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BACKGROUND: Glyphosate is one of the most heavily used pesticides in the world, but little is known about sources of glyphosate exposure in preg-
nant people living in agricultural regions.

OBJECTIVE: Our objective was to evaluate glyphosate exposure during pregnancy in relation to residential proximity to agriculture as well as agricul-
tural spray season.

METHODS: We quantified glyphosate concentrations in 453 urine samples collected biweekly from a cohort of 40 pregnant people in southern Idaho
from February through December 2021. We estimated each participant’s glyphosate exposure as the geometric mean (GM) of glyphosate concentra-
tions measured in all samples (average n=11 samples/participant), as well as the GM of samples collected during the pesticide “spray season”
(defined as those collected 1 May—15 August; average n =15 samples/participant) and the “nonspray season” (defined as those collected before 1 May
or after 15 August; average n =6 samples/participant). We defined participants who resided <0.5 km from an actively cultivated agriculture field to
live “near fields” and those residing >0.5 km from an agricultural field to live “far from fields” (n =22 and 18, respectively).

RESULTS: Among participants living near fields, urinary glyphosate was detected more frequently and at significantly increased GM concentrations during
the spray season in comparison with the nonspray season (81% vs. 55%;0.228 pg/L vs.0.150 pg/L, p < 0.001). In contrast, among participants who lived far
from fields, neither glyphosate detection frequency nor GMs differed in the spray vs nonspray season (66% vs. 64%; 0.154 ng/L vs. 0.165 pg/L, p=0.45).
Concentrations did not differ by residential proximity to fields during the nonspray season (0.154 pg/L vs.0.165 pg/L, for near vs. far, p =0.53).

DiscussIOoN: Pregnant people living near agriculture fields had significantly increased urinary glyphosate concentrations during the agricultural spray

season than during the nonspray season. They also had significantly higher urinary glyphosate concentrations during the spray season than those who
lived far from agricultural fields at any time of year, but concentrations did not differ during the nonspray season. These findings suggest that agricul-

tural glyphosate spray is a source of exposure for people living near fields. https://doi.org/10.1289/EHP12768

Introduction
In2019, Gillezeau et al.! published a review of the strikingly sparse
scientific evidence documenting human exposure to glyphosate.
Glyphosate, which entered the agrochemical market over 50 y ago,
is the most commonly and intensively used herbicide in the world
due to both the introduction of glyphosate-tolerant genetically
modified crops starting in 1996 and its more recent adoption as a
desiccant prior to harvest of crops such as cereals and pulses.? Yet
by 2019, only 19 studies of glyphosate concentrations in humans
had been published. Moreover, these studies usually included small
numbers of participants, evaluated glyphosate concentrations in dif-
ferent tissues with varying detection limits, and provided little infor-
mation on temporal trends or potential sources of exposure.
Important advances have been made in our understanding
of glyphosate exposure in the 3 y since Gillezeau et al. published
their review. In 2023, the U.S. Centers for Disease Control and
Prevention (CDC) reported, for the first time, urinary glyphosate

Address correspondence to Cynthia L. Curl, 1910 University Dr., Boise, ID
83725 USA. Telephone: (208)-426-3924. Email: cynthiacurl @boisestate.edu

Supplemental Material is available online (https://doi.org/10.1289/EHP12768).

The authors declare they have no actual or potential conflicts of interest.

Received 18 January 2023; Revised 20 September 2023; Accepted 17
October 2023; Published 6 December 2023.

Note to readers with disabilities: EHP strives to ensure that all journal
content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehpsubmissions @niehs.nih.gov. Our
staff will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives

127001-1

concentrations using samples from the 2013-2014 and 2015-2016
National Health and Nutrition Examination Survey (NHANES).?
The population-representative 2013-2014 NHANES data showed
that an estimated 81% of the U.S. population >6 y of age had recent
exposure to glyphosate.* In a population-based survey in France,
glyphosate was detected in 99% of urine samples collected from
nearly 7,000 participants recruited between 2018 and 2020.5
Several other studies published in the past year alone have meas-
ured glyphosate concentrations in both occupationally and non-
occupationally exposed populations, with most reporting glyphosate
concentrations in a single spot urine sample.®~!2

Human studies have reported adverse reproductive effects of
glyphosate exposure at environmentally relevant levels. Four recent
investigations found that gestational glyphosate exposure was asso-
ciated with shortened gestational length,'? preterm birth,'*!> and
reduced fetal growth.!S If the developing fetus is especially vulnera-
ble to glyphosate, it is critical to understand the magnitude and sour-
ces of exposure during this critical developmental period. Still, few
studies have examined glyphosate exposure during pregnancy.
Beyond the four studies of glyphosate exposure and reproductive
outcomes, we are aware of only two other studies of glyphosate ex-
posure during pregnancy, neither of which occurred within the past
decade.!”!® Given the increasing use of glyphosate and glyphosate-
based herbicides (GBH; e.g., Roundup), the results of earlier studies
may not be indicative of current exposures.

