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ORGANOPHOSPHATE PESTICIDE EXPOSURE AND RISK OF
SARS-CoV-2 INFECTION

Luis Lopez?, Katie KogutP, Stephen RauchP, Robert Gunier?, Marcus Wong?, Eva Harris?,
Julianna Deardorff®, Brenda Eskenazi?, Kim G. Harley®

aDivision of Infectious Diseases and Vaccinology, School of Public Health, University of California,
Berkeley, Berkeley, CA

bCenter for Environmental Research and Community Health (CERCH), School of Public Health,
University of California, Berkeley, Berkeley, CA

Abstract

Several studies have reported immune modulation by organophosphate (OP) pesticides, but the
relationship between OP exposure and SARS-CoV-2 infection is yet to be studied. We used

two different measures of OP pesticide exposure (urinary biomarkers (N=154) and residential
proximity to OP applications (N=292)) to examine the association of early-childhood and lifetime
exposure to OPs and risk of infection of SARS-CoV-2 using antibody data. Our study population
consisted of young adults (ages 18 to 21 years) from the Center for the Health Assessment of
Mothers and Children of Salinas (CHAMACOS) Study, a longitudinal cohort of families from

a California agricultural region. Urinary biomarkers reflected exposure from in uteroto age 5
years. Residential proximity reflected exposures between in utero and age 16 years. SARS-CoV-2
antibodies in blood samples collected between June 2022 and January 2023 were detected via two
enzyme linked immunosorbent assays, each designed to bind to different SARS-CoV-2 antigens.
We performed logistic regression for each measure of pesticide exposure, adjusting for covariates
from demographic data and self-reported questionnaire data. We found increased odds of SARS-
CoV-2 infection among participants with higher urinary biomarkers of OPs /n utero (OR=1.94,
95% CI: 0.71, 5,58) and from age 0-5 (OR=1.90, 95% ClI: 0.54, 6.95).
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1. INTRODUCTION

The COVID-19 pandemic has provided some evidence that exposure to chemicals in the
environment may impact SARS-CoV-2 infection and disease outcome.1~9 Several studies
have found associations between increased exposure to air pollution and risk of disease

or death from SARS-CoV-2, potentially due to impaired function of immune cells and
increased inflammation.2=> For example, a study of traffic-related air pollution across Los
Angeles county neighborhoods found that regions with higher levels of NO, were associated
with higher COVID-19 incidence and mortality.? Large-scale studies in the United States
and England validated this relationship, in addition to observing associations with ozone
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(O3) and fine particulate matter (PM2.5).34 A study based in Queens, NY, found an
increase in transmission of the SARS-CoV-2 virus in areas with high levels of O3.% Other
environmental pollutants have also been linked to immune dysregulation and increased risk
of SARS-CoV-2 infection. Higher serum concentrations of certain toxic metals have been
associated with increased risk of SARS-CoV-2 infection and greater severity of disease.®
Per- and polyfluoroalkyl substances (PFAS) have been associated with COVID-19 risk in
some studies’ but not others.8 A prospective cohort study in Barcelona, Spain found that
biomarker levels of the pesticide, DDE, and the metals, lithium, and gold, were associated
with increased risk of COVID-19 and SARS-CoV-2 infection.® Until now, no studies have
examined the role of exposure to current-use pesticides on risk of SARS-CoV-2 infection.

Organophosphate (OP) pesticides are synthetic compounds that function as insecticides
primarily by inhibition of acetylcholinesterase, an enzyme important for neurotransmitter
function.19 Epidemiologic and toxicologic evidence suggests that OP pesticides may
contribute to immune suppression and susceptibility to infectious diseases.1? Examples of
direct and indirect immunotoxic effects include alteration of cytokine levels in response to
infection, alteration of lymphocytic cholinergic signaling, impairment of T-cell function, and
effects on antibody production/levels.11 Each of these are important for immune regulation,
and their modulation can increase susceptibility to infectious diseases. Developing fetuses
and children may be particularly susceptible to the effects of exposure to OPs, as exposure
has been linked to impaired immune function, causing increased frequency of infections
that could persist into adulthood.2 OPs have been found to interact with key components
of the immune system that play a role in SARS-CoV-2 infection Jn vitro, 1317 including
angiotensin converting enzyme-2 (ACE-2) receptor, which is a key component in the cell
entry mechanism of SARS coronaviruses, including SARS-CoV-2.14.15

