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BACKGROUND: Consumption of an organic diet reduces exposure to a range of agricultural pesticides. Only three studies have examined the effect of
an organic diet intervention on exposure to the herbicide glyphosate, the most heavily used agricultural chemical in the world. Despite its widespread
use, the primary sources of glyphosate exposure in humans are poorly understood.

OBJECTIVE: Our objective was to examine the effect of an organic diet intervention on urinary glyphosate concentrations among pregnant individuals.

METHODS: We conducted a 2-wk randomized crossover trial in which 39 pregnant participants living near (<0.5 km) and far (>0.5 km) from agricul-
tural fields received a 1-wk supply of conventional groceries and 1 wk of organic groceries, randomized to order. We collected daily first morning
void urine samples and analyzed composite samples from each week for glyphosate. We examined differences in urinary glyphosate concentrations
between the conventional week and the organic week among all participants and stratified by residential proximity to an agricultural field.

RESULTS: Median specific gravity—adjusted glyphosate concentrations were 0.19 pg/L and 0.16 pg/L during the conventional and organic weeks,
respectively. We observed modest decreases in urinary glyphosate concentrations from the conventional to organic week among far-field participants,
but no difference among near-field participants. In secondary analyses excluding participants who did not meet a priori criteria of compliance with
the intervention, we observed significant decreases in urinary glyphosate concentrations, particularly among far-field participants (p <0.01-0.02,
depending on exclusion criteria).

Discussion: This trial is the first to examine the effect of an organic diet intervention on glyphosate among people living near and far from agricul-
tural fields. Our results suggest that diet is an important contributor to glyphosate exposure in people living >0.5 km from agricultural fields; for peo-

ple living near crops, agriculture may be a dominant exposure source during the pesticide spray season. https://doi.org/10.1289/EHP12155

Introduction

Glyphosate, a broad-spectrum herbicide that is the active ingre-
dient in Roundup, is the most heavily used agricultural chemi-
cal in history."? Globally, the use of glyphosate has increased
~ 15-fold since the late 1990s! with its expanded use as a pre-
harvest desiccant and in “Roundup Ready” genetically engi-
neered glyphosate-tolerant crops.> Despite its frequent
detection in food samples* and environmental samples from
both agricultural and nonagricultural communities,>® relatively
little data on human exposure to glyphosate exist.”® In response to
increasing evidence that prenatal glyphosate exposure may be
associated with adverse birth outcomes such as shortened gesta-
tional age,”"!! recent editorials and consensus statements have
called for more biomonitoring and epidemiological research on
glyphosate, particularly during vulnerable periods such as preg-
nancy and early childhood.'*!3 Although additional evidence
from larger studies is needed, if the previously observed associa-
tions of prenatal glyphosate exposure and adverse birth out-
comes® ! are true, it is imperative to identify effective exposure-
reduction interventions during this critical window of exposure,
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particularly given the widespread use of glyphosate and potential
population impacts.

Evidence of adverse health effects associated with glyphosate
dosing during the prenatal period has also been reported in toxi-
cological studies. For example, studies have shown a far greater
gut microbiome dysbiosis in the offspring of laboratory animals
following prenatal exposure to glyphosate and glyphosate-based
herbicides (GBHs), as opposed to exposure starting in early
adulthood.!*!> Other studies have demonstrated teratogenic and
carcinogenic effects of in utero glyphosate exposure in animals
through mechanisms such as the disruption of retinoic acid sig-
naling, estrogen biosynthesis, and enzymatic pathways,'® as well
as inducing DNA damage and oxidative stress'”-!'® and DNA
methylation, which could result in epigenetic modifications.'?

Previous observational and intervention exposure assessment
studies, which have largely focused on nonagricultural popula-
tions, have shown that an organic diet is associated with lower
exposures to a range of insecticides, herbicides, and fungicides
among children and adults.?°-2 These findings are consistent with
studies showing lower pesticide residues on organic food,?33*
because synthetic pesticides such as glyphosate are prohibited in
organic farming.>> Only three organic-diet intervention studies
have examined exposure to glyphosate?!-2?-3%; one of these stud-
ies enrolled only two participants.?® In addition, most organic
diet interventions have focused on insecticides, which are typi-
cally applied to different crops using different application meth-
ods than herbicides. For example, although fruit and vegetable
consumption has consistently been associated with urinary insec-
ticide concentrations,??23-*37 olyphosate has been detected
more commonly in grain and legume products, including proc-
essed foods. 383 Furthermore, only one study has examined the
effect of an organic diet intervention on urinary pesticide concen-
trations among participants living in both urban and rural/
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agricultural areas.? Although diet is one of the primary sources of
exposure to most pesticides in nonagricultural populations,3!#0—2
nonoccupationally exposed individuals living in agricultural regions
are exposed to pesticides via multiple sources and pathways in addi-
tion to diet, including the direct contamination of soil** or drinking
water,** and from inhalation and dermal absorption following pesti-
cide spray drift.*>*¢ The primary sources of pesticide exposure and
effective exposure-reduction strategies among people living near
pesticide-treated agricultural fields are poorly understood.