Another important data gap relates to sources of glyphosate ex-
posure. Diet is one potentially important source'??; agricultural
use may be another. More than 250 million pounds of glyphosate
are applied each year to cropland in the United States alone,” and
exposure to many types of pesticides is higher among individuals
living near agricultural fields.?!? Pesticide exposure among
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residents of agricultural regions can occur through inhalation or
dermal absorption via spray drift from active applications or
through ingestion of pesticide residues in soil or water.>* A few
studies have evaluated the effect of residential location on glypho-
sate exposure and found higher exposure among those in rural/agri-
cultural locations than those living in urban regions.!3!82* The
purpose of this study was to evaluate glyphosate exposure in preg-
nant women in relation to residential proximity to agriculture as
well as agricultural spray season.

Methods

Study Setting and Design

In 2021, we recruited 40 participants living in southern Idaho during
the first trimester of pregnancy and collected weekly urine samples
from enrollment through delivery. Participants lived either close to
(<0.5 km) or far from (>0.5 km) actively cultivated agricultural
fields. We recruited participants from Women, Infants and Children
(WIC) clinics in three health districts of Idaho: Southwest District
Health (serving the towns of Nampa and Caldwell), South Central
District Health (serving Twin Falls, Shoshone, Gooding, Jerome,
and Heyburn), and Central District Health (serving Boise, Meridian,
and Garden City). Administered through local agencies, WIC is a
federal program that provides nutritional support to low-income
pregnant, postpartum, and breastfeeding women and low-income
infants and children up to 5 y of age.

We calculated a sample size to provide a power of 0.80 at a 0.05
significance level in a two-sided test of the difference in exposure
between participants living near and far from agricultural fields,
based on the geometric mean (GM) glyphosate concentrations
measured in urine samples collected from mothers in farm and non-
farm households?® and an assumed standard deviation (SD) of
0.5 pg/L. We estimated this SD from the ratio of mean to variance
in organophosphate pesticide (OP) concentrations from a repeated
measures study,?® which we used because no comparable glypho-
sate data exist and half-lives are similar (<12-16 h).?7-28

We began our study prior to the annual initiation of agricultural
pesticide applications and continued sample collection throughout
the year, thus capturing exposure before, during, and after the agri-
cultural pesticide spray season. We defined the agricultural pesti-
cide spray season a priori as 1 May through 15 August, based on
conversations with local agricultural experts, including land grant
extension specialists and educators regarding weather and condi-
tions for 2021.

Participant Recruitment and Eligibility

Because of the COVID-19 pandemic, we developed contactless
approaches to communicate with and engage our community part-
ners. Specifically, we developed a video (https://www.youtube.
com/watch?v=pFH3MIELXNU), which we shared with WIC
clinic staff in lieu of visiting the clinics for in-person presentations.
We worked remotely with clinic directors to identify on-site “pro-
jectchampions” at each Health District who connected with us reg-
ularly and directly, advocated for our research project, and helped
answer any of their colleagues’ questions. In addition to the videos
we prepared for WIC clinic staff, our research team created brief
videos to advertise the study to potential participants (https://www.
youtube.com/watch?v=sOGOlppKzUw and https://www.youtube.
com/watch?v=p75mljOhwrc); all materials intended for participants
were prepared in both English and Spanish. We asked the WIC staff
to share these videos with any clients they thought might be interested
in participating in this study. We also created electronic versions of
full-page recruitment flyers and shorter index card—sized recruitment
flyers that could be emailed to potential participants.
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When a WIC staff member spoke with a potential participant
who wanted to learn more about the study, the staff member asked
them for permission to share their contact information with our
research team. Our research staff then contacted interested individu-
als to assess eligibility. Eligible participants were in their first tri-
mester of pregnancy; over the age of 18 y; had not been told by a
medical professional that their pregnancy was high risk; did not
work with pesticides or have a household member who worked with
pesticides; did not regularly eat organic food; had access to a smart-
phone, tablet, or computer that could connect to the Internet; and
spoke either English or Spanish. We scheduled initial meetings with
interested and eligible participants for the end of the participant’s
first trimester at 13—14 wk of pregnancy. The Boise State University
institutional review board reviewed and approved this study.

Informed Consent, Demographic Questionnaire, and
Pesticide Exposure Interview

All contact with participants occurred in English or Spanish, as
preferred by the participant, and all were conducted in a contact-
less manner. For the initial meetings, research staff traveled to
each participant’s home and phoned the participant on arrival.
Staff then placed paper consent forms outside the participant’s
home, returned to their vehicles, and texted the participant the
link to a study-specific video that provided a detailed explanation
of all components of the informed consent process. They then
asked the participant to either call the research staff member with
any questions or to sign the consent form and leave it outside.
Each participant was assigned a unique Study ID.

Following the consent process, research staff phoned the partic-
ipant and verbally administered a basic demographic questionnaire
to collect self-reported information on age, household income,
education, race/ethnicity (African American or Black; Asian;
Caucasian or White; Hispanic or Latino; Native Hawaiian or other
Pacific Islander; American Indian or Alaskan Native), occupation,
household size, and whether or not they were a current smoker or
vape user. Research staff also verbally administered a pesticide expo-
sure interview about residential use of pesticides to control for indoor
and outdoor insects, weeds, fleas, or ticks on domestic pets or for
other pests, including snails, slugs, birds, rabbits, squirrels, rats,
mice, gophers, raccoons, or deer (see Table S1). Participants were
asked about both their personal use of residential pesticides, use by
any other member of their household, and use by a pest control com-
pany. For any pesticides used by a participant or a member of their
household, participants were asked whether they knew what product
was used and/or had the containers available. For any containers they
had available, participants were asked to locate and photograph those
products and to text the pictures to our research staff.

