant association of incident
RA with the fungicides maneb/mancozeb and the herbicide
glyphosate in addition to elevated association with dichlorodi-
phenyltrichloroethane (DDT) (Parks et al. 2016).

Because of the higher prevalence of RA in females, with few
exceptions (Gold et al. 2007; Lee et al. 2007; Olsson et al. 2004),
studies of farming or pesticides and RA have focused on women.
However, in the AHS, most farming activities, including pesticide
handling and application, are performed by licensed pesticide
applicators, of whom 97% are men (Blair et al. 2005). The present
study investigated the risk of RA associated with pesticide expo-
sures among male licensed pesticide applicators enrolled in the
AHS. Given the limited prior research in humans (and none in ani-
mal models of RA), no prior hypotheses were specified, and the
full range of pesticides was considered in our analyses. To our
knowledge, this is the first time that the association of RA with
specific pesticides has been investigated in males.
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Methods

Study Population

The AHS has been previously described (Alavanja et al. 1996;
Alavanja et al. 2003). Between 1993 and 1997 (phase 1), 52,394
private pesticide applicators (most of whom were male farmers)
enrolled when they completed a questionnaire (“‘enrollment ques-
tionnaire”) at the licensing site where they sought to obtain or
renew their licenses for pesticide application in North Carolina
and Iowa. Enrolled farmers were given another questionnaire to
complete at home (“take-home questionnaire”). Over 80% of eli-
gible applicators completed the enrollment questionnaire, and
44% of those who completed the enrollment questionnaire
returned the take-home questionnaire. The questionnaires (http://
aghealth.nih.gov/collaboration/questionnaires.html) collected in-
formation on demographics, lifetime pesticide use, and medical
history. Participants were asked to complete follow-up question-
naires at three time points [phase 2 (P2: 1999-2003), phase 3
(P3: 2005-2010), and phase 4 (P4: 2013-2015)] to update their
exposures and health status, including RA. This study was
approved by the relevant institutional review boards.

Case Ascertainment

Individuals were considered eligible to be incident cases if they
answered yes to the P3 and/or P4 questionnaire question “Have
you ever been diagnosed specifically with rheumatoid arthritis
(an autoimmune disease)?” RA was not assessed for male appli-
cators at P2. Prevalent cases reported RA diagnosed at or before
the year of enrollment. Because self-report has proven to overes-
timate the prevalence of RA (Cross et al. 2014; Walitt et al.
2008), we sought additional information to confirm diagnoses.
Eligible cases identified through P3 were screened by telephone
to confirm their diagnosis and to provide additional information
on the disease, including the use of disease-modifying antirheu-
matic drugs (DMARDEs), as previously described (Parks et al.
2016). In the P4 questionnaire, all self-reported cases were asked
about current or past use of DMARDs. Previous validation
studies showed that self-reported RA together with DMARD use
dramatically increases positive and negative predictive values
(Formica et al. 2010).

Inclusion Criteria for Cases and Noncases

Of 51,036 enrolled male pesticide applicators, 20,733 (40.5%)
did not return questionnaires in P3 or P4 (see Figure S1).
Among the remaining 30,303 applicators, we excluded 503
with missing data on RA or age at diagnosis, 33 with child-
hood RA, 537 who reported RA at enrollment or at P3 that
they refuted in a later questionnaire, and 580 prevalent RA
cases (self-reported, including 152 confirmed by DMARD use
or physician validation). Of the remaining 28,650 participants
eligible for the study sample, 906 individuals were eligible for
further RA screening questions (99 were eligible owing to a
related autoimmune disease, lupus): of these, 84 could not be
reached or had missing data on RA status on the screening
interview, 211 reported not having RA, and 200 were consid-
ered unlikely to have RA because they did not report use of
DMARD:s or steroids for RA or being diagnosed or seen by a
rheumatologist, leaving 411 identified as potential RA cases.
Excluding those missing data on potential confounders, 220
cases were classified as “probable RA” for primary analyses
of cases confirmed by DMARD use, and 160 were classified
as “possible RA” for sensitivity analyses if they took steroids
for RA or were diagnosed or seen by a rheumatologist. Of
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27,744 potential noncases (no reported RA), 26,134 had com-
plete covariate data.

