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Abstract

Objectives—Animal studies suggest that exposure to pesticides may alter thyroid function;

however, few epidemiologic studies have examined this association. We evaluated the relationship

between individual pesticides and thyroid function in 679 men enrolled in a sub-study of the
Agricultural Health Study, a cohort of licensed pesticide applicators.

Methods—Self-reported lifetime pesticide use was obtained at cohort enroliment (1993-1997).
Intensity-weighted lifetime days were computed for 33 pesticides, which adjusts cumulative days
of pesticide use for factors that modify exposure (e.g., use of personal protective equipment).
Thyroid-stimulating hormone (TSH), thyroxine (T4), triiodothyronine (T3), and anti-thyroid
peroxidase autoantibodies (anti-TPO) were measured in serum collected 2010-2013. We used
multivariate logistic regression to estimate odds ratios (ORs) and 95% confidence intervals (ClIs)
for subclinical hypothyroidism (TSH>4.5mIU/L) compared to normal TSH (0.4—<4.5mIU/L) and
for anti-TPO positivity. We also examined pesticide associations with TSH, T4, and T3 in
multivariate linear regression models.

Results—Higher exposure to the insecticide aldrin (third and fourth quartile of intensity-
weighted days vs. no exposure) was positively associated with subclinical hypothyroidism
(ORg@3=4.15, 95%CI=1.56-11.01, OR4=4.76, 95%CI=1.53-14.82, Pireng<0.01), higher TSH
(Ptreng=0.01), and lower T4 (pieng=0.04). Higher exposure to the herbicide pendimethalin was
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associated with subclinical hypothyroidism (fourth quartile vs. no exposure: ORg4=2.78,
95%CI1=1.30-5.95, pireng=0.02), higher TSH (ptrend=0.04), and anti-TPO positivity (pireng=0.01).
The fumigant methyl bromide was inversely associated with TSH (pireng=0.02) and positively
associated with T4 (pireng=0.01).

Conclusions—Our results suggest that long-term exposure to aldrin, pendimethalin, and methyl

bromide may alter thyroid function among male pesticide applicators.
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Thyroid disease; Hypothyroidism; Thyroid Stimulating Hormone; Agriculture; Pesticides

BACKGROUND

Thyroid dysfunction is relatively common in the United States (US) adult population.
Approximately 5%, or 10.4 million adults, self-reported thyroid disease in a survey
conducted in 1988-1994,1 though prevalence estimates vary depending on population
characteristics and diagnostic criteria.22 Thyroid disease includes both hypothyroidism (i.e.
thyroid gland fails to secrete adequate thyroid hormone) and hyperthyroidism (i.e. elevated
blood levels of thyroid hormones);# diagnosis of hypothyroidism is more common.2®
Established risk factors for thyroid disease include female sex, increasing age, prior benign
thyroid nodules or goiter, autoimmunity, iodine deficiency, and ionizing radiation exposure.®
If untreated, thyroid disease may result in increased risk for atrial fibrillation, bone loss, and
elevated cholesterol.3

Thyroid function is assessed by measurement of thyroid-stimulating hormone (TSH) and the
thyroid hormones triiodothyronine (T3) and thyroxine (T4). TSH regulates thyroid hormone
secretion and promotes thyroid gland growth. TSH is also regulated by T4 and T3 through
negative feedback mechanisms. Anti-thyroid peroxidase (anti-TPO) autoantibodies are the
most common autoantibodies present in the sera of individuals with autoimmune thyroid
disease.’

Subclinical hypothyroidism is a subset of hypothyroid disease where laboratory evidence of
thyroid dysfunction is present without symptoms characteristic of overt disease.8 It is
characterized by TSH concentrations above the upper limit of the reference range (0.4-4.5
mlU/L) with normal free T4 levels. Occurring in approximately 3.9% of US adults who do
not report being diagnosed with thyroid disease, subclinical hypothyroidism represents early,
mild thyroid failure that can progress to more clinically significant disease.16

There is growing evidence that environmental exposures, including certain pesticides, have
biological properties that may influence thyroid function. For example,
dichlorodiphenyltrichloroethane (DDT) is structurally similar to thyroid hormones® and can
competitively bind to thyroid hormone receptors.10 Also, fungicides belonging to the
ethylenebis(dithiocarbamate) (EBDC) class are metabolized to ethylene thiourea, a chemical
known to inhibit thyroid peroxidase. Additional posited mechanisms of pesticide-induced
thyroid disruption include inhibition of iodine uptake, binding to transport proteins,
interference with iodothyronine deiodinases, increased clearance of thyroid hormones,
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interference with cellular uptake of thyroid hormones, and interference with thyroid gene
expression.1112

Few epidemiologic studies have evaluated thyroid disease and long-term occupational
exposure to pesticides. A large study conducted among male pesticide applicators in the
Agricultural Health Study (AHS) found higher occupational use of the pesticides aldrin,
chlordane, DDT, lindane, parathion, alachlor, and 2,4-dichlorophenoxyacetic acid (2,4-D)
was associated with self-reported hypothyroidism.13 Among female spouses of AHS
applicators, use of chlordane, paraquat, benomyl, and maneb/mancozeb was associated with
self-reported hypothyroidism; maneb/mancozeb use was also associated with
hyperthyroidism.14 Several epidemiologic studies have evaluated occupational pesticide
exposure and subclinical thyroid function. EBDC fungicide-exposed pesticide applicators in
Mexico demonstrated higher TSH compared to unexposed controls.1® Several epidemiologic
studies have found changes in TSH, T3, and/or T4 to be associated with self-reported
pesticide use.16-18 However, a common limitation of these studies was their inability to
examine associations with individual pesticides, instead examining overall pesticide use or
broad chemical groupings (e.g. herbicides, fungicides).

These previous studies of occupational pesticide exposures and thyroid function have been
limited by low power, lack of information on specific pesticides, or reliance on self-reported
thyroid disease. In the present study, we examine whether subclinical hypothyroidism, TSH,
T3, and T4 levels, and thyroid autoantibodies are associated with occupational exposures to
pesticides among male pesticide applicators without self-reported thyroid disease in lowa
and North Carolina.

METHODS

Study Design

We evaluated thyroid dysfunction in a subset of AHS participants who enrolled in the
Biomarkers of Exposure and Effect in Agriculture (BEEA) study between June 2010 and
September 2013; the design and enroliment methods of the BEEA study have been
described.1® Briefly, BEEA participants were selected from among male pesticide
applicators with a private license in the AHS cohort.2? Those who continuously resided in
lowa or North Carolina, were over 50 years of age at the time of BEEA enrollment, had
never been diagnosed with any type of cancer other than non-melanoma skin cancer, and had
completed the enrollment AHS questionnaire (1993-1997), as well as two follow-up
interviews (1999-2003 and 2005-2010) were eligible for BEEA. All participants provided
written informed consent at BEEA enrollment. A trained phlebotomist conducted a
computer-assisted personal interview and collected a non-fasting blood sample. Samples
were shipped in temperature-controlled containers overnight to a central processing facility,
where serum was isolated, aliquoted, and stored at —80°C. We sampled 684 of 955 eligible
BEEA participants who had provided a blood sample, did not have a history of clinical
thyroid disease (as reported on previous AHS questionnaires), and were not taking thyroid
medications at the time of phlebotomy. Among the selected participants, we excluded five
with laboratory results indicative of subclinical hyperthyroidism (TSH<0.4 mIU/L), leaving
679 participants for analysis.
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TSH, thyroid hormones and anti-thyroid peroxidase autoantibodies

TSH was measured using a multiplexing kit from Millipore (The Human Pituitary panel, Cat
# STTHMAG-21K). Total T4 and T3 were measured using another multiplexing kit from the
same manufacturer (Steroid/Thyroid Hormone Magnetic Bead Panel, Cat #
STTHMAG-21K). Coefficients of variation for blinded duplicate quality control (QC)
samples (N=30) were 9.5%, 11.7%, and 15.8% for TSH, T4, and T3, respectively. Anti-TPO
autoantibodies were measured using a Luminex-based kit from Applied Biosystems, Inc.
(Cat # PP1000). We categorized results as negative or positive based on the raw Luminex
median fluorescence intensity (MFI), with MFI 10 to 55 times higher than the median
indicating anti-TPO positivity. In QC analyses of blind duplicate samples (N=30), we found
100% agreement.