Urine Sample Collection

During the initial meeting, participants were asked to provide a
spot urine sample. Following completion of the surveys, research
staff texted the participant with a link to a study-specific video
that described how to collect that sample. Research staff then
placed a 4-oz polypropylene specimen cup with a unique bar-
coded label in a resealable plastic bag outside the participant’s
door. The participant then collected and returned the sample.
Research staff then left the participant with a USD $10 gift card,
a small plastic cooler and reusable ice pack, and a prelabeled
specimen cup for the next week’s sample.

We established a regular day of the week for urine sample col-
lection, and for each subsequent week, we asked participants to col-
lect their first urine of the day [first morning void (FMV)], to write
the time and date of collection on the specimen cup, and to leave it
outside their home in the study cooler with ice packs for collection
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by research staff that same day. We provided participants with
posters to hang in their bathrooms as reminders and sent text mes-
sages the night before each participant’s scheduled sample collec-
tion to remind them to collect their sample the next morning.
Research staff then traveled to each participant’s home on the pre-
established day to collect that week’s sample and to leave another
$10 gift card and a labeled specimen cup for the following week.

We collected weekly urine samples from enrollment through
delivery except for a 2-wk period from 14 June to 30 June, during
which the cohort took part in a randomized crossover trial of an or-
ganic diet. During the crossover trial, participants provided daily
urine samples; the details of the dietary intervention are described
elsewhere.?® None of the results from daily samples collected dur-
ing this dietary intervention are included in this analysis.

We collected an average of 22 weekly urine samples from
each of the 40 participants and grouped these samples by calen-
dar week. Because of funding limitations, we selected for analy-
sis all samples collected during every other week.

Urine Sample Processing and Laboratory Analysis

Research staft completed a chain-of-custody form to record the
date and time of each urine collection and make any notes about
the collection process or sample condition. Samples were trans-
ported on ice to our laboratory at Boise State University, where
they were refrigerated for no more than 24 h before processing.
All samples were analyzed for color, clarity, and specific gravity
(Atago Urine Specific Gravity Refractometer, PAL 10-S) at 5°C.
Research staff aliquoted four identical 4-mL subsamples into
5-mL cryovials for storage at —80°C.

In addition to participant samples selected for glyphosate
quantification, for quality assurance, we also randomly selected a
set of duplicates from 10% of the sample set sent for analysis,
which were submitted without identifying characteristics. We
shipped samples and duplicates to the CDC overnight on dry ice
in January 2022 for analysis.

Details of the analytical method have been described previ-
ously.’® Briefly, the method employs ion chromatography-
isotope dilution—tandem mass spectrometry using a Dionex
ICS-5000 + ion chromatography system (using polyether ether
ketone materials to prevent carryover and interaction with metal
surfaces) and an AB Sciex 5500 triple quadrupole mass spec-
trometer. The limit of detection (LOD) was 0.1 pg/L. Method
accuracy was established by spiking two different urine samples
at zero, low, mid, and high glyphosate concentrations. Samples
were prepared in triplicates and the results averaged. Recovery
of the spiked analytes was calculated as [(final concentration —
initial concentration)/spiked concentration], and the mean rela-
tive recovery for this method was 99% (97%-103%). Along
with study samples and analytical standards, each analytical
batch included high- and low-concentration quality control
materials (QCs) and reagent blanks to assure the accuracy and
reproducibility of the data. The concentrations of the QCs were
evaluated using standard statistical probability rules.!

As described above, we also submitted 55 duplicate samples
collected during the weekly urine sample processing. The relative
percent difference (RPD) between these paired sets was 5.3%,
indicating excellent reproducibility and precision. The analysis of
de-identified specimens at the CDC laboratory was determined
not to constitute human subject research.

Assessment of Residential Proximity to Agriculture

We collected participants’ residential addresses at baseline and
recorded whether they moved or lived in additional locations dur-
ing the study. We geocoded all addresses and physically verified
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the existence and location of all actively cultivated agricultural
fields within a 0.5-km radius of each address during the growing
season concurrent with sample collection (August 2021); if no
potential fields were present within this radius, we expanded to a
1-km buffer. As we described in detail elsewhere,?? we entered
each address into Google Earth and identified any area within the
0.5-km buffer that could potentially be an agricultural field
(defined as areas of green or brown that did not contain homes or
other structures). We drove to each of the locations and visually
inspected it to identify whether it was an agricultural field in cur-
rent cultivation. If the location was not accessible (e.g., if it was
surrounded by private property), we used a combination of
National Land Cover Database (NLCD) and Landsat imagery
paired with Normalized Difference Vegetative Index (NDVI)
thresholds to determine whether it was an agricultural field likely
to be in current cultivation, using the method described by Hyland
et al.>> We then created polygons identifying each actively culti-
vated agricultural field in ArcGIS and calculated the distance from
each residence to the nearest such field (up to 1 km). We also calcu-
lated total agricultural acreage within a 0.5-km buffer.