The purpose of this trial was to assess the effect of an
organic diet intervention on urinary glyphosate concentrations
among pregnant people in Idaho, including individuals living
within 0.5 km of and farther than 0.5 km from an agricultural
field. We hypothesized that urinary glyphosate concentrations
would be lower during the organic diet period in comparison
with the conventional diet period. We also hypothesized that
residential proximity to agricultural fields would modify the
effect of the intervention, resulting in a larger change in glypho-
sate concentrations between the diet periods among participants
living farther from agricultural fields in comparison with those
living closer.

Methods
Study Participants

We recruited 40 pregnant people in their first trimester from
Women, Infants, and Children (WIC) clinics from 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) in Idaho for a longi-
tudinal study to examine urinary glyphosate concentrations dur-
ing pregnancy. WIC is a federal program administered through
local agencies that provides supplemental nutritious food, nutri-
tion counseling, and health screenings and referrals to low-
income nutritionally at-risk pregnant, breastfeeding, and post-
partum women, as well as infants and children up to age 5 y.*’
Our research team prepared videos in English and Spanish that
WIC staff shared with clients who might be interested in partici-
pating in the study. If WIC staff spoke with a pregnant person
who was interested in learning more about the study, the staff
member asked the individual if they could share their contact
information with our research team. Our research team con-
tacted interested individuals directly to describe the study and
assess their interest and eligibility. The principal investigator of
the study, C.L.C., and her research team, including a lab man-
ager, two graduate students, and two undergraduate students
(including a native Spanish speaker) were responsible for enroll-
ing all participants.

We enrolled participants between 23 February and 3 June
2021 and followed them until they gave birth between 5 August
and 28 December 2021. Participants were eligible if they were in
their first trimester of pregnancy; over the age of 18 y; spoke
English or Spanish; had not been told by a medical professional
that they had a high-risk pregnancy; did not work with pesticides
or live with anyone who worked with pesticides; had access to a
smartphone, tablet, or computer that could connect to the internet;
and consumed a mostly conventional (nonorganic) diet.

As part of this longitudinal study, we conducted a 2-wk nested
randomized crossover trial of an organic diet. This paper focuses
specifically on this 2-wk dietary intervention trial in which we col-
lected daily first morning void (FMV) urine samples during the
intervention from 16 June to 30 June 2021 (during the pesticide
spray season). All participants received 1 wk of conventional gro-
ceries and 1 wk of organic groceries, randomized to order. The
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outcome of interest for this trial was changes in urinary glyphosate
concentrations between the conventional week and the organic
week.

We calculated a sample size of 40 participants to provide a
power of 0.80 at a 0.05 significance level in a two-sided test.
This calculation was based on reported geometric mean glypho-
sate concentrations in urine samples from mothers in 48 farm
and nonfarm households from a 2007 study in Iowa.*® We
assumed a standard deviation (SD) of 0.5 pg/L, based on
the ratio of mean to variance in organophosphate (OP) pesticide
concentrations from a longitudinal study that analyzed multiple
samples from children.*” We used the SD from a study of OPs
rather than glyphosate because no comparable glyphosate data
exist, and the half-lives are similar (<12-16 h).>%->!

The Boise State University institutional review board reviewed
and approved all study procedures. This study was registered,
and the protocol can be accessed, on ClinicalTrials.gov (NCT:
04155463). The Consolidated Standards of Reporting Trials
(CONSORT) checklist is available in the supplementary material.

Survey Data and Food Logs

We administered a brief questionnaire at enrollment to assess
sociodemographic factors and the use of pesticides at the partic-
ipant’s home in the past year (by the participant or by others).
We also asked participants to notify us if they moved or resided
at any other homes during the study period. Prior to each of the
2 wk of the dietary intervention, participants received a Food
Log in which they were asked to a) rate on a five-point Likert
scale how much of the food that they ate each day was from the
groceries provided by the study (i.e., everything, most, about
half, a little bit, none), and ») write down any foods or drinks
they consumed each day that were not from the groceries pro-
vided by the study (See Supplementary Material for example of
Food Log from Week 1).

Assessment of Proximity to Agricultural Fields

We geocoded each participant’s address where the participant
reported living during the 2-wk dietary intervention and verified
the existence and location of all fields within a 0.5-km radius of
their home, as previously described.? Briefly, in August 2021,
we used Google Earth to identify all potential agricultural fields
(areas of green or brown that did not contain homes or other
structures) within a 0.5-km radius of each participant’s home
and then visually inspected each of the fields to determine
whether it was currently being used for crop production. We
plotted the geocoded address of each residence and the loca-
tions of all agricultural fields in current cultivation in ArcGIS
and calculated the distance from each residence to the nearest
agricultural field. We henceforth refer to participants living
within 0.5 km of an agricultural field as “near-field” and those
living farther than 0.5 km from an agricultural field as “far-
field” participants, based on categorizations used in previous
exposure assessment and epidemiology studies.’3~>® Although
Idaho does not have publicly available pesticide use data and
we are not able to confirm that glyphosate was sprayed in fields
surrounding near-field participants’ homes during the dietary
intervention period, we intentionally conducted the sampling
during the agricultural spray season and confirmed that each
near-field participant had at least one “Round-Up Ready” crop
that is typically sprayed with glyphosate (e.g., corn, alfalfa)>’
within a 0.5-km radius of their home. One participant lived at
two different houses during the intervention, but both residen-
ces were within 0.5 km of an agricultural field, and she was
thus classified as near-field for the trial period.
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Randomization

We randomly assigned participants to receive 1 wk of either or-
ganic or conventional groceries (16 June—22 June), followed by
one washout day (based on glyphosate’s estimated half-life of
5.5 to 9 h),>® then 1 wk of groceries of the opposite food type
(24 June-30 June).