For a subset of the QC samples with adequate serum (N=23) we compared the multiplex
assay results with measurements from standard clinical laboratory immunoassays for TSH
(Roche Diagnostics, Cat # 11731459122) and T4 (Roche Diagnostics, Cat # 20739006322).
The assay results were highly correlated (TSH Spearman p=0.76, T4 Spearman p=0.71).

We defined normal thyroid function as having TSH levels of 0.4-4.5 mIU/L and subclinical
hypothyroidism as TSH>4.5 mIU/L.21 We evaluated pesticide associations comparing those
with subclinical hypothyroidism to those with normal TSH levels. We also evaluated TSH,
T4, and T3 as continuous outcomes, and anti-TPO as a binary outcome (negative or
positive).

Exposure Assessment

Information on use of individual pesticides came from two AHS cohort study questionnaires
that were completed at enrollment (http://www.aghealth.nih.gov/collaboration/
questionnaires.html). All applicators completed the first enrollment questionnaire, and
provided information about ever/never use of 50 pesticides, as well as duration (years) and
frequency (average days/year) of use for a subset of 22 pesticides. In addition, 63% of the
applicators in this analysis returned the second (take-home) enrollment questionnaire, and
provided information about duration and frequency of use for the remaining 28 pesticides.
On average, there were 17 years of follow-up from enrollment to specimen collection.

For each pesticide, the number of cumulative days of use was calculated by multiplying the
number of days the pesticide was used per year by total years of use. Intensity-weighted
lifetime exposure days were computed by multiplying an intensity-weighting factor by
lifetime exposure days. The intensity-weighting factor incorporates information that may
influence exposure, i.e. the repair and cleaning of equipment, application method, whether
the applicator mixed pesticides, and the use personal protective equipment.22 For herbicides
and insecticides, we examined agents with =20 exposed cases of subclinical hypothyroidism.
Because use of fumigants and fungicides was less prevalent, we examined agents with >5
exposed cases of subclinical hypothyroidism. Herbicides and insecticides were classified as
unexposed (no reported use) and quartiles of intensity-weighted exposure days among all
applicators., Fungicides and fumigants were classified as unexposed (no reported use), low
(< median), or high exposure based on the intensity-weighted exposure days among all
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applicators. Similarly, for analyses of anti-TPO positivity, we classified pesticide intensity-
weighted days as unexposed, low, or high exposed based on the median among all
applicators reporting use. Applicators with missing information for a particular pesticide
were excluded from that analysis. We evaluated a total of 33 pesticides (16 herbicides, 13
insecticides, two fungicides, two fumigants).

Statistical Analysis

RESULTS

We compared sociodemographic, farming, and other health and behavioral characteristics
for persons with normal TSH and those with subclinical hypothyroidism. We utilized
logistic regression models to estimate odds ratios (OR) and 95% confidence intervals (95%
Cl) for the association of each pesticide with subclinical hypothyroidism and anti-TPO
positivity. To evaluate the relationship between each pesticide active ingredient and TSH,
T4, and T3 levels modeled continuously, we estimated p coefficients and 95% Cls using
multivariate linear regression models. TSH, T4, and T3 levels were natural log (In)
transformed to satisfy the assumptions of our statistical models. We exponentiated the
resulting B coefficients, which reflect the ratio of the geometric mean for individuals in each
exposure category relative to the geometric mean for unexposed individuals. Tests for trend
used the median of each exposure category treated as a continuous variable. All models were
adjusted for age at sample collection (continuous), state of residence (lowa or North
Carolina), body mass index at sample collection (BMI, continuous), and smoking status
(current, former, never). Models were also adjusted for use of correlated pesticides (no
exposure, quartiles of exposure, missing) at AHS study enrollment (Spearman p>0.40
calculated using continuous intensity-weighted lifetime days; Table S1). Other variables
considered as potential confounders included month and time of day of blood draw
(modeled as cubic terms), alcohol consumption, educational attainment, and race. These
variables were ultimately not included in the final models because they did not impact the
observed associations (<20% change in main effect). We also examined pesticide use
reported during follow-up interviews conducted after AHS enrollment up to time of BEEA
sample collection. For the pesticides queried at enrollment, pesticide use had either stopped
completely (i.e. ingredient registration was cancelled) or was markedly lower, the one
exception being the commonly used herbicide glyphosate. However, including additional
recent exposure to these pesticides (i.e. exposure at follow-up interviews) did not
substantively alter our findings (<20% change in main effect). To evaluate pesticide
associations with subclinical hypothyroidism, TSH, and thyroid hormones among those
without evidence of an autoimmune etiology, we performed analyses excluding anti-TPO
positive participants.

Analyses were conducted using SAS version 9.3 (SAS Institute, Inc., Cary, NC). All tests
were two-sided with a=0.05.

Among the 679 pesticide applicators in our analysis, 127 (19%) met our definition for
subclinical hypothyroidism (Table 1). The prevalence increased with age: 17%, 16%, 21%,
and 32% of men ages 50-59, 60-69, 70-79, and 80+ had subclinical hypothyroidism,
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respectively. Men with subclinical hypothyroidism were more likely to be positive for anti-
TPO (p<0.01). Age, race, state, BMI, smoking status, alcohol consumption, and education
did not vary substantially by subclinical hypothyroidism status. Men with subclinical
hypothyroidism were less likely to have raised animals or to have applied pesticides in the
last 12 months, although these differences were not statistically significant.

Among the insecticides (Table 2), aldrin use was positively associated with subclinical
hypothyroidism (fourth quartile of intensity-weighted lifetime days of use vs. no use:
ORQ4=4.76, 95% C1=1.53-14.82, ptreng<0.01) and TSH (pgreng=0.01). Increasing use of
aldrin was also associated with lower T4 (pireng=0.04) and T3 (ptreng=0.08). Diazinon use
was associated with elevated odds of subclinical hypothyroidism (third quartile vs. no use:
OR@3=2.64, 95% C1=1.00-6.98, pireng=0.10) and higher TSH levels (pgreng=0.07), with no
significant monotonic trend. Terbufos use in all quartiles was associated with elevated T3,
though we observed no significant exposure-response trend (ptreng=0.10), and no association
with TSH or T4.

Applicators reporting use of pendimethalin had increased odds of subclinical
hypothyroidism (fourth quartile of intensity-weighted lifetime days of use vs. no use:
OR@4=2.78, 95% Cl1=1.30-5.95, pyreng=0.02) and significantly increased TSH with
increasing use (pPirend=0.04) (Table 3). Higher use of S-Ethyl dipropylthiocarbamate (EPTC)
was statistically significantly associated with increased TSH (fourth quartile vs. no use:
exp(B)qs=1.24, 95% C1=1.00-1.54, pyreng=0.04), and was non-significantly associated with
subclinical hypothyroidism (fourth quartile vs. no use: ORg4=2.05, 95% CI1=0.91-4.63,
Ptrend=0.05). Increasing 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) intensity-weighted
lifetime days of use was associated with significantly decreased T4 (pireng=0.03). Cyanazine
was associated with elevated odds of subclinical hypothyroidism (third quartile vs. no use:
OR@3=2.53, 95% CI=1.34-4.78, pireng=0.35) and increased TSH (third quartile vs. no use:
exp(B)qs=1.19, 95% C1=1.02-1.39, pyrend=0.11) without evidence for a monotonic trend.
Increasing use of petroleum distillates was associated with significantly decreased T3
(Ptrend=0.045), and non-significantly elevated TSH (ptreng=0.09).