Pesticide Exposure Assessment

In the enrollment questionnaire, applicators provided informa-
tion on ever use of 50 pesticides and detailed data on duration
(years) and frequency (days per year) of use for 22 of those
pesticides. Duration and frequency of use for the remaining
28 pesticides was collected in the take-home questionnaire.
Cumulative lifetime days of use was calculated by multiplying
the midpoint of each duration and frequency stratum. This
product was multiplied by an intensity score to estimate
intensity-weighted lifetime days of pesticide use, a measure
that takes into account information on repair of pesticide
application equipment, use of personal protective equipment,
and application methods (Coble et al. 2011). Based on the
distribution of lifetime days (LD) of use (or intensity-
weighted LD) in cases, each pesticide was grouped by tertiles
and compared with never users. We also evaluated lifetime
number of pesticides used (0-5, 6-9, 10-13, >14).

Statistical Analysis

Odds ratios (ORs) and 95% confidence intervals (95% Cls) cal-
culated by logistic regression were used to estimate the associ-
ation of RA with pesticide exposure variables. Covariates were
identified based on observed or hypothesized associations with
RA and overall pesticide use, and confirmed through selection
by stepwise regression. The final model included age at enroll-
ment (continuous), state of enrollment (NC or IA), number of
cigarette packs-years (none, <5, 5-18, >18), and education
(Zhighschooldegree and >highschool). Current body mass
index (BMI) and alcohol use at enrollment were considered as
potential confounders but were not independently associated
with RA and so were not included in final model. Other charac-
terizations of age (e.g., age squared) did not materially affect
results.

Adjusted ORs estimated the association of incident RA with
ever use of each of 46 pesticides (with at least five exposed cases)
and the lifetime number of pesticides used. Exposure-response
analyses examined associations across tertiles of lifetime days of
pesticide use and intensity-weighted lifetime days compared with
no use for those pesticides with >20 exposed cases and an
OR >1.2 for ever use. Statistical tests for trend were performed
on the categorical (4 levels) exposure variables, comparing ter-
tiles with no use.

In exploratory analyses, models for ever use were stratified
by smoking and by age (<50 and >50 y), which may be related
to the number and types of pesticides used. Tests for interaction
and analyses of lifetime days within strata were not performed
owing to small numbers and lack of prior hypotheses. We also
explored the impact of case definition on results for ever use
and lifetime days by including possible incident cases who
reported steroid use or being seen or treated by a rheumatologist
for RA (160 possible 4+ 220 probable cases; total n=380).

Results
RA cases tended to be older at enrollment (Table 1), and after
adjusting for age, incident RA was associated with NC residence
[OR = 1.60 ( 95% CI: 1.22, 2.10)], current smoking [OR = 1.67
(95% CI: 1.01, 2.76)], and pack-years [e.g., OR = 1.95 (95% CI:
1.39, 2.75), > 18 pack-years vs. never].

Incident RA was associated with ever use of the organophos-
phate insecticide fonofos [OR = 1.70 (95% CIL: 1.22, 2.37)], the
carbamate insecticide carbaryl [OR = 1.51 (95% CI: 1.03, 2.23)],
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Table 1. Main characteristic of rheumatoid arthritis (RA) cases and non-
cases among male licensed private applicators in the Agricultural Health
Study.

Table 2. Ever use of specific pesticides and incident rheumatoid arthritis
(RA) among male licensed pesticide applicators in the Agricultural Health
Study.