In the previous decade, OP pesticides accounted for 10% of the insecticides used, though
they are applied to 65% of insecticide-treated crops in the United States.18 The general
population is not typically exposed to high levels of OP pesticides, but farmworkers are
among those with the highest exposure.19-20 In addition to direct exposure during field work,
OP particulates can be carried home on clothing and may be a source of exposure for other
members of farmworker families.2! Diet is also an important source of exposure.22:23

People of color, especially those living in low-income areas like farmworker communities,
have faced greater incidence and severity of COVID-19 infection.24-27 This trend aligns
with disparities seen in other diseases, both acute and chronic, due to living and work
conditions and other socioeconomic factors.2* Among other potential reasons for this trend,
we aimed to test the hypothesis that early life and chronic OP exposure increased risk of
infection. We examined whether exposure to OPs /n utero and in childhood increased risk of
SARS-CoV-2 infection among young adults living in a California agricultural community.

2. METHODS

2.1 Participants

The Center for the Health Assessment of Mothers and Children of Salinas (CHAMACQOS)
Study is a longitudinal cohort study examining the role of pesticides and other
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environmental exposures on the health and development of children in a farmworker
community. The cohort consists of mother-child dyads living in the Salinas Valley of
California, an intensively farmed region that produces most of the salad crops and berries
in the United States. Participants enrolled as children in the cohort are now young adults.
All were born between 2000 and 2002 to mothers who received prenatal care in the Salinas
Valley, qualified for low-income health insurance during pregnancy, spoke either Spanish
or English, and were at least 18 years old when their CHAMACOS child was born. Initial
recruitment has been described in detail elsewhere 28 Briefly, approximately half the current
young adult cohort was enrolled prior to birth (i.e., their mothers were enrolled during
pregnancy); these are referred to as CHAML1 youth. The remainder were enrolled at age

9 years old (CHAM2). The CHAML portion of the cohort completed study visits twice
during pregnancy, at or soon after delivery, and at ages 6 months and 1, 2, 3.5, 5, and 7
years prior to enrollment of the CHAMZ2 cohort. Starting at age 9 years, both CHAM1 and
CHAM2 cohorts completed study visits at 9, 10.5, 12, 14, 16, and 18 years, plus collection
of COVID-specific data in years 2021-2022 (described below). Informed written consent
was obtained from all participants and the study was approved by the UC Berkeley Office
for the Protection of Human Subjects.

2.2 Pesticide exposure assessment.

Pesticide exposure was assessed in two ways: using urinary biomarkers for CHAM1
participants and residential proximity to agricultural OP applications for both CHAM1 and
CHAM?2 participants.2°

Dialkyl phosphate (DAP) metabolites were measured in the urine of CHAM1 mothers
collected twice during pregnancy (at approximately 13- and 26-weeks gestation) and in the
urine of CHAML children collected five times during early childhood (at 6 months and 1,
2, 3.5, 5 years).39 DAPs are non-specific metabolites of OP pesticides to which 80% of

all OPs devolve. DAPs were analyzed at the Centers for Disease Control and Prevention
(CDC) according to methods described previously.3! Six DAP metabolites were assessed:
dimethylphosphate, dimethylthiophosphate, dimethyldithiophosphate, diethylphosphate,
diethylthiophosphate, and diethyldithiophosphate. We imputed metabolite levels below the
limit of detection using random imputation based on a log-normal probability distribution
using maximum likelihood estimation.32 Urinary creatinine was assessed separately using
a commercially available diagnostic enzyme method (Vitros CREA slides, Ortho Clinical
Diagnostics, Raritan, NJ).30 For each timepoint, total DAPs were calculated as the sum of
the six DAP metabolites, expressed as nmol per gram creatinine (nmol/g) to account for
urinary dilution. For analyses, a simple average of the two total DAP measurements from
mothers during pregnancy was calculated to reflect prenatal exposure. The area under the
curve (AUC) for total DAP measurements from the child at ages 6 months — 5 years was
calculated to reflect early childhood exposures.33