Data Analysis

We imputed glyphosate concentrations below the LOD as the
LOD/,/2.3* We corrected glyphosate concentrations for hydra-
tion by adjusting for specific gravity according to: Csg=
CX 1%6_’11, where Cyg is the adjusted result (ug/L), C is the
reported glyphosate concentration (ug/L), 1.016 is the mean spe-
cific gravity measured within the study population, and SG is the
specific gravity of the individual sample.>* All results presented
in this manuscript represent these SG-corrected concentrations.

We evaluated the normality of the data set with the Kolmogorov-
Smirnov test and found that the glyphosate concentrations were
not normally distributed but were right-skewed with long tails
both within and between participants. Therefore, for each partici-
pant, we estimated the central tendency of her individual expo-
sure as the GM of all her samples (“overall exposure”; average
per participant =11 samples), and the GMs of samples collected
during the pesticide spray season (“spray season exposure’’; aver-
age per participant =35 samples) and the nonspray season (“non-
spray season exposure”; average per participant=6 samples).
These individual GMs represent the central tendencies of the
within-participant distributions of glyphosate concentrations;
thus, we consider them to be estimates of each participant’s
glyphosate exposure.

These overall exposure estimates were also not normally distrib-
uted (n =40, p =0.012). Therefore, to characterize the distribution
of estimated glyphosate exposures in the cohort (i.e., the between-
participant distribution), we used these exposure estimates to calcu-
late the cohort GM and percentiles. These were also calculated
stratified by spray season and residential proximity to agriculture.
We evaluated the effect of spray season on glyphosate exposure
with Wilcoxon signed rank tests for paired data; we evaluated the
effect of residential proximity using Wilcoxon rank sum tests for in-
dependent data. As a sensitivity analysis, we evaluated the potential
for confounding by age, income, education, race/ethnicity, occupa-
tion, and household size. These variables were selected because
they are commonly collected demographics and because we
hypothesized that they could be indicators of, or associated with,
socioeconomic status or community identification, which could
influence location of residence. First, we ran independent z-tests to
evaluate the association between residential proximity and each of
these variables. We also conducted a multivariable regression analy-
sis to evaluate the relationship between glyphosate concentration
during the spray season and residential proximity to agriculture
adjusting for these variables. Finally, we evaluated the relationship
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Figure 1. Timeline of the study, including community engagement, recruitment, weekly urine sample collection, and dates of delivery. The spray season is

also indicated.

between glyphosate concentration and spray season among the near
field participants and adjusted for these variables using generalized
estimating equations (GEE) to account for the repeated measures
within individuals. We conducted all analyses in SPSS Statistics
[version 28.0.0.0; IBM].

Results

Study Participants

We enrolled our first participant on 23 February 2021 and
completed enrollment on 3 June 2021. Weekly urine sample
collection continued for each participant until she delivered her

baby, with delivery dates occurring from 20 August through 28
December 2021. We collected the last weekly sample on 20
December (see Figure 1).

Table 1 shows the demographic characteristics of the study
participants collectively and separately for those who live near
and far from fields. Participants ranged in age from 18 to 37 vy,
with approximately half of the cohort (n=21) age 18-27 y.
Gestational length at enrollment averaged 14.4 wk (SD =2.2 wk).
One participant identified as Asian and one as American Indian or
Alaskan native; the rest of the cohort identified as either White
(52.5%, n="21) or Hispanic/Latina (47.5%, n=19), with two par-
ticipants identifying as both White and Hispanic/Latina. We ran
these analyses categorizing these two participants first in one

Table 1. Demographic characteristics of 40 pregnant people participating in a study of the association between residential proximity to agricultural and glypho-
sate concentrations. Twenty-two (22) participants lived <0.5 km of an agricultural field (“near field”), and 18 participants lived >0.5 km of an agricultural

field (“far from field”) in southern Idaho, 2021.

Full sample (n=40)
mean + SD or n (%)

Near field participants (n =22)
mean + SD or n (%)

Far field participants (n=18)
mean + SD or n (%)

Age (y)
18-22 11 (28%) 5(23%) 6 (34%)
23-27 10 (25%) 7 (32%) 3(17%)
28-32 14 (35%) 7 (32%) 7 (39%)
33-37 5(13%) 3 (14%) 2 (11%)
Gestational age at enrollment (wk) 14.4 (2.3) 14.2 (2.2) 14.6 (2.4)
Race and ethnicity”
Caucasian or White 21 (53%) 11 (50%) 10 (56%)
Hispanic or Latina 19 (48%) 11 (50%) 8 (45%)
Asian 1(2.5%) 1(4.5%) 0 (0%)
American Indian or Alaskan Native 1(2.5%) 1 (4.5%) 0 (0%)
African American or Black 0 (0%) 0 (0%) 0 (0%)
Highest level of education
Less than high school 5(13%) 3 (14%) 2 (11%)
Graduated high school or earned GED 14 (35%) 9 (41%) 5(28%)
Some college 19 (48%) 9 (41%) 10 (56%)
Bachelor’s degree 1(2.5%) 0 (0%) 1(5.5%)
Graduate degree or other advanced degree 1(2.5%) 1 (4.5%) 0 (0%)
Income [last year, household (USD)]
<$10,000-$19,999 9 (24%) 4 (20%) 5 (28%)
$20,000-$29,999 10 (26%) 6 (30%) 4 (22%)
$30,000-$39,999 8 (21%) 3 (15%) 5 (28%)
$40,000-$59,999 6 (16%) 3 (15%) 3 (17%)
>$60,000 5 (13%) 4 (20%) 1(5.5%)
Missing or declined to answer 2 2 0
Employment
“Stay-at-home mom” 16 (40%) 10 (46%) 6 (34%)
Working outside the home 21 (53%) 11 (50%) 10 (56%)
Unemployed 3(7.5%) 1 (4.5%) 2(11%)
Number living in household
1-3 15 (38%) 9 (41%) 6 (34%)
4-6 23 (58%) 11 (50%) 12 (67%)
7-9 2 (5%) 2 (9%) 0 (0%)
Current tobacco smoker or vape user
Yes 2 (5%) 2 (9%) 0 (0%)
No 38 (95%) 20 (91%) 18 (100%)
Note: GED, general equivalency diploma; SD, standard deviation; USD, U.S. dollars.
“Participants could choose more than one option.
Environmental Health Perspectives 127001-4 131(12) December 2023