No evaluated fumigant or fungicide was significantly associated with subclinical
hypothyroidism (Table 4). However, methyl bromide use was associated with significantly
lower TSH (>median vs. unexposed: exp(B)nigh=0.75, 95% C1=0.56-1.00, pyreng=0.02),
higher T4 (Preng=0.01), and higher T3 (preng=0.06). In contrast, captan intensity-weighted
lifetime days of use above the median was associated with borderline significantly higher
TSH levels (exp(B)nigh=1.23, 95% CI1=1.00-1.52, pireng=0.05) compared to unexposed.

Results for pesticide use and anti-TPO positivity are shown in Table S2. Compared to men
with no exposure, intensity-weighted lifetime days of pendimethalin use above the median
was significantly associated with anti-TPO positivity (ORpjgh=2.69, 95% CI=1.29-5.60,
Pireng=0.01) compared to unexposed applicators. A few additional pesticides had non-
significantly elevated associations at exposure greater than the median intensity-weighted
days, including aldrin (ORpjgh=2.31, 95% CI=0.79-6.73, preng=0.12), DDT (ORpjgh=2.28,
95% CI1=0.73-7.15, pyreng=0.09), and atrazine (ORpjgh=2.15, 95% CI 0.75-4.88,
Ptrend=0.29).
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Excluding individuals with anti-TPO positivity (N=65), we generally observed weaker
associations for subclinical hypothyroidism, TSH, T4, and T3 with pesticide exposure that
were in the same direction as those among all subjects (Table S3). The associations between
aldrin and cyanazine with subclinical hypothyroidism, methyl bromide with TSH, and
terbufos with T3 remained statistically significant; however, other reported associations were
substantially attenuated including pendimethalin with hypothyroidism (fourth quartile of
intensity-weighted days vs. no exposure: ORqg4=1.86, 95% CI=0.73-4.73, ptreng=0.25) and
EPTC with TSH (fourth quartile vs. no exposure: exp(B)qs=1.07, 95% C1=0.86-1.32,

Ptreng=0.45).

DISCUSSION

Insecticides

Our study is the first to comprehensively examine occupational use of a wide range of
pesticide active ingredients and the prevalence of subclinical hypothyroidism, TSH, thyroid
hormones, and thyroid autoantibodies. The insecticide aldrin and the herbicide
pendimethalin were associated with subclinical hypothyroidism and higher TSH levels.
Pendimethalin was also significantly associated with anti-TPO positivity, suggesting that it
may influence TSH through an autoimmune pathway. The prevalence of subclinical
hypothyroidism appeared to be higher among BEEA participants compared to similarly-
aged thyroid disease-free adults in the general US population in NHANES.! However, a
direct comparison of our results with these published data from NHANES should be
interpreted cautiously, as the NHANES prevalence estimates are based on measurements
from 1988-1994 in a racially diverse population including men and women, utilizing a
different laboratory assay.

In our study, high use of the insecticide aldrin was positively associated with subclinical
hypothyroidism and with levels of TSH, and inversely associated with T4. Aldrin is an
organochlorine (OC) insecticide that was first produced in the US in the 1950s and was
primarily used on corn.23 Most uses for aldrin were banned in the US in 1974, and its use
has similarly been banned or restricted in many other countries.2* However, OCs have long
half-lives and persist in the environment. Due to their lipophilic nature they biomagnify in
the food chain and are detectable in human tissue and serum many years after exposure.?
Our findings are consistent with a previous investigation among male applicators in the AHS
in which higher prior use of aldrin was associated with self-reported hypothyroidism.13 In
contrast to our findings, a study of agricultural workers in Brazil reported no association
between serum levels of aldrin or dieldrin, the major metabolite of aldrin, with TSH, T3, or
T4 in men or women.2% Another Brazilian study of agricultural workers found no
association between serum levels of aldrin and dieldrin and TSH; however, dieldrin levels
were associated with significantly lower free T4.18 Evidence of a negative correlation
between dieldrin and free T4 was also reported in a small study of women in India.2” Rats
exposed at low levels to a mixture of persistent pesticides and other contaminants, including
aldrin and several other OCs, demonstrated alterations in thyroid gland morphology, serum
thyroid hormone levels, and hepatic thyroid hormone levels.28 Additionally, studies suggest
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that aldrin is associated with follicular thyroid tumors in male and female rats, though these
associations were only observed at low doses.2®

We observed associations with subclinical hypothyroidism and TSH for pendimethalin, a
selective dinitroaniline herbicide used for control of broadleaf and grassy weeds that is
registered for both crop and residential uses.3? Since 2003, pendimethalin has been among
the top ten most commonly applied pesticides in the US for agricultural use, and among the
top five for residential use.3! In our study, higher pendimethalin use was also associated with
anti-TPO positivity, suggesting that exposure may influence TSH through an autoimmune
pathway. Pendimethalin has been shown /n vivo to enhance the metabolism and excretion of
T3 and T4, increase TSH, increase thyroid cell growth, and cause thyroid follicular cell
adenomas.3%32 In previous analyses in the AHS cohort, pendimethalin was not associated
with self-reported hypothyroidism in men or women.1314 Though the associations with
subclinical hypothyroidism, TSH, and anti-TPO at the highest levels of exposure are
interesting, caution should be taken in interpreting these results. These findings are based on
small numbers of exposed individuals and the exposure-response trends do not appear to be
monotonic.

We noted significantly increased TSH levels among applicators with the highest EPTC use,
with a significant exposure-response trend. Goldner et al. found no significant associations
with EPTC and self-reported hypothyroidism among AHS men or women;1314 however,
there was evidence of non-significantly elevated risk among men with the highest exposure
(above median intensity-weighted days of use). Recent studies evaluating EPTC and
endocrine disruption found only modest effects on the hypothalamic-pituitary-thyroidal axis,
noting decreases in serum T4 in rats at high doses and decreased thyroid weight in dogs.33

When individuals with anti-TPO positivity were removed from the analyses, the associations
for pendimethalin and EPTC with subclinical hypothyroidism and TSH were attenuated,
suggesting that the effect of these herbicides on TSH may be stronger among participants
with anti-TPO positivity. It has been hypothesized that individuals with thyroid
autoantibodies are more susceptible to chemical exposures known to interfere with thyroid
production or metabolism due to inability to properly compensate by increasing hormone
production.3* Direct studies are needed to investigate this mechanism.

2,4,5-T use was associated with significantly decreased T4 and a suggestive increase in
subclinical hypothyroidism with no monotonic trend. First developed in the 1940s, US
registrations of 2,4,5-T have been cancelled since 1985 due to serious health effects (e.g.
birth defects, cancer) caused by contamination with the dioxin 2,3,7,8,-tetrachlorodibenzo-p
dioxin (TCDD) during the manufacturing process.3236 Goldner et al. previously noted a
significant positive association with self-reported hypothyroidism and ever use of 2,4,5-T
among male pesticide applicators.1® Additionally, US Air Force veterans who sprayed Agent
Orange, an herbicide containing 2,4-D and TCDD-contaminated 2,4,5-T, had significantly
increased TSH even 20+ years after exposure compared to unexposed veterans. Based on the
exposure information in our study;, it is not possible to disentangle the separate effects of
TCDD and 2,4,5-T on TSH and thyroid hormones. However, there is extensive animal
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literature indicating that chronic exposure to TCDD is associated with lower T4 and higher
TSH.937 |t is possible that the associations observed for 2,4,5-T are due to confounding by
TCDD.

Fumigants and fungicides

Higher intensity-weighted days of methyl bromide use were associated with lower TSH,
significantly higher T4, and non-significantly elevated T3. Methyl bromide was first
registered for use in the US as a soil fumigant in 1961, but has been banned since 2005
under the Clean Air Act and the Montreal Protocol on Substances that Deplete the Ozone
Layer.38 Methyl bromide has demonstrated neurotoxic effects,38 though its potential for
thyroid and other endocrine disruption has not been well-studied. In the AHS, methyl
bromide use was associated with non-significantly elevated odds of self-reported
hypothyroidism among women;* hyperthyroidism among women and thyroid disease
among men were not evaluated.1314 Despite relatively few individuals having been exposed
to methyl bromide in our analysis, we noted consistent associations across TSH, T4, and T3.