Participants’ residential histories were linked with California Pesticide Use Reporting (PUR)
data used to estimate CHAM1 and CHAMZ2 participants’ ambient exposure to OP pesticides
applied to local agricultural fields. The PUR database includes the amount (in kilograms) of
active ingredient applied and application date and location within a 1.6-square km section,
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with data available from 2000 through 2017 when this analysis was conducted. Residential
history was ascertained using the address recorded at each study visit and parent report of all
previous residences at the age 16-year study visit. All residential addresses were geocoded
and time-stamped to reflect their span of residence. Participants who did not have historical
address data for at least a 10-year span were excluded from 0-to-16-year PUR analyses.
The residential history data were combined with PUR data to estimate each participant’s
cumulative ambient exposure to OP pesticides during three different exposure windows:
pregnancy, 0-5 years, and 0—16 years. 34 We examined OP pesticides that were applied
within 1km of residence for at least 50% of participants and had at least 30,000 pounds
applied annually in the Salinas Valley. These included the following pesticides: acephate,
chlorpyrifos, diazinon, malathion, oxydemeton methyl, bensulide, naled, methidathion,
disulfoton and dimethoate. Participants” ambient exposure to each pesticide was expressed
as kilograms applied within 1 km of the home per year (kg/year), and their overall PUR
OP exposure value per developmental period of interest was calculated as the sum of their
exposure to the ten specific pesticides measured during that developmental period.

2.3 COVID-19 specific data collection.

Between June 2021 and January 2022, when CHAMACOS young adults ranged in age from
18 to 21 years old, all CHAMACOS mothers and young adult children who were active

in the cohort (i.e., had participated at 16-year or 18-year visits) were invited to complete a
COVID-specific questionnaire and to provide a dry blood spot (DBS) sample for assessment
of SARS-CoV-2 antibodies.

Separate versions of COVID-specific questionnaires were designed for mothers and young
adult children. For mothers, questionnaires were administered by phone in the mother’s
language of choice (usually Spanish). Mothers were asked to report on several household
factors, including household density (i.e., number of people divided by number of rooms

in the home), family poverty status (based on family income and number of people
supported)3°, and whether any children under age 5 lived in the household. Parent-reported
values were used because the large majority of young adults lived with their parents during
the pandemic, and parents tended to be more knowledgeable about household finances. The
young adult version of the questionnaire was designed for self-administration on a phone

or tablet computer and was available in English only. Young adults were asked to report on
health and occupational factors, including the timing of any previous known SARS-CoV-2
infections, their COVID-19 vaccination status (participants with at least one dose were
considered “vaccinated”), and their occupational status and environment (indoor or outdoor
work) during the pandemic. Of 571 young adults participating in the CHAMACOS cohort
at age 18, 412 completed the COVID-specific questionnaire between June 2021 and January
2022, and 320 provided blood samples for antibody testing. Participants who provided blood
samples were similar to those who only answered the COVID-specific questionnaire, except
that those who provided a blood sample were more likely to be living with their parents.

For the majority of participants, blood spots were obtained via finger prick using a sterilized
lancet and collected on a filter paper collection card (TropBio). For a minority, blood was
collected via venipuncture (collected for use in a separate study), and several drops of blood
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from the butterfly tubing were transferred to a collection card by the licensed phlebotomist.
Collection cards were left to air dry for 3-15 hours before packaging and transfer to UC
Berkeley for antibody analysis.