C.H. was responsible for randomizing participants to receive
either organic or conventional groceries during the first week. All
study staff and participants were informed of group assignment,
because participants needed to be informed of which type of gro-
ceries to order and study staff needed to ensure grocery orders
aligned with the dietary allocation each week. We conducted
stratified randomization®® by residential location using a random
number generator.

IDs for participants from each recruitment area were entered
into separate columns in a spreadsheet. Using a random number
generator from 1 to 1,000, we entered a random number in sepa-
rate columns for each of 18 pairs, grouped by location. We sorted
each of these columns in ascending order and assigned the first
nine participants to receive organic food the first week, and the
second nine participants to receive conventional food the first
week. Using the random number generator from 1 to 1,000, we
then entered a random number for the remaining four partici-
pants, sorted the numbers in descending order, and assigned the
first two participants to receive organic food the first week and
the last two to receive conventional food the first week.

Dietary Intervention

Figure 1 illustrates the study design and sample collection by
day. Participants received their grocery orders on Days 1 and 9.
Daily FMV urine samples were collected on Days 3-9 for Week
1 and Days 11-17 for Week 2; Days 2 and 10 were washout
days.

Study staff created a unique online account from a local grocery
store chain for each participant. Prior to the start of each week, we
provided participants a flyer with the account information and
instructions on how to log into the account and shop for all the food
they anticipated eating that week, up to USD $150. Participants
were asked to order all organic or all conventional items in accord-
ance with whether they had been randomized to receive organic or
conventional food that week. Study staff logged into each partici-
pant’s account, confirmed that all the food items corresponded
with their dietary randomization that week, and ordered the gro-
ceries to be delivered to the participant’s home, when possible. For

participants living in areas in which delivery was not available
(generally rural areas), study staff picked up the food orders at the
grocery store and delivered them to the participants’ homes.

Urine Collection

We collected daily FMV urine samples from each participant dur-
ing the dietary intervention, from 16 June 16 to 30 June 2021
(except Day 10, which was a washout day when no urine was col-
lected). In accordance with COVID-19 protocols, we implemented
procedures to retrieve urine samples in a contactless manner.
Participants were provided a urine cup with a unique barcode and
label with their Participant ID number and the day of the study pe-
riod. We sent participants a video link with instructions regarding
how to collect their urine samples, including a reminder to write
the date and time of collection on the label on the urine cup. We
provided participants with a cooler and ice packs and asked them to
place their urine sample inside a plastic sealable bag in the cooler
each morning after collection. Each day, study staft drove to each
participant’s home to collect the sample, placed it in a transport
cooler with ice packs to be transported to the laboratory, and left in
the participant’s cooler a new barcoded urine cup in a sealable plas-
tic bag for the following day’s sample collection. Each night prior
to sample collection, study staff sent participants a text reminder to
collect the following morning’s first urine sample and to place it in
their cooler with ice packs and to complete their Food Logs.

After returning to the lab, we determined the specific gravity
of each sample at 5°C and aliquoted samples into 5-mL cryovials.
We aliquoted 4 mL of each sample into two separate 5-mL cryo-
vials and stored these samples at —80°C. We also created com-
posite samples for each week for every participant. For the
composite samples, we aliquoted 0.6 mL of each participant’s
FMV daily sample into two separate 5-mL cryovials and stored
the samples at —80°C. After collecting the following day’s
sample, we removed the composite cryovials from the freezer,
aliquoted 0.6 mL of the sample on top of the previous day’s
frozen sample, and returned the cryovials to the freezer. We
repeated this process for all participants’ seven daily urine sam-
ples to form a composite sample intended to represent each par-
ticipant’s mean exposure during each week of the dietary
intervention, without requiring a freeze—thaw cycle.