We found that high use of the fungicide captan in our study was associated with higher TSH.
These findings are consistent with those from an earlier AHS study,13 where ever use of
captan was associated with non-significantly elevated risk of self-reported hypothyroidism
among male pesticide applicators. Fungicide exposure has been associated with increased
TSH levels among pesticide applicators in Minnesota.163° Thyroid cancer mortality was also
significantly higher in the same agricultural areas of Minnesota with high fungicide use
compared to non-agricultural areas.? While these studies did not investigate individual
fungicides, captan was reportedly among the most commonly used fungicides during this
time period in Minnesota.#? Due to the small number of exposed applicators with subclinical
hypothyroidism (N=1), we were not able to evaluate the fungicides maneb and mancozeb.
These fungicides are applied in orchards and other settings where captan may be used, and
were shown to be associated with both hypo- and hyperthyroidism among AHS spouses.14
However, in our study and in the cohort overall, use of captan and maneb/mancozeb are not
correlated (Spearman p 0.02 and 0.17, respectively); it is unlikely that maneb/mancozeb use
is confounding the relationship between captan and TSH in our study.

Strengths and Limitations

The characterization of altered thyroid function based on measured TSH and thyroid
hormone levels was a strength of our investigation, as it allowed us to examine past pesticide
exposure and subclinical changes in thyroid function. However, lack of laboratory
measurement of free T4 was an important limitation and impacted our classification of
subclinical hypothyroidism, which is often defined as TSH concentrations above the upper
limit of the reference range (0.4—4.5 mIU/L) with normal free T4 levels. Individuals with
TSH and free T4 outside the reference range may be considered to have overt
hypothyroidism requiring medical attention:® we were not able to make this distinction in
our study. We excluded participants with self-reported thyroid disease or thyroid medication.
These individuals may have normal TSH and thyroid hormone levels due to treatment,
potentially biasing results toward the null. Use of a single blood sample to characterize TSH
and thyroid hormones is a potential limitation; however, TSH has been shown to be
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relatively stable over time (e.g., up to three years).*! To rule out confounding due to
seasonality or diurnal variation we controlled for time of day and month of blood draw in
our statistical models; neither was an important confounder. Measurement of multiple
markers of thyroid function was a strength of our study, and we focused on results where we
saw concordance between markers (e.g. higher TSH and lower T4). However, for some
analyses we had limited statistical power to detect associations, particularly for subclinical
hypothyroidism and pesticides with low prevalence of use.

Another strength is the detailed pesticide exposure assessment for many pesticides reported
at AHS study enrollment.2? Though exposure misclassification is a potential concern with
self-reported pesticide use, the AHS intensity-weighting algorithm has been shown to
correlate well with urinary pesticide measures.2242 Additionally, due to the prospective
cohort design and objective nature of the outcome measures, any exposure misclassification
would likely be non-differential with respect to health outcomes. We were also able to adjust
for use of other pesticides, minimizing potential confounding by use of correlated chemicals.
For this study, we limited our analyses to self-reported lifetime days of use as reported at
study enrollment. The evidence is unclear as to whether recent or chronic exposures have the
greatest impact on thyroid function. Our strongest association was with cumulative exposure
to aldrin where recent exposures would not be possible, as it has been banned in the US
since 1974. For chemicals with ongoing use (e.g. pendimethalin), adjustment for use
reported in follow-up questionnaires did not alter the reported main effects. For most
pesticides, exposures reported at enrollment accounted for the majority of applicators’
cumulative lifetime use. Future studies should examine windows of pesticide and other
chemical exposures in relation to thyroid dysfunction and thyroid disease incidence.

CONCLUSIONS

Lifetime use of several pesticides was associated with increased TSH levels and subclinical
hypothyroidism in our study population of male pesticide applicators. Our findings, taken
together with limited epidemiologic studies and experimental evidence from animal models,
suggest that certain pesticides may act as thyroid hormone disruptors. Furthermore, the
agreement of our findings with previous results in the AHS for aldrin and self-reported
hypothyroidism!2 suggest that subclinical hormone disruption may potentially lead to overt
hypothyroid disease among those exposed to this chemical. Thyroid disease and thyroid
hormone disruption can impact human health, and may increase risk of other diseases
including thyroid cancer,*3-46 breast cancer,”48 non-Hodgkin lymphoma,*® and
cardiovascular disease.>® Most studies of pesticides and endocrine disruption have been
conducted only in animals; more epidemiologic studies are necessary to understand how
chronic occupational exposures impact thyroid function in men and women. Additionally,
future work should attempt to assess whether short-term exposure to pesticides impacts
thyroid hormone function in a similar manner as long-term use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SUMMARY
1. What is already known about this subject?

Studies in laboratory animals have suggested that occupational exposure to individual
pesticides may alter thyroid function. Posited mechanisms include competitive binding to
thyroid hormone receptors and interference with thyroid enzymes. However, few
epidemiologic studies have examined this association.

2. What are the new findings?

In a large study of U.S. male pesticide applicators, we observed associations between
long-term occupational exposure to certain pesticides with thyroid hormone levels and
subclinical hypothyroidism.

3. How might it impact on clinical practice in the foreseeable future?

For many of the pesticides examined, this is the first report in a human population; thus,
there are no immediate implications for clinical practice. Future studies are needed to
confirm these findings.
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Selected characteristics of pesticide applicators at BEEA sample collection (unless noted) stratified by

Table 1

subclinical hypothyroidism (TSH 0.4-4.5 mIU/L or >4.5 mIU/L)

Subclinical hypothyroidism

Total No Yes p-value@
N=679 N=552 N=127
N (%) N (%) N (%)
Age
50-59 254 (37.41) 210 (38.04) 44 (34.65) 0.12
60-69 231(34.02) 193(34.96) 38(29.92)
70-79 156 (22.97) 123(22.28) 33 (25.98)
80+ 38 (5.60) 26 (4.71) 12 (9.45)
Race?
Non-Hispanic white 664 (97.80) 540 (97.80) 124 (97.60) 0.90
Other 15 (2.20) 12 (2.20) 3(2.40)
State?
lowa 582 (85.71) 474 (85.87) 108 (85.04) 0.81
North Carolina 97 (14.29) 78 (14.13) 19 (14.96)
Body mass index
Normal (<25) 118 (17.38) 97 (17.57)  21(16.54) 0.86
Overweight (25-29.9) 301 (44.33) 242 (43.84) 59 (46.46)
Obese (30+) 260 (38.29) 213(38.59) 47 (37.01)
Tobacco smoking®
Never 407 (59.94) 325(58.88) 82 (64.57) 0.46
Former 230(33.87) 191(34.6) 39 (30.71)
Current 42 (6.19) 36 (6.52) 6(4.72)
Alcohol consumption (last 7 days)
None 322 (47.42) 257 (46.56) 65 (51.18) 0.63
<5 drinks 206 (30.34) 171(30.98) 35 (27.56)
5+ drinks 151 (22.24) 124 (22.46) 27 (21.26)
Education?
Less than high school 26 (3.83) 18 (3.26) 8(6.3) 0.29
High school graduate 321 (47.28) 260 (47.1) 61 (48.03)
Vocational school/some college 157 (23.12) 133(24.09) 24 (18.9)
College grad 162 (23.86) 132(23.91) 30 (23.62)
Missing/don’t know 13 (1.92) 9 (1.63) 4 (3.15)
Raised Farm Animals in the last 12 months
Did not farm 104 (15.32)  79(14.31)  25(19.69) 0.06
No 274 (40.35) 217(39.31) 57 (44.88)
Yes 301 (44.33) 256 (46.38) 45 (35.43)
Applied pesticides occupationally in the last 12 months
No 192 (28.28) 148 (26.81) 44 (34.65) 0.08
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Subclinical hypothyroidism
Total No Yes p-value@
N=679 N=552 N=127
N (%) N (%) N (%)
Yes 487 (71.72) 404 (73.19) 83 (65.35)
Off-farm job in the last 12 months
No 446 (65.68) 365 (66.12) 81 (63.78) 0.62
Yes 233(34.32) 187(33.88) 46 (36.22)
Anti-TPO antibodies
Negative 614 (90.43) 516(93.48) 98(77.17)  <0.01
Positive 65 (9.57) 36(6.52) 29 (22.83)

BEEA: Biomarkers of Exposure and Effect in Agriculture; TSH: Thyroid stimulating hormone

aChi—square test for homogeneity

bCoIIected at AHS enrollment

cCoIIected at the second AHS follow-up

Occup Environ Med. Author manuscript; available in PMC 2019 February 01.