Supernatant eluted from dried blood spot (DBS) cards were tested for both anti-spike (S)
and nucleocapsid (N) antibodies to SARS-CoV-2, using enzyme-linked immunosorbent
assays (ELISASs) as described in Wong et al.3¢ The S antibody response is a specific
marker of SARS-CoV-2 infection, but is present both in individuals who have been infected
naturally and those who have been vaccinated against SARS-CoV-2 using SARS-CoV-2
S-targeted vaccines. The N antibody response occurs following natural infection but is

not present in individuals vaccinated against SARS-CoV-2 S protein. For the purposes of
this analysis, SARS-CoV-2 infection was defined based on a combination of measured
antibody status and self-reported vaccination and COVID infection history status. Among
unvaccinated participants, those positive for S antibodies were considered to have been
infected with SARS-CoV-2 (N=53). Among vaccinated participants, those positive for
both S and N antibodies were considered to have been infected (N=89). In addition, six
participants who did not test positive based on the above criteria were considered to have
been infected due to a self-reported history of having tested positive for COVID, under the
assumption that the test was correct but anti-SARS-CoV-2 antibodies had waned.

2.4 Data Analysis

Individuals eligible for inclusion in this analysis were young adult participants with SARS-
CoV-2 antibody status measured in DBS samples as well as having usable measurements of
past OP pesticide exposure (N=320).

OP pesticide exposure was modelled using five separate variables, each modelled
continuously: PUR-based ambient exposure estimates for the prenatal period, ages 0—

5 years, and ages 0-16 years (kg used within 1 km of the home/year); and urinary

DAP metabolite measurements for the prenatal period and from ages 0-5 years (nmol/g
creatinine). Sample sizes differ by exposure variable as follows: PUR prenatal (N=292),
PUR 0-5 years (N=240), PUR 0-16 years (N=274), DAPs prenatal (N=143), and DAPs 0-5
years (N=117). For multivariate analyses, all OP exposure variables were log-transformed
to the 1og10 scale to reduce influence of outliers. The dependent variable, history of SARS-
CoV-2 infection, was modelled as a binary variable (positive/negative).

Logistic regression models were used to estimate the change in the odds of SARS-CoV-2
infection per 10-fold increase in each OP pesticide exposure modelled separately. Covariates
were selected based on a directed acyclic graph (DAG). All models adjusted for housing
density, poverty status, living with a child under age 5 years, having lived with someone
infected with SARS-CoV-2, occupational setting during the COVID-19 pandemic, body
mass index (BMI), and maternal education level. Covariates were categorized as shown in
Table 1. In sensitivity analyses, PUR-based and DAP exposure markers from the same time
periods (prenatal and age 0-5 years) were included together in the same models. We also
conducted sensitivity analyses considering the six people who were antibody-negative but
reported a positive past Covid test as negative for SARS-CoV-2 infection. All statistical
analyses were conducted using R 3.6.3.

Environ Res. Author manuscript; available in PMC 2024 December 03.
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3. RESULTS

The study population was largely Latino (97.6%) and ranged in age from 19-21 years,

with 43.1% of participants below the poverty line and 48.0% living in crowded housing
conditions (>1 person per room) (Table 1). Overall, 64.6% had received at least one dose of
a COVID-19 vaccine.

We identified 148 (49.8%) past SARS-CoV-2 infections out of 192 vaccinated and 105
unvaccinated individuals. We found that 131 people were positive for both S and N
antibodies (vaccinated n = 89, unvaccinated n = 42); all were considered previously infected.
We found that 101 vaccinated people and 11 unvaccinated people were positive for S
antibodies only; of these, only the unvaccinated people were considered to have been
previously infected.

Table 2 shows the pesticide exposure levels of the participants as measured by 1) the amount
of OPs applied within 1 km of the home and 2) DAP concentrations measured in maternal
and child urine.

We found that each 10-fold increase in DAP concentrations during pregnancy and during

the first 5 years of life was associated with an almost doubling of odds of SARS-CoV-2
infection, although these findings were not statistically significant (Table 3). Conversely,
each 10-fold increase in OP pesticide used within 1 km of the home between birth and

age 16 years was marginally associated with a 50% decrease in the odds of SARS-CoV-2
infection. Associations between childhood DAP concentrations and odds of infection did not
change meaningfully when residential OP exposure or prenatal DAP exposure were added
into the model (not shown). Of the covariates, only living with someone with a known
infection was significantly associated with risk of SARS-CoV-2 infection (not shown).