Quantification of Urinary Glyphosate

We shipped a vial of each participant’s FMV composite urine for
each week of the dietary intervention overnight on dry ice to the

Week 1 Week 2
Activity 1234|567 |89 |10[11|12]13][14]15]16] 17
6/14 6/15 6/16 6/17 6/18 6/19 6/20 6/21 6/22 6/23 6/24 6/25 6/26 6/27 6/28 6/29 6/30
Groceries
delivered X X
Washout X X
day
Daily urine
samples X | X | X | X | X | X |X X | X | X | X | x| x| X

Figure 1. Dietary intervention study design and sample collection by day among 39 pregnant participants in a randomized crossover conventional vs. organic

dietary intervention trial.
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U.S. Centers for Disease Control and Prevention (U.S. CDC) for
analysis. Details of the glyphosate quantification method have
been described previously.®® Briefly, urinary glyphosate was
determined by ion chromatography-isotope dilution—tandem
mass spectrometry using a Dionex ICS-5000+ ion chromatog-
raphy system (using polyether ether ketone materials to prevent
carryover and interaction with metal surfaces) and an AB Sciex
5500 triple quadrupole mass spectrometer. The limit of detec-
tion (LOD) was 0.1 pg/L. The accuracy of the method was
established by spiking two different urine samples at zero, low,
mid, and high glyphosate concentrations. The mean relative re-
covery was 99% (range 97%—103%). Accuracy of the method
has been confirmed with repeated successful participation of the
U.S. CDC laboratory in two international external quality
assessment programs since 2019. Along with the study samples
and analytical standards, each analytical batch included high-
and low-concentration quality control materials (QCs) and rea-
gent blanks to assure the accuracy and reproducibility of the
data. The concentrations of the QCs were evaluated using
standard statistical probability rules.®! If the QC samples failed
the statistical evaluation, all the samples in the batch were reex-
tracted. The U.S. CDC laboratory used the same approach to ana-
lyze samples from the National Health and Nutrition Examination
Survey (NHANES).%%%3 The analysis of de-identified specimens
at the U.S. CDC laboratory was determined not to constitute
human subjects research.

Evaluating the Effect of Composite Sampling

We conducted a small assessment to evaluate whether the compos-
ite samples provided an acceptable alternative to analyzing and
averaging individual FMV daily samples. We analyzed all 14 indi-
vidual daily FMV spot urine samples for one randomly selected
participant and confirmed that the mean glyphosate concentration
from the two sets of seven individual daily samples was similar to
the value from the corresponding weekly composite urine samples
(nonspecific gravity—adjusted concentrations: Week 1 Composite
sample =0.349 pg/L, Average of seven individual daily samples
pg/L=0.350; Week 2 Composite sample =0.263 pg/L, Average
of seven individual daily samples =0.262 pg/L). Based on these
results, we are confident that the composite samples were appropri-
ate representations of the average of the glyphosate concentrations
in the FMV daily urine samples.

Evaluation of Compliance with the Intervention

We developed a protocol to assess compliance with the dietary
intervention (see Supplementary Material) and developed a priori
exclusion criteria for secondary analyses. In the main secondary
analyses, we excluded the following: a) participants missing >4
urine samples from either week and b) participants who did not
turn in at least one of the two weekly food logs.

In subsequent secondary analyses, we excluded participants
with low compliance based on self-report on the Likert scale
regarding how much of the food they ate from each day was from
the groceries provided by the study [total Likert scores of <22 on
the Food Log, corresponding to an average of self-reported cate-
gory of “About half of what I ate was from the study” across that
week (see Food Log Protocol in the Supplementary Material for
detailed calculation of score)]; participants who listed large
amounts of food as consumed from outside of the study [total
score <36, corresponding to more than one-third of the snacks and
meals consumed during the organic week being from nonorganic
food outside of the grocery order (see “Food Log Protocol” in
Supplementary Material for detailed calculation of score)]; or partic-
ipants who did not write down anything for food consumed from
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outside the study on the Food Log. We prespecified evaluation of
these exclusions separately and in various combinations. The full set
of subsequent secondary analyses is shown in Table S1.

Data Analysis

We calculated the specific gravity of each composite FMV urine
sample as the mean of the specific gravity of the seven individual
FMV samples of which the composite was composed. We
imputed values below the LOD as L92°* and adjusted urinary

concentrations for specific gravity using the following equation:
Csg = Cx L97=165 where Cy is the adjusted result (ug/L), C is
the original concentration (pug/L), 1.017 is the mean specific
gravity measured within the study population during the dietary
intervention, and SG is the mean specific gravity of the individual
composite sample. All urinary glyphosate concentrations hence-
forth refer to specific gravity—adjusted concentrations.

We calculated geometric means (GM) and the percent differ-
ence in glyphosate concentrations between the conventional and
organic week for each participant as: C"C_CCC x 100%, where Cp is
the urinary concentration during the organic week, and Cc is the
urinary concentration during the conventional week. Data were
not normally distributed (p-value from Shapiro-Wilk normality
test <0.01). We conducted two-tailed Wilcoxon signed rank tests
for paired data to assess differences in urinary glyphosate concen-
trations between the conventional and organic weeks among all
participants and among participants stratified by proximity to
agriculture. Finally, we ran two-tailed Wilcoxon rank sum tests
for independent data to evaluate differences in urinary glyphosate
concentrations between the far- and near-field participants sepa-
rately during the organic and conventional diet weeks. Our pri-
mary “Intention to Treat” analysis included the entire study
population (n=39). In secondary analyses, we excluded partici-
pants based on a priori exclusion criteria as described above. We
also evaluated the effect of diet order in the crossover trial and
found that urinary concentrations did not differ between partici-
pants receiving organic groceries in the first week vs. the second
week or between those receiving conventional groceries in the
first week vs. the second week, both among all participants and
among near- and far-field participants. We used Stata (version
14.2; StataCorp.) for all analyses.