Noncases Incident RA cases Noncases Incident RA cases
(n=26,134) (n=220) (n=126,134) (n=220)
Characteristic n (%) n (%) OR“ (95% CI) Pesticide n (%) n (%) OR“ (95%CI)
Age at enrollment (years) Insecticides
<40 7,858 (30) 39 (18) Reference Organochlorines
40-49 7,956 (30) 72 (33) 1.82(1.23,2.70) Aldrin 2,370 (17) 29 (23) 1.30 (0.82, 2.05)
50-59 6,035 (23) 75(34) 2.50(1.70, 3.69) Chlordane 2,590 (19) 36 (28) 1.32 (0.88, 1.98)
>60 4285 (16) 34 (15) 1.60 (1.01,2.54) DDT 2,920 (21) 40 (31) 1.15(0.75, 1.75)
Body mass index (kg/mz) Dieldrin 491 (4) 8 (6) 1.63 (0.77, 3.43)
<25 6,157 (26) 41 (20) Reference Heptachlor 1,723 (13) 15 (12) 0.88 (0.49, 1.55)
25 to <30 12,353 (51) 114 (55) 1.36(0.95, 1.94) Lindane 2,006 (15) 18 (14) 0.96 (0.58, 1.59)
>30 5,551(23)  51(25) 1.36(0.90, 2.06) Toxaphene 1,487 (11) 23 (18) 1.4 (0.90, 2.29)
State of enrollment Organophosphates
Towa 17,972 (69) 125 (57) Reference Chlorpyrifos 11,261 (43) 104 (48) 1.30 (0.99, 1.70)
North Carolina 8,162 (31) 95(43) 1.60(1.22,2.10) Coumaphos 2,259 (10) 13 (7) 0.70 (0.40, 1.23)
Race Diazinon 2,791 (21) 34 (27) 1.16 (0.77, 1.75)
White 25,454 (97) 212 (96) Reference Dichlorvos 2,855 (12) 26 (13) 1.40 (0.91, 2.14)
Nonwhite 659 (3) 8(4) 1.39(0.69, 2.84) Fonofos 5,739 (24) 58 (29) 1.70 (1.22, 2.37)
Education Malathion 8,983 (66) 87 (67) 1.05 (0.73, 1.53)
High school or less 14,117 (54) 137 (62) Reference Parathion 1,022 (8) 11 (8) 0.85 (0.45, 1.60)
More than high school 12,017 (46) 83 (38) 0.77 (0.58, 1.02) Phorate 4,345 (32) 40 (31) 1.14 (0.76, 1.70)
Smoking status at enrollment Terbufos 10,169 (42) 86 (43) 1.24 (0.93, 1.66)
Never smoker 15,046 (58) 100 (45) Reference Carbamates
Past smoker 7.637(29) 74 (34) 1.30 (0.96, 1.78) Aldicarb 950 (7) 13 (10) 1.08 (0.58, 2.01)
Current smoker 3,392 (13) 46 (21) 2.04 (1.44,2.90) Carbaryl 5,708 (42) 74 (57) 1.51 (1.03, 2.23)
Pack-years of cigarette smoked Carbofuran 7,066 (29) 63 (32) 1.08 (0.80, 1.46)
None 15,046 (58) 100 (45) Reference Pyrethroids
<5 3460 (13) 23 (10) 0.98 (0.62, 1.54) Permethrin C” 3,352 (14) 31 (16) 1.17 (0.79, 1.73)
5-18 3,760 (15) 42 (19) 1.60(1.11,2.30) Permethrin P’ 3,637 (15) 25 (13) 1.05 (0.68, 1.62)
>18 3,868 (15)  55(25) 1.95(1.39,2.75) Herbicides
Alcohol consumption (times/wk) 2,4-D 20,436 (79) 169 (79) 1.16 (0.83, 1.64)
None 8,143 (32) 82 (38) Reference 2,4,5-T 2,612 (19) 29 (22) 1.11 (0.72, 1.71)
<1 11,778 (47) 84 (39) 0.78 (0.57, 1.07) 2,4,5-TP 675 (5) 7(5) 1.00 (0.46, 2.15)