4. DISCUSSION

Unlike what has been previously reported for traffic-related air pollution and other
environmental toxicants, our analysis did not find a clear relationship between prenatal or
lifetime exposure to OP pesticides and odds of SARS-CoV-2 infection among young adults
in a California farmworker community. We found an almost doubling of risk associated with
DAP urinary concentrations of the mother during pregnancy and the child during early life;
however models were limited by small sample size and these findings were not statistically
significant. We also saw a marginal protective association with OP use around the home
between ages 0-16 years.

We found the test positivity for SARS-CoV-2 was 48.6% in our study population, which
was higher than for California as a whole from June 2021 to January 2022, when the total
number of cases was about one third of the population, much higher than the number

of cases found in the East Bay COVID-19 study which used the same DBS ELISA
method.37:38 This trend is consistent with a previous study conducted in this community
that found a higher test-positive rate in the farmworker population in Monterey County

in comparison to non-farmworkers.3? Another study of farmworkers in this area found
numerous risk factors associated with COVID-19 cases, including lower education level,

Environ Res. Author manuscript; available in PMC 2024 December 03.
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speaking an indigenous language, working in the fields, exposure to COVID-19 cases, living
in crowded housing, having young children or unrelated roommates, and having a high BMI
or diabetes.4? Many of these conditions were controlled for in our analysis. Our use of a
combination of self-reported data and antibody data allowed us to identify individuals who
may not have known they were previously infected, as well as identify people who had
previously tested positive but whose antibodies had become undetectable by our antibody
test.

Substantial epidemiologic and toxicologic evidence suggests that pesticides, including
organophosphates (OPs) such as chlorpyrifos and malathion, can impact immunologic
suppression and increase susceptibility to infectious diseases. 41-43 Studies have found
associations between OP exposure and immune system-related negative health outcomes,
such as increased risk of developing arthritis.** Long-term exposure to OPs have been
shown to interact with the immune system on several levels, including increasing levels

of the inflammatory cytokine interleukin-6 (1L-6)1 which could have implications on the
upregulation of the ACE-2 receptor, the cell surface protein used by SARS-CoV-2 for viral
entry into the.1® Increased levels of the ACE-2 receptor in epithelial cells would allow

for greater chance of infection and proliferation of the SARS-CoV-2 virus if upregulated
by IL-6 via OP exposure. An in vitro study showed that OPs have a similar effect on
upregulation of the ACE-2 receptor on cells, and together, IL-6 and OP co-exposure led

to increased epithelial cell apoptosis when exposed to SARS-CoV-2, suggesting a potential
relationship between OPs and the molecular pathway of SARS-CoV-2.1 These findings
raised the hypothesis that OP exposure could also play a role in risk of SARS-CoV-2
infection in a population with high OP exposure and high disease risk, like farmworker
communities. Our study provided us the opportunity to examine this mechanism /n vivo,
providing some evidence that OP exposure /n utero and up to age 16 increased risk of
SARS-CoV-2 infection at age 19-21.

Our study’s access to lifetime pesticide exposure data and the ability to test antibodies

to directly infer SARS-CoV-2 infection provided a unique opportunity to conduct this
analysis. No other known studies like this have been published to date. We used

two complementary methods of measuring pesticide exposure over multiple timepoints
throughout the participants’ lifetimes. Despite the strengths of our study, a limitation

is the relatively small sample size. We lacked power to detect an association with risk

of SARS-CoV-2 infection, though the effect estimates associated with early life urinary
DAP levels were almost doubled. We also did not account for genetic variability in
paraoxonase (PON1), an enzyme that catalyzes hydrolysis of OP metabolites and impacts
and individual’s susceptibility to OPs.#> Future studies examining the effects of OPs

on populations should take PON1 activity and genotype into consideration. Additionally,
although we were able to examine pesticide exposure for many timepoints, we did not have
the ability to examine concurrent exposure at the time of infection.