Results

Of the 58 individuals referred by WIC clinics, 53 (91%) were eli-
gible; 40 (75%) of eligible individuals agreed to participate and
were enrolled in the study (Figure 2).

Of the 40 participants enrolled in the longitudinal study, 39
took part in the dietary intervention (one participant was out of
town during the intervention period; this participant had been
randomized to receive conventional groceries during the first
week prior to notifying study staff she would not be available
during the dietary intervention). During the intervention, 35 par-
ticipants were in their second trimester of pregnancy, and 4 par-
ticipants were in their third trimester. From these 39 participants,
we collected a total of 531 urine samples (97% of the maximum
possible 546), an average of 13.6 of 14 possible samples from
each participant, including an average of 6.8 during both the con-
ventional and organic weeks. Thirty-three participants (85%) pro-
vided all 14 urine samples; 1 participant (2.5%) provided 13
samples; 2 (5.1%) provided 12 samples; 2 (5.1%) provided 11
samples; and 1 (2.6%) provided 10 samples.

Table 1 shows the demographic characteristics of the 39 indi-
viduals who participated in the dietary intervention, stratified by
whether they were randomized to receive organic or conventional
groceries first. Participants mostly identified as White (n=20;
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Assessed for eligibility (n=58)

Excluded (n=19)

* Not meeting inclusion criteria (n=5)

¢ Declined to participate (n=13)

¢ Enrolled in study but not available
during intervention (n=1)

A\ 4

v

Randomized to
sequence (n= 39)

e —

[ Enrollment ]
[ Allocation ]
st iod Allocation to O/C
1 perio n=20 received Organic

Allocation to C/O
n=19 received Conventional

n=0
Lost to follow-up

n=0
Lost to follow-up

n=20
Assessed

|

n=20
One day washout period

[ Washout period ]

!

[ 2™ period Allocation to C/O

n=20 received Conventional

n=19
Assessed

I

n=19
One day washout period

}

Allocation to O/C
n=19 received Organic

n=0

Lost to follow-up

n=0
Lost to follow-up

n=20
Analyzed

)

[ Analysis

n=19
Analyzed

Figure 2. CONSORT enrollment, random assignment, and retention of study participants among 39 pregnant participants in a randomized crossover conventional
vs. organic dietary intervention trial. Note: CONSORT, Consolidated Standards of Reporting Trials; C/O, conventional/organic; O/C, organic/conventional.

51.3%) or Hispanic/Latina (n=19; 48.7%) and reported having
less than a college education (n=37; 94.9%) and a household
income of <USD $40,000 in the previous year (n=27; 69.2%).
No participants reported using herbicides themselves in their
home within the last year, but eight participants reported that
someone else had sprayed herbicides at their residence in the last
year, including professional pesticide control companies. Five of
these participants did not know what type of herbicide had been
sprayed, whereas one reported that glyphosate was used, one
reported that the product Cheetah—which contains glufosinate
ammonium—was used, and one reported that two different
Spectracide products containing a combination of nonglyphosate
herbicides were used.

We analyzed participants’ grocery orders and food logs and
found participants ordered relatively similar levels of grain and
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legume products, which have been found to have high levels of
glyphosate residues,'*3*° during the conventional and organic
weeks. Specifically, 54% of participants ordered a greater propor-
tion of legumes and grain products during the conventional week,
and the remaining 46% ordered a greater or similar proportion of
grains and legumes during the organic week.

Table 2 shows the detection frequency and the geometric
mean (GM) and interquartile range (IQR) urinary glyphosate
concentrations during the organic and conventional weeks
among all participants (n=39), far-field participants (n=19),
and near-field participants (n=20). Glyphosate was detected in
74.4% of the 78 total weekly FMV composite urine samples.
Among all participants, the detection frequency was 76.9% dur-
ing the conventional phase and 71.8% during the organic phase.
For near-field participants, the detection frequency was 75%
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Table 1. Demographic characteristics of 39 pregnant people participating in a randomized crossover diet intervention study of urinary glyphosate concentra-
tions following consumption of a conventional vs. organic diet in Idaho, 2021 [n (%)].