Page 16



Page 17

(rTT'980)66'0 (L0T'180)€60  (6GT‘Z80)¥T'T 8T (ev'v'9e0) L2'T 9 086—7.L¥<
(907280060  (0cT'e60)90T (V9T '680)TZT 8T (68'9'290)ST'C 9 v1v-28T<
(zo1'8L0)680  (860'920)98'0  (¢8T'86°0)EET 6T (6€'G'05°0) S9'T S 281-9¢2
(a1) 00T (a1 00T (21) 00T 055 (a1 00T €6 0 plouoeday
060 ¥1°0 880 180 puang
(9T'T'68'0)20T  (92T'86'0)IT'T  (TV'T'SL0)E0T  2¢ (18'2 '92°0) 58'0 9 0082.1-5292<
(6T'T'€6'0)50T  (v2T'86'0)0T'T  (22T'89°0)T60  2¢ (Tz'z '22'0) 69°0 S G292-299<
(9r7'060)20T  (STT'T60)20T  (9G°T'Z80)LTT 12 (92'2'82°0) L80 S 299-0ve<
(0zT'¥60090T  (STT'060)20T  (82'T'TL0)S60  2¢ (€82 'L2°0) 88°0 S 0vz—8T
(a1 00T (a1 00T (a1)00'T €S (a1 00T 26 0 p1ad
Ge'0 950 89°0 00 Peeig
(cz1'e6'0)20T (60T '¥8°0) 960  (8V'T'8L0)80T 61 (€£'°25°0) 08T 9 020€1-086<
(9r'T'160)€0T  (STT'T60)20T  (LV'T'280)0TT  OC (TT'v 'sv'0) GE'T S 086-STE<
(¥T1'280)660 (STT'680)TOT  (0T'T'850)080 9T (T6'v 'ev'0) Sv'T v GTE-0Te<
(90'T's80)s60  (ITT'680)00T  (€2T'2L0)¥60 €2 (Lz'€'6E0) ET'T S 0Tz
(a1 00T (a1 00T (a1) 00T 125 (a1 00T 26 0  pOUEPIOIND
800 00 4100 ,T00> puas
(012200880 4(860°9L0)280  (g1e0)eeT Tz 4BVIESDAUY 5 BEE0T-LTTT<
€rT'680)00T (OTT'z60)e0T 4(€0TITTEST oz OTTSTSTY 5 LTTT-26€<
(TrT'v80) 260 (STT'680)T0T  (2CT'S90)680 6T (82°G 'v¥0) €G'T S 26€-0Te<
(ez1'26'0060T  (02T'96'0) L0T  (SV'T'¥80)OTT G2 (87°€ ‘'T€°0) 66°0 S 0T2-92
(a1) 00T (a1 00T (1) 00°T £eg (a1) 00T S8 0 pulpIvy
autiojyoouehiQ
(10 %G6) gdxa (1D %S6) ddx3 (1D %s6) ddx3  oN (12 %56) 4O gN  shep pawyBlam —Aususul

€1

Occup Environ Med. Author manuscript; available in PMC 2019 February 01.

Lerro et al.

VL HSL1 wisipioaAylodAy [eaturjpgns

S3UOWIOH PIoJAYL pue HS1

€1 pue ‘y1 ‘HSL Jo fo [edneu pue (/N jw
G'y<HS1) wsiplolAylodAy [eatuljagns pue sepidioasul 91419ads Jo sAep paiybram-AlSusiul usamiag UOIRII0SSe Bululwexa S[apow uoissalhial ,erelieAn|niA

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 18

Lerro et al.

180 S9°0 91’0 0€0 PLety
(60'T‘26'0)00T  (L0T'T60)660  (E€T'T6'0)OT'T L. (L2'€'69'0) 05T 81T 009.TT-06¢Z<
(0TT'v6'0)20T  (2TT'960)€0T  (L0T'SL'0) 060 L. (€12 '2v'0) S6°0 VT 0522-08.<
(TT1's6'0)€0T  (80T'€60) 00T  (22T'980)20T  GL (092'55°0) 02T GT 08.-9/2<
(0T'T'56'0)20T  (80T'€6'0)00T  (L0'T'9L°0) 060 V. (822 'L7'0) ¥0'T 45 9/2-02

(a1 00T (121) 00T (a1) 00T 08T (a1 00T 62 0 pUOMRIEN

150 €50 110 €L0 Pty
(70'1'680)960  (0TT'G6'0)€0T  (BET'L60)9TT  ¥§ (T€'2'25°0) 60'T 01 8Y6T¢-9792<
(€T'T°26'0)50T (90T '26'0)66'0  (LT'T'280)860  GS (692 '89'0) 5€'T €T 9v9Z-286<
(TT1'960)€0T  (ETT'860)90T  (ETT'6LO) V60  ¥§ (8€72'95°0) 9T'T 7 786-89¢<
(90'T'T6'0)86'0  (S0T'16'0)860  (FT'T'080)S6'0  GS (zg2'090) €2'T 1T 89¢-8¢2

(1) 00'T (1001 (1) 00T eey (1) 00'T 8. 0 S0J0U0S

290 ST0 L0°0 0T'0 PLety
(LT1'260)€0T  (€2T'860)0TT  (29T'26'0) 22T 02 (L1'5'89°0) 88'T 9 €2reT-288<
(Ir1'2800860  (0rT280 860 /(98TODOWT g ,669°0TDVOT 283-02<
(LTT'e6'0) 70T (9TT'€60) ¥OT  (9€T'6L0) ¥O'T T2 (0£'9'56°0) ¥¥'C L 0zr—9e2<
(€T'1'88°0) 00T (90T '¥8°0)S60  (¥ST'Z80)9TT 6T (TTv '2ro) 2eT 14 9£7-82

(o1 00T (1) 00T (121 00T 91§ (21 00T 98 o puoulzeid

160 9g°0 880 60 PRty
(L01'56'0)T0T  (60T'96'0)20T  (9T'T'98°0) 00T 98 (Tr'T'9€°0) TL'0 45 80.£6-L082<
80T'960) 20T LPTTTODL0T  (er1'680)€0T S8 (T'2'SL0)SET 0z 1082-500T<
(80'T'96'0) 20T (0T ',6'0)€0T  (ST'T'S80)660  G8 (ezz'L90 2zt 8T G00T-L0P<
(60T'960) 20T (L0T'S60)TOT  (BOT'TB0) Y60 98 (£8'T'25°0) 66°0 ST LOv—S2

(1) 00T (e 00T (1) 00°T 81¢ (321) 00'T 09 0 sojuAdiolyd
areydsoydouebio

1§50 €L0 89°0 GL0 PLety
(cz1'26'0)90T  (02T'€6'0)90T  (8ET'€L0) 00T 8T (9’2 '91°0) £9°0 14 0890£-086<
(10%%6) 9dx3 (1D %g6) ddx3a (1D %s6) gdxa  oN (12 9%56) 4O g\ skep paiybiiam —Aususiu

€L

VL

HSL1

S3UOLWIOH PIoJAYL pue HS1

wisipiodAylodAy [eaturjagns

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 February 01.

i

Occup Environ Med. Author manuscript



Page 19

Lerro et al.