>1 5,331 (21) 49 (23) 1.01(0.70, 1.44) Alachlor 13,695 (56) 122 (60) 1.26 (0.95, 1.68)
P E——— — Atrazine 19,320 (74) 166 (76) 1.29 (0.94, 1.79)
e ot el Of odds o Butylate 3912 (29) 3507)  1.04(0.70, 1.54)
Chlorimuron ethyl 4,470 (33) 51 (39) 1.45 (1.01, 2.07)
Cyanazine 10,960 (45) 76 (38) 0.96 (0.69, 1.31)
and the sulfonylurea herbicide chlon'.muron ethyl [OR = 145 EDIIJC;‘gl ba 12411(8)? g;; 3421 gg; 822 Eggg (1)32;
(95% CI: 1.01, 2.07)] compared with never use (Table 2). Glyphosate 20,060 (77) 166 (76) 0.90 (0.65, 1.24)
Although confidence limits included the null, elevated odds ratios Imazethapyr 11,292 (45) 86 (44) 1.32 (0.94, 1.86)
(>1.40) were also observed for the organochlorine insecticides Metolachlor 11,909 (49) 85 (43) 0.90 (0.67,1.20)
dieldrin [OR = 1.63 (95% CI: 0.77, 3.43)] and toxaphene [OR = Metribuzin 3,306 (40) 4837 108(0.73,1.59)
1.44 (95% CI: 0.90, 2.14)], the organophosphate insecticide l]jaraquat N 2,131 (16) 24 (18) 0.92 (0.57, 1.49)
. . endimethalin 5,183 (38) 49 (37) 0.98 (0.69, 1.40)
dichlorvos [OR = 140 (95% CI: 091, 214)], and the fumlgant Trifluralin 13,590 (56) 112 (56) 1.23 (0.92, 1.66)
methyl bromide [OR = 1.42 (95% CI: 0.97, 2.08)]. RA was also Fungicides
associated with more pesticides reported [e.g., OR = 1.52 (95% Benomyl 979 (7) 9 (7) 0.64 (0.32, 1.31)
CI: 1.02, 2.32), for >14 vs. <5]. Captan 2,933 (12) 21 (1) 0.90 (0.57, 1.43)
For lifetime days of pesticide use (Table 3), positive expo- Chlorothalonil 1,861 (7) 24 (11 1.27(0.81, 2.01)
e e Maneb 1,031 (8) 14 (11) 0.97 (0.53, 1.78)
sure—response relationships with incident RA were observed for M
etalaxyl 2,511 (18) 35(27) 1.20 (0.77, 1.88)
toxaphene [ORepile3 =2.42 (95% CIL: 1.03, 5.68); pena =0.02] Others
and for the herbicide atrazine [ORieiie3 =1.62 (95% CI: 1.09, 80/20 mix 595 (4) 5(4) 0.76 (0.31, 1.89)
2.40); puena =0.01], but not for fonofos [OReyie; =2.10 (95% Methylbromide 3,825 (15) 53 (24) 1.42 (0.97, 2.08)
CI: 1.32, 3.36), ORyenite3 =2.77 (95% CI: 1.44, 3.57)] or chlori- Petroleum oil 3,028 (22) 19 (14) 0.65 (0.40, 1.06)
muron ethyl (pgena =0.10). Other positive associations were Total use reported
. .. . 0 -5 pesticides 5,741 (22) 44 (20) Reference
observed for which confidence limits excluded the null: the low- 6-9 7,520 (29) 68 (31) 1.41 (0.96, 2.09)
est tertile of the herbicide imazethapyr [ORtertilel =1.70 (95% CI: 10-13 6:274 (24) 47 (21) 1:26 (0:82: 1:93)
1.18, 2.55)] and the top tertile of the fungicide chlorothalonil >14 6,494 (25) 60 (27) 1.54 (1.02, 2.32)