Characteristic All (n=39) O/C (n=20)" C/O (n=19)"
Age (y)
18-22 11(28.2) 6 (30.0) 5(26.3)
23-27 10 (25.6) 4(20.0) 6(31.6)
28-32 13 (33.3) 6 (30.0) 7 (36.8)
33-37 5(12.8) 4(20.0) 1(5.3)
Race/ethnicity®
Caucasian or White 20 (51.3) 9(42.9) 11 (55.0)
Hispanic or Latina 19 (48.7) 10 (47.6) 9 (45.0)
Asian 1(2.6) 1(4.8) 0(0.0)
American Indian or Alaskan Native 1(2.6) 1(4.8) 0 (0.0)
African American or Black 0 (0.0) 0(0.0) 0 (0.0)
Highest level of education
Less than high school 5(12.8) 2(10.0) 3(15.8)
Graduated high school/earned GED 14 (35.9) 9 (45.0) 5(26.3)
Some college 18 (46.2) 8 (40.0) 10 (52.6)
Bachelor’s degree 12.6) 1(5.0) 0 (0.0)
Graduate school/advanced degree 1(2.6) 0(0.0) 1(5.3)
Household income in previous year (USD)
<$10,000-19,999 9(23.1) 5(25.0) 4(21.1)
$20,000-29,999 10 (25.6) 3 (15.0) 7 (36.8)
$30,000-30,999 8 (20.5) 3 (15.0) 5(26.3)
$40,000-59,999 5(12.8) 4(20.0) 1(5.3)
>$60,000 5(12.8) 3 (15.0) 2 (10.5)
Missing or prefer not to answer 2(5.1) 2 (10.0) 0 (0.0)
Number living in household
1-3 15 (38.5) 9 (45.0) 6 (31.6)
4-6 22 (56.4) 10 (50.0) 12 (63.2)
7-9 2(5.1) 1 (5.0) 1(5.3)
Personally used herbicides at residence in last year
Yes 0(0.0) 0 (0.0) 0(0.0)
No 39 (100.0) 20 (100.0) 19 (100.0)
Someone else used herbicides at residence in last year
Yes 8(20.5) 6 (30.0) 2 (10.5)
No 28 (71.8) 13 (65.0) 15 (79.0)
Don’t know 3(7.7) 1(5.0) 2 (10.5)
Type of herbicides used at residence in last year
Do not know or unknown pesticides sprayed by pesticide control company 5(62.5) 4 (66.7) 1 (50.0)
Roundup (glyphosate) 1(11.1) 0(0.0) 1 (50.0)
Cheetah (glufosinate ammonium) 1(11.1) 1(16.7) 0 (0.0)
Spectracide (combination of nonglyphosate herbicides) 1(11.1) 1(16.7) 0 (0.0)

Note: All characteristics were self-reported by participants at enrollment. C/O, conventional/organic; GED, general equivalency diploma; O/C, organic/conventional; USD, U.S.

dollars.

“n (%) among participants who received organic groceries the first week.

bn (%) among participants who received conventional groceries the first week.
“Participant could select more than one option.

during both weeks; among participants living far from fields,
glyphosate was detected in 78.9% of the conventional week
samples and 68.4% of the samples collected during the organic
week. Urinary concentrations were higher among near-field par-
ticipants in comparison with far-field participants, though the
difference was not statistically significant (organic week: 0.20
vs. 0.14 pg/L, p=0.16; conventional week: 0.21 vs. 0.18 pg/L,
p=0.50).

Figure 3 shows a scatter plot of the urinary glyphosate concen-
trations during the conventional and organic week on a log-log
scale, with red dots representing far-field participants and blue dots
representing near-field participants. Most participants, and particu-
larly those living far from an agricultural field, fell above the diago-
nal identity line, indicating higher urinary glyphosate concentrations
during the conventional week in comparison with the organic week.
Participants who were excluded in secondary analyses due to miss-
ing >4 urine samples for either week or who did not turn in a food
log are represented with triangle symbols; four of these five partici-
pants were below the diagonal identity line.

Table 3 shows the results of the Wilcoxon signed rank test
and the median and IQR percent change in urinary glyphosate
concentrations between the conventional and organic diet

weeks among all participants and separately among far- and
near-field participants. This table shows both the results of the
Intention to Treat analyses in which we included all 39 partici-
pants, as well as the main secondary analyses. Among all partici-
pants (i.e., Intention to Treat), consumption of an organic diet
decreased urinary glyphosate concentrations by ~ 18%. For near-
field participants, no reduction in glyphosate concentrations was
evident with an organic diet, whereas consumption of an organic
diet reduced urinary glyphosate concentrations by nearly 25% for
far-field participants [median (IQR) percent decrease= —24.2
[95% confidence interval (CI) —37.4, —8.8]; Wilcoxon signed
rank p =0.06] in the Intention to Treat analysis.

We observed even greater decreases in urinary glyphosate
concentrations, particularly among far-field participants (median
percent decrease range = —43.1 to —22.3; Wilcoxon signed rank
p<0.01-0.09; Table 3), in secondary analyses in which we
excluded participants who did not meet a priori criteria of com-
pliance with the intervention. However, the organic diet interven-
tion still had almost no effect on urinary glyphosate levels among
near-field participants, even in secondary analyses (p = 0.66-0.83
in main secondary analyses) when we restricted to participants
who adhered to the intervention.
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Table 2. Detection frequency and specific gravity—adjusted urinary glyphosate concentrations (micrograms per liter) from pregnant participants (n =38) con-

suming a conventional and organic diet (n =78 samples).