(1) 00'T (1001 (1) 00'T 09 (1) 00'T 68 0  uuylwisd
proJylalid
(0140 G50 6.0 120 PRty
(Tr1'96°0)€0T  (0T'T'96'0)€0T  (BT'T'SB'0) TOT 6§ (L0'€'18'0) 85T VT L€8E€-9T0OZ<
(80T'¥v60)TOT  (YOT'06'0) 260  (SCT'680)SOT 9§ (S92 '990) 2€'T 4! 9102-858<
(80'T'e6'0) 00T  (2TT'.60)¥0T  (82'T'06°0) 0T 9§ (e1°€ '08'0) 65T €1 858-62<
(80T '¥6'0) 00T  (E0T'06'0)96'0  (ET'T'T80)S6'0 85 (r2'e '98'0) 29T VT v62-82
() 00T (1) 00T (1) 00T €Ty () 00T L9 0  ueinjogied
800 Sv'0 850 250 peeiy
(c0T'e8'0)26'0  (L0T',80)960  (9€'T'€8'0) 90T 8¢ (ezz'Lz0)LL0 L 0§8L¢z-ST€2<
rTT'v600€0T  (9TTL60)90T  (LFT'S6°0)8TT  OF (sv'e'65°0) 2v'T 6 G1€¢-299<
(erT'v60)€0T  (OTT'260)TOT  (2€T'980)90T  8€ (TTv'8L0) 6LT 01 299-002<
(6T'T'66'0)80'T  (TTT'€6'0)20T  (SO'T'69'0)S80  6€ (552 '2v'0) €0'T L 00z-82
(21 00T (81 00T (121 00T 16¢ (1) 00T 1L o  plAraed
ogleweqied
01’0 690 160 2L Pty
JETT'0T) 20T (807'960) 20T  (STT'S80)660 98 (82T 'T5°0) 660 9T 871/T-89g€<
JETT'0T 20T (,07'v60) 00T (90T'820)T60 98 (62T '€€°0) §9°0 1 89£€-652T<
(60T'96°0)€0T  (L0T'G6'0)TOT  (¢T'T'€80) 260 98 (¥9'T '9v'0) 28°0 ST 652T-€9v<
JETTTOT80T  (g07'950)20T  (80T'080)€60 98  (9T2'€90) ZTT 8T £9v—+E
(1) 00T (e 00T (1) 00°T 60€ (331) 00'T 29 0 SoyngaL
ev'o 650 ¥S'0 080 Pty
(2070600860 (TT'v60)€0T  (LZT'€80)€0T L€ (852 ‘L¥0) OT'T 8 8G//€-20ET<
(012800760  (0TT'€60)TOT  (EV'T'¥6°0)9TT  8E (5€'2 'T7°0) 86°0 L 20€T-885<
FTT'96°0)¥0T  (ITT'¥60)20T  (LZT'¥80)€0T 8¢ (z6'T'0€0) 9L°0 9 885-9€¢<
(60T'160)00T  (OTT'€60)TOT  (BT'T'LL0)G60  9€ (S0 ‘'ze0) 18°0 9 9£2-8¢2
(8 00T (a1) 00T (a5) 00T 6z @a) 00T 6. 0 pBrEIoUd
(10%%6) 9dx3 (1D %g6) ddx3a (1D %s6) gdxa  oN (12 9%56) 4O g\ skep paiybiiam —Aususiu

€L

VL

HSL1

S3UOLWIOH PIoJAYL pue HS1

wisipiodAylodAy [eaturjagns

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 February 01.

i

Occup Environ Med. Author manuscript



Page 20

Lerro et al.

$13sN JaAsU YiMm paledwod mo.onJN

US| |0JUS T8 BJreULOIISBNb BWIOY-8Ye) 8U) UO Palas||0d SeMm S[eaIWayD asay) 0} Uolewosul pa|relsa

14
pasodxa |e1o _.u

Sased ummoavm_Q

sapionsad paje|a1109 ‘Buiows ‘xapui ssew Apoq ‘ajels ‘abe Joy nmum:.—u<m

3UIL0IALIOPOILIY (€1 ‘BUIX0IAY) 71 ‘Buowiioy Bunenuwins ploAyl :HSL

€0
(TT'7'G6°0) €0'T
(cT'7'96°0) €0°'T
(90T '16°0) 860
(S0'T '06°0) 86°0

050
(0T'T'56'0) 20T
(TT'T'96°0) €0'T
(TT'1'96'0) €0'T
(¥0'T '06°0) 96°0

€710
(SE'T'¥60) ET'T
(92'7'88°0) SO'T

,(86°0'89°0) 18°0

(60T '92°0) T6°0

05
0§
0§
0S

99°0

(682 'S0 ¥T'T
(622 '250) 60T
(8z'1'6T°0) 6Y°0
(102 'ev'0) €6°0

01
0t

pusl
000¢19-120¢<
T202-665<

665-0€¢<
0€c—e

(10 %s6) ddx3

(10 %s6) ddx3

(12 %56) ddx3

oN

(10 %%6) 4O

gN

€L

VL

HSL1

S3UOLWIOH PIoJAYL pue HS1

wsiploJAy10dAy eaturpgng

sAep paiybiram —Ayisusiu|

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Occup Environ Med. Author manuscript; available in PMC 2019 February 01.



Page 21

Occup Environ Med. Author manuscript; available in PMC 2019 February 01.

Lerro et al.

(tt'160000T  (BOT'T60)660  (9TT'SL0) €60  C€ (egz'vr0) 2T 9 885-G2e<
(zrT'e60)20T (60T '26'0)00T  (S2'T'Z80)TOT  vE (18'€ 'TL°0) S9'T 8 Gez—€€
(1) 00T (1) 00T (10071 0TS (1) 00T 18 0 21d3
€50 2o v20 120 Puety
(201'88°0)26'0  (80T'06'0)660  (6ET'680)TT'T  2¥ (827 'vL'0) 8L'T T G262C-8Te<
(60'T'060)66'0  (S0T'88°0)96'0  (6V'T'96°0)0CT  6F (coe‘050) €2'T 6 ¥8T2-288<
(orT't60000T (60T 'T60) 660  (BET'880)OTT  6€ (0t'€ '05°0) 0E'T 8 788-6T€E<
(80'T'68°0)86'0  (60T'T6'0)00T  (9T'T'SLO)¥60  OF (9T°€ 'Sv'0) 6T'T L 6TE—€V
(a1) 00T (a1 00T (1) 00T 06¢ (a1 00T 99 0 prEiing
olewreqJedoly
820 Y10 500 G9°0 Pty
(TrT'60%0T  (ETT'660)S0T  (PET'L60)VTT /8 (L1'2'55°0) 60°T 81 00VETT-906€E<
(s0T'16'0)860  (S0'T'26'0)860  (v2T'060)SOT /8 (2z'vro)ert €z 906€-TTyI<
(80T'¥6'0)TOT  (2TT'860)G0T  (SO'T'9L0)060 /8 (€51 '5€°0) ¥2°0 €T TTPT-2€9<
(90'T'e6'0)66'0  (S0T'26'0)66'0  (ST'T'¥80)660 /8 (18T 'L1°0) ¥6°0 18 2€9-52
(an) 001 (1) o0t (1) 00T 80¢€ (1) 00T 1 0 ulfeIniyLL
9¥'0 180 V00 4200 puan g
(S0T'280)960 (L0T'0s0)860 4(GSTTOTST go (S 0ETIBLT o S0THT-0261<
(ezrTt'v60)€0T  (PTT'960) 0T  (0ET'S80)SOT  9€ (602 '62°0) 82°0 S 0Z6T-GLE<
(er1'e60) 20T (@TT'v60)20T  (TTT'2L0)680  GE (52 '8€°0) 96°0 9 G/€-802<
(tTrt'ze0)T0T  (L0T'06'0)860  (¥2'T'Z80)TOT  9€ (18'€'18°0) LL'T 01 80282
(a1) 00T (a1)00T (21) 00T ZTy (a1 00T 89 0 pullEyIswIpUSd
auljiueosnuig
(1D %%6) ddxa (10 9%s6) ddxa (1D %s6) ddxa  oN (12 %S6) ¥O g\ skep pawyBrem-Aysusiul
€L ian HSL wsipioJAylodAH [ealurjogns

S3UOWIOH PIoJAYL pue HS1

€1 pue ‘v1 ‘HS.L 0 Boj [esneu pue (/NIw
G'y<HS1) wsiplolAylodAy [eaturjagns pue sspidiglay d1419ads Jo sAep paybiam-A1ISusiul Usamiag UoI1eId0sse Buluiwexs S|apow uoissaibal ,alelleAllniA

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 22

Lerro et al.