[ORertite3 = 2.35 (95% CI: 1.07, 5.14)] compared with never use.
Exposure-response patterns were similar for intensity-weighted
lifetime days (see Table S1), but we also noted a new trend for
the herbicide alachlor [ORgeiez =1.44 (95% CI: 1.00, 2.08);
Prend = 0.04] and an association for the top tertile of the fungicide
metalaxyl [ORerile3 = 1.98 (95% CI: 1.08, 3.64)].

Most pesticide and RA associations observed in the overall
sample did not substantially differ by smoking status (see Table
S2), but some new statistically positive associations were seen in
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Note: 2,4-D, 2.4-dichlorophenoxyacetic acid; 2,4,5-T, 2.4,5-Trichlorophenoxyacetic
acid; 2,4,5-TP, 2- propionic acid (fenoprop); 80/20 mix, carbon tetrachloride/carbon di-
sulfide; CI, confidence interval; DDT, dichlorodiphenyltrichloroethane; EPTC, S-ethyl
dipropylthiocarbamate; OR, odds ratio.

“Adjusted for age, state of enrollment, pack-years smoking, and education.

"Permethrin C: used on crops; permethrin P: used on poultry and livestock.
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Table 3. Lifetime days use of specific pesticides in relation to incident rheu- Table 3 Continued
Kgi?gﬂlfﬁ};lﬂi ‘EﬁhAg 3113;).1@ male licensed pesticide applicators in the Noncases (n = 26,134) RA cases (n=220)
Insecticides n (%) n (%) OR“ (95%CI)
Noncases (n=26,134) RA cases (n=220) -
. Chlorimuron ethyl
Insecticides n (%) n (%) OR" (95%CT) Never 9,217 (68) 81 (63) Reference
Organochlorines <8.75 1,116 (8) 12 (9) 1.47 (0.79, 2.72)

Aldrin >8.75to <24.5 1,881 (14) 20 (16) 1.34(0.82,2.21)
Never 11,257 (83) 99 (78) Reference >24.5 1,397 (10) 16 (12) 1.42(0.83,2.45)
<20 1,095 (8) 14 (11) 1.38(0.77, 2.50) p-trend 0.10
>20to <24.5 116 (1) 2(2) NC Imazethapyr
>24.5 1,084 (8) 12 (10) 1.18 (0.63, 2.22) Never 12,842 (54) 111 (57) Reference
p-trend 0.45 <20 4,910 (21) 50 (26) 1.74 (1.18, 2.55)

Chlordane >20 to <24.5 599 (3) 5(3)  1.42(0.56,3.59)
Never 11,035 (81) 93 (72) Reference >24.5 5,582 (23) 30 (15) 0.97(0.62, 1.52)
<8.75 639 (5) 8(6) 1.14(0.54,2.38) p-trend 0.82
>8.75 to <20 1,051 (8) 15(12) 1.41(0.81,2.48) Trifuralin
>20 825 (6) 13 (10) 1.48 (0.81, 2.69) Never 10,781 (45) 89 (45) Reference
p-trend 0.11 <38.75 4,520 (19) 35(18) 1.11(0.75, 1.66)

Toxaphene >38.75 to <108.5 3,572 (15) 31 (16) 1.34(0.87,2.06)
Never 12,143 (89) 104 (83) Reference >108.5 5,204 (22) 43 (22) 1.25(0.85, 1.84)
<24.5 859 (6) 7 (6) 0.82 (0.38, 1.78) p-trend 0.18
>24.5 to <62.5 392 (3) 9(7) 2.00 (0.99, 4.04) Fungicides
>62.5 202 (1) 6(5) 2.42(1.03,5.68) Chlorothalonil
p-trend 0.02 Never 24,052 (93) 194 (91) Reference

Organophosphates <54.25 862 (3) 7(3) 0.82 (0.38, 1.77)

Chlorpyrifos >54.25 to <200 572 (2) 6(3) 1.02 (0.44, 2.35)
Never 14,678 (57) 111 (52) Reference >200 304 (1) 7(3) 2.35(1.07,5.14)
<20 3,756 (15) 34 (16) 1.27 (0.86, 1.88) p-trend 0.18
>20to <56 3,727 (15) 37(17) 1.42(0.97, 2.06) Metalaxyl
>56 3,602 (14) 32 (15) 1.25(0.84, 1.86) Never 11,164 (83) 96 (74) Reference
p-trend 0.09 <8 714 (5) 7(5) 1.05 (0.48, 2.28)

Dichlorvos >8 to <50.75 991 (7) 14 (11)  1.20 (0.64, 2.23)
Never 21,220 (88) 170 (87) Reference >50.75 616 (5) 13(10) 1.76 (0.91, 3.41)
<24.5 1,052 (4) 9(5) 1.33 (0.67, 2.63) p-trend 0.13
>24.5to <173.25 936 (4) 7(4) 1.14(0.53,2.44)  Others
>173.25 796 (3) 9(5) 1.76 (0.87, 3.48) Methyl bromide
p-trend 0.11 Never 22,116 (86) 166 (76) Reference

Fonofos <12.25 1,004 (4) 16 (7) 1.74 (1.00, 3.02)
Never 18,544 (77) 141 (71) Reference >12.25 to <54.25 1,469 (6) 17 (8) 1.18 (0.68, 2.05)
<20 1,825 (8) 24 (12) 227 (1.44,3.57) >54.25 1,203 (5) 19 (9) 1.54 (0.90, 2.63)
>20to <56 2,074 (9) 12 (6) 0.98 (0.54, 1.80) p-trend 0.11
256 1,725 (1) 22(11)  2.10(1.32,3.36) Note: CI, confidence interval; OR, odds ratio; NC, not calculated.
p-trend 0.005 “Adjusted for age, state of enrollment, pack-years smoking, and education.