category and then in the other; findings were unchanged. For the
results presented here, we included them in the Hispanic/Latina cat-
egory. Most study participants reported graduating high school or
earning their general equivalency diploma (35%, n=14) or com-
pleting some college (47.5%, n=19) as their highest level of educa-
tion. Two-thirds of the participants had a combined household
income of USD $39,999 or less. Approximately half the cohort
(52.5%, n=21) reported working outside the home, 16 (40%)
described themselves as “stay-at-home moms,” and 3 (7.5%) were
unemployed. We did not observe any differences between the near
and far from field participants in any of these variables (independent
samples 7-test: age, p =0.83; income, p =0.35; education, p =0.59;
race/ethnicity, p=0.10; occupation, p=0.57; household size,
p=0.78). No participants reported applying herbicides during their
pregnancies (Table S1).

Residential Proximity to Agriculture

Thirty-one participants (78%) had only one residence throughout
the study period. No participant lived in more than two locations
during the study. For seven of the nine participants who had two
residences during the study, both locations were either near fields
or far from fields. The other two participants were assigned to
the location where they spent most of their time (one near field
and one far from field). As shown in Table 2, 22 (55%) of the
study participants lived near fields, whereas 18 (45%) lived far
from fields. Of the 22 participants who lived near fields, 3 lived
within 100 m of a field, 9 lived 100 to <300 m from a field, and
10 lived 300 to <500 m from the nearest field. Of the 18 partici-
pants who lived far from fields, 4 lived 500-1,000 m from a field
and 14 lived more than 1,000 m from the nearest field. By defini-
tion, none of the participants who lived far from a field had any
cultivated acreage within a 0.5-km radius of their homes. Of the
participants who lived near fields, approximately one-third had
more than 25 acres, 10-25acres, and <10 acres each within a
0.5-km radius of their homes. Alfalfa was the most common
crop nearest to participants’ homes (35%), followed by corn
15%).

Table 2. This table describes residential proximity to agriculture for the 40
participants in this study, including the number living “near” vs. “far from”
fields (dichotomized at 0.5 km) in southern Idaho, 2021.

Sample Collection

We collected a total of 864 weekly urine samples, averaging 21.6
samples per participant and representing 98% of our study goal.
Thirty-eight (95%) of the study participants were enrolled in the
study until they delivered their babies. Of the remaining two, one
participant developed pregnancy complications and relocated out
of state, where she remained until she delivered her baby, and
one participant experienced housing instability and was unable to
continue in the study; both were lost to follow-up in mid-July.
Samples collected from these participants were included in data
analysis. As described in the “Methods” section, we submitted
biweekly samples from each participant for analysis; this process
ultimately resulted in the selection of 453 samples (52% of all
collected). Figure 2 illustrates the timing and density of sample
collections, indicates when samples were missed, and shows which
samples were analyzed for glyphosate concentrations.

Glyphosate Concentrations, Residential Proximity to
Agriculture, and Spray Season

Two-thirds (66%) of all individual samples contained detectable
concentrations (>0.1 pg/L) of glyphosate (Table 3). The detection
frequency across all samples was similar among participants living
near and far from fields (67% and 65%). Estimated individual-level
glyphosate exposure, calculated as the GM glyphosate concentra-
tions for each participant, ranged from <LOD to 0.44 pg/L, witha
GM of 0.17 pg/L, median of 0.18 pg/L, and a 90th percentile
of 0.27 pg/L. Although estimated glyphosate exposures were
slightly higher among participants living near fields in comparison
with those living far from fields across the entire study period, this
difference was not significant (0.19 vs. 0.16 pg/L, p=0.19).

Figure 3 shows each participant’s estimated glyphosate expo-
sure (calculated as the GM of glyphosate concentrations meas-
ured in all her relevant samples) during the spray season vs. the
nonspray season. Filled black circles indicate participants who
live near fields, and hollow circles indicate participants living far
from fields. Although participants living far from fields are dis-
tributed uniformly around the 1:1 line, most participants living
near fields were above this line, indicating increased exposure
during the agricultural spray season.