Conventional (n=39)

Organic (n=39)

Detection frequency (%) GM (IQR)* Detection frequency (%) GM (IQR)“
All participants 76.9 0.19 (0.11, 0.30) 71.8 0.17 (0.10, 0.26)
Far-field 78.9 0.18 (0.11, 0.31) 68.4 0.14 (0.10, 0.23)
Near-field 75.0 0.21 (0.12, 0.29) 75.0 0.20 (0.12, 0.27)

Note: Far-field is defined as living >0.5 km from an agricultural field; near-field is defined as living <0.5 km from an agricultural field. FMV, first morning void; GM, geometric

mean; IQR, interquartile range; LOD, limit of detection.
“Urine samples were pooled FMV; values <LOD included and imputed as %.

Figure 4 shows the percent change in specific gravity—adjusted
glyphosate concentrations from the conventional to organic week
for each participant. Figure 4A shows the percentage change from
the Intention to Treat analysis (i.e., no exclusion criteria), and
Figure 4B shows the percentage change when excluding five par-
ticipants who missed >4 urine samples or who did not turn in a
food log. Blue dots above the horizontal line at 0% (i.e., no change)
indicate participants whose glyphosate concentration was higher
during the organic week, and red dots below the horizontal line
indicate participants whose concentration was lower during the or-
ganic week. As seen in Figure 4A, a greater number of near-field
participants had higher glyphosate concentrations during the or-
ganic week (n=9) in comparison with far-field participants
(n=4). Among all groups, we did observe some participants in
which the magnitude of increased concentrations during the or-
ganic week was quite large (>50%) (n = 8 for all participants; three
near-field and five far-field). Findings were similar in Figure 4B af-
ter implementing a priori exclusion criteria; however, even fewer
far-field participants (n = 2) had higher urinary glyphosate concen-
trations during the organic week in comparison with the conven-
tional week.

We observed even greater reductions in urinary glyphosate
concentrations from the conventional to organic week among all

0.5

0.1

Urinary glyphosate concentration (ug/L) conventional week

0.1
Urinary glyphosate concentration (ug/L) organic week

participants and far-field participants in subsequent secondary
analyses in which we excluded combinations of participants or
other groups of participants who did not meet a priori criteria of
compliance with the intervention based on their self-reported
Likert Scale or the amount of food they reported consuming from
outside of the study on the food log (Table S1).

Discussion
In this randomized crossover trial of organic food, we observed
a decrease in urinary glyphosate concentrations among pregnant
participants, driven by a reduction among individuals who lived
farther than 0.5 km from an agricultural field. It is notable that
the organic diet intervention had almost no effect on urinary
glyphosate concentrations among participants living within
0.5 km of an agricultural field, suggesting that other sources of
exposure contribute more than dietary intake in this population.
The current study builds on previous dietary interventions
and addresses novel scientific questions by examining the influ-
ence of an organic diet intervention a) with the herbicide glyph-
osate, which is used on different crops and applied via different
applications methods than those of insecticides that have been
the focus of most previous studies; ») among agricultural and

0.5 1.0

Figure 3. Specific gravity—adjusted urinary glyphosate concentrations (pg/L) during conventional and organic week on log-log scale among 39 pregnant par-
ticipants in a randomized crossover conventional vs. organic dietary intervention trial. Blue filled dots represent participants living near (<0.5 km) from an ag-
ricultural field, and red hollow dots represent participants living far (>0.5 km) from an agricultural field. Triangles represent participants excluded from
secondary analyses due to missing >4 samples or who did not turn in Food Log. Dots below the diagonal identity line indicate participants who had higher
glyphosate concentrations during the organic week; dots above the diagonal identity line indicate participants who had higher glyphosate concentrations during
the conventional week. Data can be found in Table S3.
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Table 3. Change in urinary glyphosate concentrations from conventional diet to organic diet in 39 pregnant participants, stratified by far-field vs. near-field res-
idential location.

Median (IQR) percent change from Wilcoxon signed rank test

conventional to organic diet p-Value”
All participants Far-field Near-field All participants Far-field Near-field

All participants” —18.4 (-37.4,29.8) —24.2 (=374, -8.8) 1.4 (—41.9,43.0) 0.17 0.06 0.83
Exclude participants miss- —17.7 (-37.4,29.8) —22.3 (=374, -8.8) 1.4 (-41.9, 43.0) 0.18 0.09 0.82

ing >4 samples from

either week®
Exclude participants who —19.5(-42.5,15.7) —29.1 (=374, -17.0) —11.0(-47.7,30.2) 0.04 <0.01 0.66

did not turn in Food

Log for either week®
Exclude participants miss- —18.7 (-47.7, 17.5) —26.8 (—43.1, —16.8) —11.0(-47.7,30.2) 0.04 <0.01 0.66

ing >4 samples or who
did not turn in Food
Log for either week?

Note: Far-field is defined as living >0.5 km from an agricultural field; near-field defined as living <0.5 km from an agricultural field. IQR, interquartile range.