Terbufos
Never 14,178 (59) 116 (58) Reference
<24.5 3,548 (15) 27 (14) 1.14(0.74, 1.75)
>24.5to <63.75 3,464 (14) 29 (15) 1.25(0.82,1.89) never smokers, including chlordane, DDT, dieldrin, the herbicide
263.75 2954 (12) 28(14)  1.33(0.88.2.03) 24 5-trichlorophenoxyacetic acid (2,4,5-T), and the fungicide
p-trend 0.12 chlorothalonil. No differences were found for total number of

Carbamates .. . .

Carbaryl pesticides used, but we did not examine exposure—response for
Never 7,966 (59) 55 (44) Reference individual pesticides owing to the smaller sample size in these
<20 2,339 (17) 23 (18) 1.33(0.81,2.18) stratified analyses.
>20to <62.5 1,775 (13) 25(20)  1.62(0.96,2.71) Most associations between RA and ever use of specific pesti-
262'5(1 1434 (11 23(18) 161 (%%(; 2.86) cides were similar by age (<50y and >50y) or were stronger in

i é'; {;;fil;es ’ older participants (see Table S3) except for two new associations

Alachlor observed only in older participants: dichlorvos [OR = 1.82 (95%
Never 10,698 (45) 80 (40) Reference CI: 1.04, 3.20) and imazethapyr [OR = 1.85 (95% CI: 1.11, 3.05).
<38.75 5,931 (25) 50 (25) 1.25(0.87,1.79) A higher total number of pesticides (>14 vs. <5) was associated
>38.75to <108.5 3,001 (13) 24 (12)  1.17(0.74, 1.86) with RA in older [>50y, OR =2.16 (95% CI: 1.19, 3.90)] but not
2108.5 4,362(13) 4422 137094, 198)  younger [<50y, OR = 0.99 (95% CI: 0.55, 1.78)] participants.
p-trend 0.11 .. . . . e

Atrazine When limited to chemicals with suggestive associations (OR >1.2
Never 6,685 (26) 52 (24) Reference for ever use), less of an age difference was seen [e.g., >7 vs. <2
<50.75 8,199 (32) 60 (28) 1.10(0.75,1.62)  pesticides: >50y, OR =2.57 (95% CI: 1.45, 4.56); <50y, OR =
>50.75 to <178.5 6,002 (23) 49 (23) 1.28(0.85, 1.91) 1.97 (95% CI: 1.10, 3.54)].

2178.5 4,914 (19) 54(25)  1.62(1.09, 2.40) In a sensitivity analysis including an additional 160 possible
p-trend 0.01 incident cases (total n =380 probable + possible cases; see Tables
(Continued) S4-S6), ORs with RA were increased with age [OR = 2.92 (95%

CI: 2.07, 4.11), > 60 y vs. <40 y] and for nonwhites [OR =2.07

95% CI: 1.27, 3.17)]. Compared with the primary analysis of

probable cases, the association was confirmed for fonofos,

whereas the OR was reduced for carbaryl and increased for
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chlorothalonil). Dose-response results were similar for atrazine,
but a new exposure—response trend was noted for phorate, and
our findings confirmed trends for alachlor and chlorothalonil
as well as associations with the highest levels of toxaphene
and metalaxyl.

Discussion

In this prospective cohort of male farmers, we observed increased
associations of incident RA, and exposure-response trends, for
several pesticides. To the best of our knowledge, this is the first
epidemiologic study to investigate the development of RA in
men in relation to many types of pesticides. Given the limited
prior research, our results provide novel evidence on the role of
pesticides as environmental risk factors for RA, including robust
findings of dose-response associations of RA with the commonly
used herbicide atrazine and an organochlorine insecticide, toxa-
phene. Along with other associations for lifetime use of the insec-
ticides fonofos and carbaryl and the herbicide chlorimuron ethyl,
these results warrant replication in other samples.

The AHS offers a unique opportunity to examine the devel-
opment of RA in a large cohort of farmers with a detailed life-
time history of pesticide use, which is infeasible for population-
based case—control studies. However, statistical power is limited
for analyses of uncommon outcomes such as RA, particularly
when considering exposure—response data on chemicals no lon-
ger on the market in the mid-1990s that were covered in the take-
home questionnaire completed by only 44% of the sample (e.g.,
toxaphene).