Figure 4 shows the overall distributions of the cohort’s esti-
mated glyphosate exposure during the spray and nonspray seasons,
stratified by residential proximity to agriculture. As shown in

n % Table 3, among participants living near fields, urinary glyphosate
Cultivated field <0.5 km was detected more frequently and at significantly increased GM
Yes (“Near field”) 22 55% concentrations during the spray season in comparison with the
No (“Far from field”) 18 45% nonspray season (81% vs. 55%; 0.228 pug/L vs. 0.150 pg/L,
Distance from nearest field p <0.001, z-score = —3.528). In contrast, among participants who
<100 m 3 8% . . :
100 to <300 m 9 23% lived far from fields, neither glyphosate detection frequency nor
300 to <500 m 10 259 GMs differed in the spray vs. nonspray season (66% vs. 64%;
500 to <1,000 m 4 10% 0.154 pg/L vs. 0.165 pg/L, p=0.45). Further, we found no differ-
>1,000 m 14 35% ence in estimated glyphosate exposures between participants living
Total cultivated acreage <0.5 km near and far from fields during the nonspray season (0.150 vs.
5 Sffirr;;ldence 7 18% 0:165 ng / L, p=0.53), but near-field pz.m.icipants had signiﬁcagtly
10 to <25 acres 3 20% higher estimated exposures than those living far from fields during
>1 to <10 acres 7 18% the spray season (0.228 vs. 0.154 pg/L, p=0.01). These findings
0 acres 18 45% were robust to adjustment for age, income, education, race/ethnicity,
Crop type closest to residence occupation, and household size in a multivariate regression analysis
Alfalfa 14 35% (»p=0.008). When we evaluated the relationship between glypho-
g(r);qbeans g 122 sate concentration and spray season among the near-field partici-
Wheat 1 3% pants adjusted for these covariates using GEE to account for
Mint 1 3% repeated measures, spray season remained significantly associ-
Onions 1 3% ated with glyphosate concentrations (p < 0.001 for the full model
Sugar beet 1 3% with all variables and in models including each factor individu-
None 14 35% ally.) Finally, we noted the presence of one outlier among the
Environmental Health Perspectives 127001-5 131(12) December 2023
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Figure 2. Weekly urine sample collections by participant among 40 pregnant people in southern Idaho. Darker circles indicate that a sample was collected and
analyzed for glyphosate concentration; lighter circles indicate a sample that was collected but not analyzed; and circles containing an “x” indicate a missed
sample. The y-axis shows Participant IDs, ordered chronologically by date of first sample. For the most part, these IDs were assigned in numerical order, but
some were assigned out of order because of logistical or scheduling issues.

participants living near fields, apparent in the top left corner of Discussion

Figure 3. In an ad hO‘f sensi.tivity Fmalysis, We réran our cal(?ulations In this study, we estimated glyphosate exposure based on concentra-
and found that excludlng this outlier did noF change our findings. For tions measured in 453 biweekly urine samples collected from 40
example, when comparing GM concentrations during the spray vs.  pregnant people throughout pregnancy. We found that those who

nonspray season, the results were very similar with this outlier  lived <0.5 km of an actively cultivated agricultural field had signifi-
excluded (0.217 vs. 0.150 pug/L, p<0.001, z-score= —3.397);  cantly increased glyphosate exposure during the pesticide spray sea-

when comparing GM concentrations between participants living son in comparison with the nonspray season. We found no change in
near and far from fields during the spray season, the results were also glyphosate exposure by season for participants who lived far from
unchanged (0.217 vs. 0.154 pg/L, p=0.02). fields and no difference between nonspray season exposure for

Table 3. Samples sizes, detection frequencies, and central tendency and distributional characteristics of glyphosate concentrations (pug/L) among 40 pregnant
people living near (<0.5 km) and far from (>0.5 km) agricultural fields in southern Idaho. All glyphosate concentrations are corrected for specific gravity
(ng/L). The LOD was 0.1 pg/L.

Percentiles”

Detection Average number samples  Overall geometric
Participant (n) Sample (n)  frequency [n (%)] per participant mean” 10th  25th  50th  75th  90th
All participants 40 453 299 (66%) 11 0.175 0.11 0.14 0.18 022 0.27
Near field 22 257 172 (67%) 12 0.190 0.14  0.15 0.19 023 0.29
Far from field 18 196 127 (65%) 11 0.157 <LOD 0.14 0.16 0.20 0.22
Near field
Spray season 22 119 96 (81%) 5 0.228" 0.15 0.18 021 034 0.39
Nonspray season 22 138 76 (55%) 6 0.150 0.11 0.12 0.5 0.19 0.21
Far from field
Spray season 18 96 66 (66%) 5 0.154 <LOD 0.11 0.17 020 0.24
Nonspray season 18 100 61 (64%) 6 0.165 0.11 0.14 0.16 021 0.25

Note: LOD, limit of detection.

“The central tendency of each participant’s glyphosate concentrations was calculated as the geometric mean of her relevant individual samples. The geometric mean and percentiles
presented in this table describe the central tendency and distribution across those individual geometric means.