,(6€T'20T) 6TT

,(BLY'VET) €5T

(L0T'¥6'0) 00T  (L0°T '¥6°0) 00'T 06 8¢ 689€-€TET<
(Tr1'86°0) 70T (90T '¥6'0) 00T  (ET'T'€8'0) 260 68 (To'T'81°0) €V'0 8 eTET-GGh<
(¥07'16°0) 260 (SOT'26'0)860  (VT'T'€80) 260 06 (08T 'v¥°0) 68°0 91 §Gv—G¢
(1) 00'T (a1 00T (1) 00T 62 (o1 00T 8 0 auizeueAD
050 Sv'0 160 820 PLely
(60T'¢60)00T  (L0T'T60) 660  (L0T'2L0)880 S¥T  (8LC'6Y0)9T'T 143 00VETT-2969<
(9011600860  (S0T'060) 260  (20T'0L0)¥80 O¥T (872 '050)CTT €e 2969-7092<
60T 'v60) 10T (1TT'960) 0T (0990610 pp1  (e2'7'52°0) 550 0z ¥092-086<
(FTT'66'0)90T  (0T'T'S6'0)20T  (20T'€L'0)98°0  2vT (e9T'5€°0) 9L°0 %4 086-5¢
(1) 00'T (e 00T (1) 00°T 10T (e 00T 61 0 auIzeny
aulzel]
600 4800 890 910 Piy
(20T'080) 060 /(8608200880 (,e7'gr0)e0T Tz (TLG'8L0)0TT L 69862-265T<
(eT1'68°0)00T  (STT'€6'0)€0T  (89'T'86'0)82T ¢ (S9v'e90)eLT 9 26ET-8GY<
(or1',80)860 (90T's80) 560  (I€T'vL0)660  ¢C (ore'Tro) ezt S 8Gv—£92<
(LTT'e6'0) 70T (V0T '€80) €60  (8ET'8LO)¥OT T2 (90'2 'v6'0) 852 L €9z-62
(121) 00°T (121) 00°T (121) 00°T 81§ (121) 00°T 88 0 plSve
vT°0 ¥9°0 vT°0 G8'0 Puety
(c01'88°0) 560  (S0T'T6'0)860 (62T ‘26'0)60T  8ET (85T '0v'0) 08°0 6¢ 08.26T-62¢.<
(¥0'1'16'0) 26'0  (VO'T'T6'0) L6'0  (22'T'88°0) ¥O'T  VET (9e'T'9g°0) 0L°0 ve 6¢2.-v092<
(90T'e6'0)66'0  (SO°T‘26'0)660  (BT'T'98°0)TOT  8ET  (SST'E¥’0) 180 9z 7092-828<
(s0'1'26'0)86'0  (S0T'€6'0)66'0  (OT'T'18°0) ¥6'0  9ET (vv'T '6€°0) L0 I44 8/8-89
(1) 00'T (1001 (1) 00T 81T (e o0t o4 0 a'c
Axouayd
€60 160 4700 500 Peiy
€TT've0 0T (eTT've0 0T LFPSTONDITT g (eov'T60) 50T 6 T9v9T-264T<
4(960°080)88°0 /(9601800880 (ge'7'880) 60T  vE  (85'Y '96°0) OT'Z ot 26.1-885<
(10%56) 9dx3 (10 %S6) ddx3 (1D %g6) ddx3  oN (12 %56) O gN  shep paybram—Aususiul

€L

VL

HSL1

S3UOLWIOH PIoJAYL pue HS1

wisipiodAylodAH eatunpgns

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Occup Environ Med. Author manuscript; available in PMC 2019 February 01.



Page 23

Lerro et al.

(60T'060)66'0 (PTT'G60) 70T  (TE€T'¥80)SOT  2€ (05€ '09°0) S¥'T L 095/-885<
(60T'06°0)66'0  (2TT'€6'0)20T  (8Z'T'€80)E0T €€ (92'€'95°0) 5€'T L 885-GTE<
(eTT'e6'0)€0T  (ITT'Z60)TOT  (8T'T'SLO)¥6'0  OF (¥8'€ '69°0) 29'T 8 GTE-8TI<
(9072800960 (80T '060)660  (OTT'0L0)880  C€ (68 'v7'0) ET'T 9 8TT-0€
@a) 00T (1) 00T (ta5) 00T sey (la1) 00T vl 0 plAwe-uoinuniolyd
saplaIgeH Jaylo
vL°0 £V'0 L0°0 70 Puety
(soT'16'0)86'0  (S0T'T6'0) 60  (OV'T'66'0)8TT €8 (88C'2L0) v'T 144 29189-¢€2r<
(S0'T'26'0)86'0  (VO'T'26'0)86'0  (80'T'6L0)26'0 €8 (6€'T'0£°0) 59'0 0T A4 au V| FARS
(€0T'160) 260 (TTT'860)¥0T  (92T'€6'0)80T 18 (Lez'v90) €T 91 0vZT-SSp<
(€0T'16'0) 26'0 (50T '26'0)86'0  (8T'T'88'0) 20T V8 (TL2'6L0) Lv'T 61 GSv—5¢
(1) 00'T (1001 (1) 00T AR @1 o0t S 0 JojyoeoleN
§6'0 820 86'0 99°0 Peeig
(L0T'e6'0)66'0  (TTT'L60)¥OT  (LT'T'¥8°0)66'0 90T (T0'Z '87°0) 66°0 144 29T89-€91r<
(s0'T'26'0)86'0  (€0°T'T6'0) 60  (V2'T'16'0)90°T  LOT (26'T'05°0) 86°0 114 €9vy—8GET<
(¥07'260)860  (60T'960) 20T  (S0T'8L0)T60 90T  (v¥'T'€€°0) 690 4 8G€T-20G<
(S0T'260)860 (90T 'v60) 00T  (0zT'68'0)€0T  Lo1  4(LEW'SCTIVET 62 206-52
(1) 00T (ar) 00'1 (1) 00T 812 (a1) 00'1 9€ 0 Jojyoely
9pljiuelsdeololyd
¥9°0 820 290 G0 Pely
(807'88°0)860 (90T '880)960  (ITT'TL0)680  6F (s6'T 220 €L0 6 0587T-000T<
(1260107 (0T'9g0)v60 LESTTODRT g (19¢'290) 95T 41 000T-58€<
(c01's80) €60 (90'T'06°0) L60  (80'T'2,°0)880 0§ (0e'z '6€°0) ¥6°0 6 G8e-Tze<
(STT'26'0)90T  (STT'86'0)90T  (80'T'€L0)680  8Y (seT'LT°0) 80 S Tez-€¢
(a1 00T (121) 00T (a1 00T £se (121) 00T 19 0 puzngLIen
0€0 €20 110 G20 Puety
(er1'260) 70T  (QTT'.60)¥0T  (PET'S60)ETT 68 (T92'190) 92T (114 007ETT-689E<
(10%56) 9dx3 (10 %S6) ddx3 (1D %g6) ddx3  oN (12 %56) O gN  shep paybram—Aususiul

€L

VL

HSL1

S3UOLWIOH PIoJAYL pue HS1

wisipiodAylodAH eatunpgns

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Occup Environ Med. Author manuscript; available in PMC 2019 February 01.



Page 24

Lerro et al.