We observed expected associations of RA with older age and
smoking (Karlson and Deane 2012; Linos et al. 1980; Symmons
etal. 1994; Uhlig et al. 1998). Smoking-stratified analyses showed
no substantial differences in primary results for ever use and total
number used (except for some new associations for organochlor-
ines). However, most associations were stronger or only apparent
in older participants (e.g., dichlorvos, imazehapyr, chlorimuron
ethyl). Explanations for this outcome could include differences in
types of pesticide exposures in older cohorts, age at exposure,
and opportunities over time for higher doses or multiple expo-
sures. Genetic predisposition may have a lesser impact on older-
onset RA (Scott et al. 2013); therefore, it seems plausible that
pesticide associations with RA might simply be more apparent in
the absence of strong risk factors such as smoking or genotypes
associated with early-onset disease.

In these analyses of incident disease, exposures were reported
before RA diagnosis, reducing the likelihood of recall bias.
Nondifferential exposure misclassification is a possible limita-
tion. However, self-reported pesticide use is considered accurate
in the AHS (Hoppin et al. 2002), and detailed data were collected
on application frequency, duration, and practices that might influ-
ence exposure levels. Indeed, exposure-response trends for life-
time days were observed for cumulative days of use for some
pesticides, and intensity-weighted results were not notably differ-
ent. However, if short-term, intense exposure were more relevant
to immune effects, these metrics may not have adequately cap-
tured the relevant dose. Future analyses could explore potential
determinants of higher-intensity exposures based on average
days used per year and on other types of data. Although farmers
may experience similar background exposures to the general
population from residential and other sources, agricultural pesti-
cides are typically more concentrated chemicals, and most farm-
ers used multiple types. For each comparison, the “unexposed”
referent group included those with background exposures and
exposures to other pesticides, which could potentially influence
he appearance or strength of individual effect estimates. Furthermore,
our analyses focused on lifetime exposures reported at baseline
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but did not include those more proximal to RA diagnoses. The
timing of and required dose for pesticide effects on RA pathoge-
nesis is not known, and the relevant window could extend from
early-life immune development through processes involved in
the generation of preclinical autoimmunity and the development
of symptomatic disease.

Early-life pesticide exposures are likely in the cohort but may
not be captured by self-reported lifetime exposure questions.
Moreover, most participants experienced exposures to several
different pesticides over the course of adult use; this is part of a
broader picture of multiple pesticide exposures in the AHS, in
addition to other potentially relevant exposures, such as organic
and inorganic dusts, solvents, and heavy metals. Methods are
being developed to help identify critical components of exposure
mixtures or potential synergy across correlated exposures (Sun
et al, 2013), but they are not robust when the number of cases
is small and the number of potential exposures is great. In our
study, RA was associated with increasing lifetime number of
pesticides used, but the small number of RA cases using indi-
vidual combinations of chemicals limits our ability to evaluate
multiple exposures. Moreover, because we did not identify
strong correlations between pesticides, these were not consid-
ered as potential confounders. Other occupational exposures,
both on and off the farm, may also be risk factors for RA but
were not considered as confounders or modifiers for pesticide
associations in this analysis. For example, silica dust is an
established risk factor for RA (Parks et al. 2003; Stolt et al.
2005); soil silica levels vary across the study region (Stopford
and Stopford 1995). Future analyses are planned to explore
these questions in the cohort.

Self-reported RA is nonspecific, and many AHS participants
who initially reported RA later refuted it in subsequent follow-up
and case confirmation. For those with available data (not shown),
a refuted RA diagnosis from phase 3 showed high reliability, that
is to say, 155 of 180 (86%) repeated their negative response for
RA in phase 4. Along with unconfirmed RA cases, these were
excluded from the analysis sample, although their potential influ-
ence as false negatives would have been unsubstantial compared
with their influence as false positives. In contrast, most self-
reported RA cases at phase 3 who used DMARDs confirmed their
self-report at phase 4, that is to say, 91 of 98 cases (93%). Of 906
potential RA cases eligible for screening questions about their di-
agnosis and medications, fewer than half (n=411) were consid-
ered as possible cases, and only half of these were classified as
probable cases confirmed by DMARDs use. Although identify-
ing RA cases based on self-report and use of DMARDs has
high specificity (Formica et al. 2010; Walitt et al. 2008), this
definition may lack sensitivity for males and for older individu-
als, who may be less likely to use DMARDs (Schmajuk et al.
2011; Solomon et al. 2012); therefore, it could have limited
generalizability and missed associations if use of specialized
medical treatment is related to pesticide use. Analyses adding
in the possible RA cases, who reported use of steroids for RA
or being diagnosed or treated by a rheumatologist, yielded simi-
lar results for many, but not all, pesticides. We found increased
associations for RA with older age and with nonwhite race for
the more inclusive group of RA cases (probable+ possible).
This finding confirms the potential influence of biased case
ascertainment; therefore, differences in pesticide associations
may warrant further consideration.