During the height of the pandemic, farmworkers were especially at risk for COVID-19 due
to their status as essential workers, requiring them to continue to go to their workplace while
many other Americans were able to shelter in place. Despite working outdoors, they often
ride on crowded buses to their workplace, work in close proximity to one another, and are

Environ Res. Author manuscript; available in PMC 2024 December 03.
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much more likely to live in poor-quality, overcrowded housing. 49 Though there were efforts
to secure millions of face masks and develop mass vaccination clinics for this population,
farmworkers had poorer access to preventive measures in large part because they are more
likely to be undocumented and uninsured, limiting healthcare services afforded to them.46.47
These factors can contribute to increased risk of poor health outcomes, including respiratory
infection.

In conclusion, early-childhood and long-term OP exposure were not significantly associated
with increased risk of infection of SARS-CoV-2 in our study, although the small study size
limited power to detect an association. Future research examining this relationship should
explore how concurrent and/or acute exposure to OPs may affect risk of infection, as /n vitro
studies suggest potential interactions between OPs and mechanisms of the immune system
associated with SARS-CoV-2 pathogenesis.
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Demographic characteristics of study population, CHAMACOS Study, June 2021 — January 2022 (n = 320)

Characteristic n (%)
Sex

Male 139 (43.4)

Female 181 (56.6)
Age

19 143 (44.7)

20 149 (46.6)

21 28 (8.8)
Ethnicity

White 3(1.0)

Latino 306 (97.8)

Other 4(1.3)
Living with parents?

Yes 281 (87.8)

No 39 (12.2)
Housing density category (people/room)

<=05 14 (4.4)

0.51-1.00 146 (46.1)

1.01-1.50 57 (18.0)

>1.51 100 (31.6)
Living in same home as someone infected
with SARS-CoV-2

No/don’t know 212 (66.4)

Yes 107 (33.5)
Living with children <5 years

Yes 79 (27.0)

No 214 (73.0)
Family poverty status (at age 18 years)

Below poverty line 135 (44.3)

At or above poverty line 170 (55.7)
Maternal education category

<=6 grade 137 (42.8)

7-12t grade 109 (34.1)

>= High school graduate 74 (23.1)
Work location

Unemployed 113 (40.1)

Works indoors (may also work outdoors) 141 (50.0)

Works outdoors only 28 (9.9)
Body Mass Index (BMI)

Underweight (<18.5 kg/m?) 18 (5.8)
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Characteristic n (%)
Normal (18.5-24.9 kg/m?) 107 (34.4)
Overweight (25-29.9 kg/m?) 92 (19.6)
Obese (>=30 kg/m?) 94 (30.2)

Received at least one dose of COVID-19 vaccine
Yes 192 (64.6)
No 105 (35.4)

History of SARS-CoV-2 infection (based on antibody testing)
Yes 148 (49.8)
No 149 (50.2)
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Table 2 —

Organophosphate pesticide exposure, CHAMACOS Study

Percentile

N Mean + SD 25th 50th 75th Max

OP usein 1 km around home (kg/year)

Pregnancy 292 233.3+363.8 315 121.7 291.9 2774.2
Age 0- 5 years 240 254.9 + 283.3 49.7 142.6 390.2 1649.1
Age 0-16 years 274 143.3 +149.9 45.1 85.4 194.9 987.7

Urinary DAP metabolites (nmol/g creatinine):
Pregnancy* 143 356.8 £ 520.7 1014 1825 404.6 4628.3

Ag60—5years** 117 2769.9+3085.4 835.7 1654.9 32225 18926.5

*
Average of up to 2 measures

Ak
Area under the curve of up to 5 measures
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Table 3 -

Adjusted? odds of SARS-CoV-2 infection associated with OP pesticide exposure

n Odds ratio  (95% ClI)  p-value

OP use near home (PUR):

Pregnancy 292 1.20 (0.77, 1.90) 0.42
0 -5 years 240 0.83 (0.46, 1.51) 0.54
0- 16 years 274 0.53 (0.26,1.06)  0.07
DAPs; 1.94 (0.71,558)  0.20
Pregnancy (average) 143

0-5years (AUC) 154 1.90 (054,695  0.32

Page 14

Models adjusted for housing density, whether participants were living with someone under 5 years of age or infected with SARS-CoV-2, poverty
status, maternal education level, occupation setting, and body mass index.
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