*Glyphosate concentrations were significantly higher among near field participants during the spray season in comparison with the nonspray season (p <0.001) or in comparison with
participants living far from fields during either season (p < 0.01).
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Figure 3. Each participant’s estimated glyphosate exposure (defined as the GM of glyphosate concentrations measured in all of her relevant samples, pg/L)
during the 2021 spray season (1 May—15 August, y-axis) vs. the nonspray season (x-axis) in southern Idaho. Filled black circles indicate participants who live
near fields (<0.5 km, n=22), and hollow circles indicate participants living far from fields (>0.5 km, n=18). A uniform distribution indicates equal exposure
during both seasons, whereas distribution to one side of the line indicates a higher exposure during that period. Glyphosate concentrations were specific gravity—
adjusted prior to calculating individual-level GMs. Numeric data can be found in Excel Table S1. Note: GM, geometric mean.

participants living near fields and participants living far from fields
at any time of year. These results suggest that agricultural glypho-
sate spray is a source of exposure for people living near fields.

To our knowledge, this is the first study of the effect of residen-
tial proximity to agriculture on biomarkers of glyphosate exposure
with sufficient temporal resolution to investigate the effect of spray
season. Previous studies have found that people who live in rural
and agricultural regions have higher glyphosate exposure than
those in urban and suburban regions. In a study of 71 pregnant
women in Indiana, Parvez et al.'? reported that the 14 women who
lived in rural areas had significantly higher urinary glyphosate con-
centrations than the 57 women who lived in urban or suburban
areas. These results are consistent with our findings, but proximity
to agricultural fields was not measured nor was the impact of agri-
cultural spray season. In two other studies of glyphosate concentra-
tions in umbilical cord serum from 82 pregnant women in 20118
and urine from 41 Portuguese children in 2018-2019,%* investiga-
tors reported positive associations between residential proximity to
agriculture and glyphosate detection frequency and concentration.
However, in both studies, researchers had samples from a single
time point and did not evaluate the effect of agricultural spray sea-
son. Similarly, in a Flemish study among 424 adolescents, De
Troeyer et al.>* observed a significant relationship between higher
proportions of agricultural land around residences and increased
urinary concentrations of the primary degradation product of
glyphosate, aminomethylphosphonic acid (AMPA). Again, how-
ever, the researchers relied on a single sample per participant to
estimate exposure.

We know of no previous research regarding agricultural spray
season and glyphosate exposure, but a larger body of literature has
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investigated residential proximity to agriculture, agricultural spray
season, and exposure to different classes and types of pesticides.
Most of these studies reported a positive relationship between pes-
ticide concentrations and residential proximity to agriculture,?!->2
but the relationship with agricultural spray season has been mixed.
For example, in a repeated measures assessment, urinary diakyl-
phosphate metabolites of OPs were found to be higher during the
agricultural spray season in comparison with the nonspray sea-
son.>® However, the urinary biomarkers of the chloroacetanilide
and triazine herbicides did not differ by season in the PELAGIE
mother—child cohort study.?” These inconsistencies may reflect the
differences in chemical properties across various pesticide classes
(e.g., volatility), physical differences in application methods (e.g.,
crop dusting vs. backpack spraying), and different formulation
characteristics (e.g., the inclusion of amino groups to create
herbicide-amine salts3®).

Our finding that agricultural spray season was associated
with increased glyphosate exposure among near field partici-
pants suggests that agricultural spray as a source of glyphosate
exposure warrants additional investigation. Exposure may occur
directly from drift of glyphosate leading to uptake via dermal
and inhalation routes or glyphosate may adhere to soil and dust
particles that infiltrate nearby residences.>® Glyphosate is con-
sidered not volatile (vapor pressure ~0.01-0.02 mPa at 25°C*°)
and therefore is unlikely to aerosolize but could be transported
as residues attached to windblown particles. House dust can
serve as a reservoir for some pesticides, leading to exposures
that may or may not vary with time and spray season. Indeed, a
recent study of factors associated with levels of OPs in agricul-
tural communities found that pesticide levels in dust were
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Figure 4. Estimated glyphosate exposure among pregnant participants living far from (>0.5 km, n = 18) and near to (<0.5 km, n=22) fields during the 2021 spray
(1 May-15 August) and nonspray seasons in southern Idaho. Each individual’s glyphosate exposure is estimated as the GM of all of her relevant samples, which
were specific gravity—adjusted prior to calculating the individual-level GMs. The box-and-whisker plots represent the overall distribution of these estimated expo-
sures, with the black line indicating the median, the bottom and top lines of the boxes indicating the 25th and 75th percentiles, and the whiskers indicate the minimum
and maximum values excepting outliers, which are represented by circles. Numeric data can be found in Excel Table S1. Note: GM, geometric mean.

affected by household cooling strategies, occupational expo-
sures, and geographic location but not agricultural spray sea-
son.*! However, the half-lives of pesticides in dust likely differ
by pesticide type, and although new evidence is emerging about
glyphosate in roadway dust,** little data exist about the half-life
of glyphosate in household dust.