Loss to follow-up could also have biased the results. Smoking
is related to loss to follow-up in AHS participants, but recent
analyses show little impact on cancer associations (and a lack of
compensation by inverse-probability weighting) when the associ-
ations with smoking were not extreme (Rinsky et al. 2017).
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Smoking was a moderate risk factor for RA in this sample, sug-
gesting limited potential for bias.

Although the immune effects of pesticides are variable, several
associations observed in the study suggest plausible biologic mecha-
nisms related to RA pathogenesis. For example, fonofos altered the
methylation levels of genes involved in the regulation of the
immune response (Zhang et al. 2012). Immunotoxic effects of other
organophosphates have been described (Corsini et al. 2013), and a
more detailed assessment of updated AHS organophosphate
exposures is justified given their widespread use and the changes
in types of organophosphates used over time in the cohort and in
the general population. Interestingly, carbamates (e.g., carbaryl)
and organophosphates share the same main mechanism of toxic-
ity: inhibition of acetylcholinesterase enzyme activity in neuronal
and neuromuscular synapses (Fukuto 1990). This ability to in-
hibit serine hydrolase and protease enzymes, which play an
essential role in the immune system, may hold a common expla-
nation for some alterations in the immune function induced by
pesticides of both classes (Casale et al. 1992; Galloway and
Handy 2003; Guo et al. 2014; Long and Cravatt 2011).

We previously noted an association of DDT use with incident
RA in female AHS spouses (Parks et al. 2016). Although incident
RA was not significantly associated with DDT in the present
study overall, associations with DDT (and other organochlorines)
were apparent in never smokers. Other evidence of organochlor-
ine pesticide associations with RA includes elevated serum orga-
nochlorines in female RA cases in the National Health and
Nutrition Examination Survey (1999-2002) (Lee et al. 2007)
and experimental studies that have suggested a role for DDT in
inflammatory processes and immune disruption. (Cardenas-
Gonzalez et al. 2013; Kim et al. 2004; Dutta et al. 2008).
Toxaphene was associated with RA in our analyses, although
the estimates were imprecise because of small numbers. Banned
in 1990, toxaphene was often used on cotton in the southeastern
United States, along with other organochlorines.

We observed an exposure-response trend in the association
of incident RA with atrazine, a triazine herbicide for which
immunotoxic effects have been observed in experimental ani-
mals. In mice, atrazine has been shown to induce apoptosis of
splenocytes, whereas leukocytes increased in a dose-dependent
manner (Zhang et al. 2011); to elicit a broad inhibitory effect on
cell-mediated, humoral, and nonspecific immunity function
(Chen et al. 2013); and to significantly decrease natural killer
(NK) cell lysis activity in vitro (Rowe et al. 2007; Whalen
et al. 2003). The sulfonylurea herbicide chlorimuron ethyl
was also associated with RA risk. Sulfonylurea herbicides
have been considered to be relatively nontoxic to humans
(Mushak and Piver 1992). Another common herbicide,
glyphosate, was previously associated with incident RA in
AHS female spouses (Parks et al. 2016), but we saw no
glyphosate association with incident RA in the male applica-
tors. Glyphosate use in U.S. agriculture has dramatically
increased over the past two decades; therefore, updated
glyphosate exposure data are needed to properly examine
associations with incident RA.

Conclusions

The results from our study provide evidence that exposure to
some pesticides may play a role in the development of RA among
male farmers regardless of age, smoking, and educational level.
Because this is the first study to observe increased RA risk asso-
ciated with these pesticides among men, our findings need confir-
mation in other populations.
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