8UIL0IALIOPOILI :€ ] ‘BUIX0IAY) 7 ‘Buowiioy Buieinuwins ploAyl :HS1

45v00 €6'0 600 560 puaig
4
(66'0'08°0)680  (TTT'T60)00T (95T '96°0)2CT L (692 's€°0) 260 S EEEEST—EL6E
FTT'e6'0)€0T  (QTT'260)TOT  (9€'T'%8°0) 0T L2 (¥8'€ '29°0) ¥S'T L €L6€-0TTT<
(tTrt'060)00T (60T '68°0)660  (LV'T'T6'0)9TT L2 (z6'T'91°0) 95°0 € 0TTI-ZLE<
(0TT'060)660  (80T'88°0)860  (8TT'EL0) €60 L (oe'e '67°0) 22T 9 2Le-52
@a) 00T (1) 00T (ta5) 00T £y (la1) 00'T vl 0 pSSRIINSIP Winsjonsd
950 v2'0 600 6T°0 Puely
(S0T°z6'0)860  (€0T'T6'0) 260  (SET'86°0)STT T (s6'2'18°0) ¥S'T 91 00522-9.TT<
(coT'060)960 4(00T'8BO)V60  (pr7'eg0) 260 € (£2'T90)02T T 9.TT-009<
(c01'680)560 (c0T'060)960 (I€T'96°0)CTT €L (Lez'eg0) ezt T 009-€92<
(¥0'1'16'0) 26'0  (VO'T'T6'0) L60  (90'T'2L'0) 060 0L (LT'2'€5°0) 80'T 4 €9z-€¢
09¢ 29 0 JAdeyrezew|
0 89°0 500 0.0 puey
(€0'1'16'0) 26'0  (SO'T'¥6'0)66'0  (E€T'66'0) ¥T'T €21 (¥2'2'99°0) T2'T 514 007E€TT—¢29e<
(0T'e6'0)66'0  (L0T'960)TOT  (LT'T'88°0)TOT  €2T (LL'T'15°0) S6'0 14 2292-106<
(201's60)T0T  (L0T'S60)TOT  (STT'Z80)00T 0ST  (€6T'09°0) L0°T 4 L06-5TE<
(¥0'1'26'0)86'0  (L0T'S6'0)TOT  (LT'T'88°0)20T  9TT (zez'1r0) 82T 514 STE-02
(1) 00'T (1001 (1) 00T 6.1 (e o0t 14 0 ajesoydA|9
650 980 650 290 Peeig
(€0'1'16'0) 260 (v0'T'26'0)86'0  (VT'T'¥8°0)86'0 90T (86'T'25°0) 90'T 144 £28.0T-669¢<
(80'T'56'0) TO'T  (90°T '¥6'0) 00T  (ET'T'¥8°0) 260 90T (2T '87°0) T6'0 61 6692-9¥0T<
(S0T'z60)660 (20T'T60)960 (60T 'T80)¥6'0 €0T  (E€T'GE0) 890 ST 9v0T-05€<
(20T'060)60 (10T 'ze0)860 /(00T'SLO)98O gor (g7 '050) €60 0z 05€-9€
(1) 00T (a1) 00'1 (an) 00T 02z (1) 00T rad 0 equiealg
180 GE'0 99°0 €0 Peely
(10%%6) 9dx3 (1D %g6) ddx3a (1D %s6) gdxa  oN (12 %56) YO gN  sAep pawybram—Aysuaiu]

€L

VL

HSL1

S3UOLWIOH PIoJAYL pue HS1

wisipiodAylodAH eatunpgns

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 February 01.

i

Occup Environ Med. Author manuscript



Page 25

Lerro et al.

S13SN Janau yum pasedwod mo.onJN

JUBWI||0JUS T8 BJIBULIOIISANb BWIOY-8Ye) 8U U0 P3loa]|09 SeM S[eaIWaYD 3Say) J0j UoNeWIoUl um__Smn_h

pasodxa [e10 ._.Q
s9sed pasodx3y
q
sap1o11sad pare|aliod ‘Buiows ‘xapul ssew Apog ‘alels ‘abe 1oy um“m:.adv

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Occup Environ Med. Author manuscript; available in PMC 2019 February 01.



Page 26

Lerro et al.

pasodxa [e10, hu

EN0) Umwoavm_Q

sap1o1isad pare|aliod ‘Bujows ‘xapul ssew Apog ‘aleis ‘abe Joy uma:.—u,qm

BUILOJALIOPOILI €1 ‘BUIX0IAY) i1 ‘Buowloy Buieinwins proJAyl :HSL

190 2L 120 6€0 Pueiy
(607'88°0)860 (ET'T'26'0)20T  (cT'T'89°0)280 8¢ (26T '6T°0) 090 4 TYE0E-TrI<
wTT'e600€0T  (@TT'€60)20T  (PET'¥80)90T 8  (2LT'T¥'0) 90T 9 rI-€
(121) 00T (a1)00T (1) 00T 095 (a1 00T S0T 0 plAxerEN
€L0 180 4500 600 puay
(80T '060) 660 (60T 'T60) 660 4(CSTOODECT pe  (1T%'280) 68T 0T 00597—2T<
(91'1'86'0) 0T  (LTT'86'0) 20T  (20T'TL0)280 98 (SE'T'2T0) OO € 21-C
(a1) 00'T (1) o0t (1) 00T 995 (1) 00T €01 0 ueided
ap1o1bung
900 1100 +eo0 €20 Pueiy
(921'860) TT'T  H8ZT'TOT¥T'T 4(00T'950)520 92  (I8T'TT°0) Sv0 € 00020T-6€TT<
(0T'e80)¥6'0 (00T'080)680 (FLT'860)TET v (20 'v¥'0) 2ET 9 6ETT—CT
(1001 (1001 229 (1) 00'T L1T 0 apiwolq [AysIN
600 €€'0 €60 180 Pueiy
(c01'2200680 (L0T'280)¥60  (T¥rT'€L0)T0T  ¥T (807 '62°0)80°T € €9G8T-0LT<
(60T ‘280)560 (0TT'8°0) 260  (L¥'T'9,0)90T #T  (I19'G'TS0)0L°T v 0/1-9 pPUINSIP UOGIED
(#1007 (1) 00T (#1001 119 (1) 00T eTT 0  /3puojydens) uoged
juebiwny
(10 %56) 9dx3 (1D %s6) ddx3 (1D %s6) ddx3  oN (12 9%56) MO gN  sfep pawbram —Aususiu

€L

VL

HSL

S3UOWLIOH PIOJAYL pue HSL

wsiplodAylodAy eatuijogns

Author Manuscript

¥ alqeL

Author Manuscript

€1 pue ‘v1 ‘HSL 40 6o [ednreu pue (/NIW G y<HSL)
wsiploJAylodAy Jeatuljagns pue sapiaibuny/siuebiwng a1319ads Jo sAep paiyblam-AlIsusiul Usamiaqg UOIIRIJ0SSE Bululliexa S|opoWl UoISsalbal ,o1eLieAlN|A

Author Manuscript

Author Manuscript

Occup Environ Med. Author manuscript; available in PMC 2019 February 01.



Page 27

Lerro et al.

S13sn Jansu yum pasedwod mo.ovak

US| |0JUS T8 B1reULOIISaNb BWOY-8Ye] 8U) U0 P3las||00 SeM S[eaIWayd 8say) o) UoNewoul parelsa

Author Manuscript

Y
Author Manuscript

Author Manuscript

Author Manuscript

Occup Environ Med. Author manuscript; available in PMC 2019 February 01.



	Abstract
	BACKGROUND
	METHODS
	Study Design
	TSH, thyroid hormones and anti-thyroid peroxidase autoantibodies
	Exposure Assessment
	Statistical Analysis

	RESULTS
	DISCUSSION
	Insecticides
	Herbicides
	Fumigants and fungicides
	Strengths and Limitations

	CONCLUSIONS
	References
	Table 1
	Table 2
	Table 3
	Table 4