Identifying specific sources of exposure is crucial for develop-
ing effective interventions. If airborne drift from active agricultural
applications is a primary exposure source for participants living
near agricultural fields, appropriate interventions may include
windbreaks or notification of spray timing and window closing*3;
if the source is contaminated soil blowing or tracking into homes,
reducing track-in and cleaning may be more effective.**

We found lower glyphosate concentrations among partici-
pants in this study than other populations. In the recently released
2013-2014 NHANES data, the GM glyphosate concentration in
the total population was 0.411 pg/L,? in comparison with con-
centrations to this study, where the overall GM glyphosate con-
centration was 0.17 pg/L. Glyphosate concentrations among
pregnant women in a Puerto Rican cohort study were similar
to those measured in NHANES (GM=0.41-0.44 pug/L),*!*
although concentrations measured in the multicenter The
Infant Development and Environment Study (TIDES) cohort
(median = 0.23 pg/L)'> were more similar to those we observed. In
contrast, urinary glyphosate concentrations in pregnant women in
the Indiana Pregnancy Environmental Exposures Study (PEES)'®
and a prospective birth cohort also in Indiana, reported in Parvez
et al.,'>1® were found to be an order of magnitude greater than the uri-
nary concentrations found in NHANES and other pregnancy cohorts
(mean =3.33-3.40 nug/L).

The reason for these differences in glyphosate concentrations
are unclear and could be related to study design (e.g., FMV vs.
spot urine sampling strategies), analytical methods (both the
PEES study and Parvez et al. used the same laboratory), or the
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populations studied. It is also possible that the differences reflect
higher glyphosate use in the midwestern United States, where in-
tensive production of glyphosate-tolerant genetically modified
Roundup-Ready corn and soybean crops leads to high glyphosate
application volumes.*> The cohorts in both the PEES study and
Parvez et al. were recruited from Indiana, and none of the other
studies were restricted to this region.

These and other exposure studies reveal a high prevalence of
exposure to glyphosate but at levels that are considered low in
comparison with most risk benchmarks. However, it is unclear
whether these benchmarks are based on the most sensitive and
appropriate end points.***° Much of this discussion centers on
possible carcinogenic effects, especially non-Hodgkin’s lym-
phoma,>®-52 but, given the recent research on birth outcomes,
reproductive effects may also be indicated. In addition to the ep-
idemiological studies described previously, strong evidence
from laboratory animal studies suggests that gestational expo-
sure to glyphosate and GBHs can lead to adverse outcomes
including birth defects,>®>* defects in spermatogenesis,> gut
microbiome dysbiosis,>® and transgenerational impairment of
female reproductive outcomes’’ likely mediated by epigenetic
changes (DNA methylation status).’® Collectively, these animal
studies underscore the importance of investigations including
pregnant people.

Our study has important strengths and limitations. Although the
small sample size limits generalizability, we were able to observe
meaningful differences in glyphosate exposures across the study
factors we investigated. In addition, we collected and analyzed
an extensive number of samples per participant. This sampling
approach is a critical strength, not just because it permitted assess-
ment of temporal concentration trends, but also because of the short
half-life of glyphosate. The human biological half-life of glyphosate
is estimated to be 5.5-10 h,>® meaning that an individual spot urine
sample essentially reflects exposure during, at most, the previous
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day. Data from the NHANES have shown a significant relationship
between fasting time and urinary glyphosate concentrations; indi-
viduals who report eating in the 8 h prior to sample collection had
higher urinary glyphosate levels than those who had fasted for 8 or
more hours, further supporting the idea of rapid excretion following
dietary intake.* Thus, studies that rely on single spot urine samples
are likely insufficient to accurately characterize glyphosate exposure
throughout pregnancy. Because of the relatively large number of
samples per participant, we were able to assess exposures during
both spray and nonspray seasons using longer-term averages that
reduced intra-individual variability.

This study also occurred in a relatively small geographic region
that is not as heavily treated with glyphosate as some other parts of
the United States. Participants in this study lived along the Snake
River Valley of Idaho, across an approximately 200-mi range from
the western part of the state at the Oregon border to the south-central
part of the state just east of Twin Falls. Although this is an agricultural
region, it is not dominated by corn and soy crops. Instead, the most
common crop near to participants’ homes in this study was alfalfa,
which is often the Roundup Ready type, but is treated with glyphosate
only once or twice per season. Nevertheless, we observed differences
in glyphosate exposure by residential location and season, even with
this lower density of application than is used on other crops grown
more commonly in the midwestern United States. A related strength
of this study was the careful characterization of active agricultural
fields. By ground-truthing the location and crop type of all fields
within 0.5-km buffers around each participant’s home, we are confi-
dent in the accuracy of our near and far from field characterizations.

In this study, we did not measure glyphosate’s primary degrada-
tion product, AMPA, which is primarily formed by soil microbes.®6!
AMPA is a nonspecific metabolite of glyphosate and can be formed
from other sources; thus, it may not represent direct exposure to
glyphosate.5? Similarly, we did not evaluate exposure to coformu-
lants, which form part of commercial glyphosate-based herbicide for-
mulations and which possess their own innate toxicity®® and may
increase the toxicity of glyphosate.®*

Future studies should increase the understanding of specific path-
ways through which glyphosate exposure occurs during the spray sea-
son (e.g., through suspended airborne particles from active drift and/
or through tracked-in or windblown soil to which glyphosate has
adhered). In such future studies, it would be valuable to characterize
behaviors potentially associated with exposure, such as frequency of
cleaning homes, amount of time spent at home outdoors during the
spray season, and typical practices around wearing shoes inside the
home. It would also be valuable to explore the relationship between
residential proximity to agriculture during the agriculture spray sea-
son and glyphosate exposure in other populations, including individu-
als living in Midwestern states where glyphosate application rates are
even higher than in our study region.
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