“p-Value comparing glyphosate concentrations from conventional week to organic week.
bp=38 participants; 18 far-field and 20 near-field participants.
‘n =36 participants; 17 far-field and 19 near-field participants.
n=35 participants; 16 far-field and 19 near-field participants.

nonagricultural populations exposed to pesticides via different
sources and pathways; and ¢) during pregnancy, a critical win-
dow of vulnerability for exposure to pesticides and other envi-
ronmental chemicals. The widespread use of glyphosate has
resulted in ubiquitous human exposure,®® and growing evidence
suggests that higher prenatal glyphosate concentrations, even in
nonoccupationally exposed populations, may be associated with
an increased risk of adverse birth outcomes.’~!! It is thus imper-
ative to investigate and identify effective exposure-reduction
strategies during pregnancy among populations with different
sources of pesticide exposure.

Previous intervention and observational studies have provided
consistent evidence that an organic diet is associated with
decreased exposure to a range of herbicides, insecticides, and fun-
gicides among both children?*-?” and adults.?!>3-32 However,
only three studies focused on glyphosate. In one study involving
seven adults and nine children from four families, investigators
reported that urinary concentrations of glyphosate and its metabolite

aminomethylphosphonic acid (AMPA) decreased by 71% and 77%,
respectively, over a 6-day organic diet intervention.?! In another
investigation involving two Swiss adults, glyphosate concentra-
tions decreased during the organic diet period in one participant;
however, concentrations of both glyphosate and AMPA were
nondetectable for most samples.?® A recent parallel-group die-
tary intervention trial with 27 adults that aimed to examine the
effects of diet (Western vs. Mediterranean) and food type (or-
ganic vs. conventional) reported that urinary glyphosate and
AMPA concentrations both decreased significantly among the
organic diet intervention group, with glyphosate being detected
in 38% of the conventional group samples but 0% of the organic
samples.3¢ There are a variety of potential explanations for why we
observed a smaller percentage decrease in urinary glyphosate levels
in our study in comparison with these previous studies, including
differences in baseline levels of glyphosate during the conventional
period, differences in the delivery of and adherence to the interven-
tion, and the likely impact that compositing our samples had on
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Figure 4. (A) Percent change in urinary specific gravity—adjusted glyphosate concentrations from conventional week to organic week among all participants
(n=39), far-field participants (n=19), and near-field participants (n=20) in randomized crossover conventional vs. organic dietary intervention trial. Blue
dots above the horizontal line indicate individuals in whom concentrations increased during organic week and red dots below the horizontal line indicate indi-
viduals in whom concentrations decreased during the organic week. Data can be found in Table S3. (B) Percent change in urinary specific gravity—adjusted
glyphosate concentrations from conventional week to organic week among participants in a randomized crossover conventional vs. organic dietary intervention
trial after excluding those missing >4 samples or who did not turn in Food Log among all participants (n=35), far-field participants (n = 16), and near-field
participants (n=19). Blue dots above the horizontal line indicate individuals in whom concentrations increased during organic week, and red dots below the
horizontal line indicate individuals in whom concentrations decreased during the organic week. Data can be found in Table S3.
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reducing single-day outlier concentrations in comparison with stud-
ies that analyzed individual spot urine samples.

Only one study has directly compared the effects of an or-
ganic diet intervention among participants living in agricultural
and nonagricultural areas. In a 2015 examination of 20 children
living in Oakland, California, and 20 children living in the agri-
cultural region of Salinas, California, investigators reported that
urinary concentrations of biomarkers of exposure to OP insecti-
cides and the herbicide 2,4-dichlorophenoxyacetic acid decreased
during a 7-day organic diet intervention, and then increased again
following the reintroduction of conventional food.?° The investi-
gators did not observe a significant interaction between diet and
location (Oakland vs. Salinas) for most pesticides, but they did
report a nonsignificant decrease in urinary concentrations of 3-
phenoxybenzoic acid (3-PBA)—a nonspecific metabolite of sev-
eral pyrethroid insecticides—among children living in Oakland,
whereas 3-PBA concentrations actually increased slightly among
Salinas children during the organic diet period.?® Collectively,
these results suggest that an organic diet may not decrease expo-
sure to all pesticides among people living in agricultural regions.

We observed slightly higher glyphosate concentrations among
near-field participants in comparison with far-field participants;
glyphosate concentrations were nearly identical among near-field
participants during the conventional and organic diet weeks. It is
unlikely that noncompliance with the dietary intervention or other
confounding factors contributed significantly to the lack of a
decrease in urinary glyphosate concentrations among near-field
participants during the organic diet week. Near- and far-field par-
ticipants were recruited from the same WIC clinics and had
similar sociodemographic characteristics. We also attempted to
account for dietary compliance with a series of secondary analy-
ses. Although the strength of the association increased among
far-field participants with additional exclusion criteria, the rela-
tionship among near-field participants remained unchanged.

Diet is consistently a primary predictor of total pesticide expo-
sure in nonagricultural populations,®"4%#2 but the contribution of
diet vs. para-occupational exposures (e.g., pesticide drift, take-
home exposures) for people living near agricultural fields is poorly
understood. Meta-analyses and systematic reviews have suggested
that para-occupational and agricultural drift pathways, and, to a
lesser extent, residential pesticide use, contribute to pesticide expo-
sure among individuals living in agricultural regions.*>#6-67
However, data have been insufficient to characterize the role of die-
tary exposures.*® Although previous studies have examined deter-
minants of exposure to pesticides such as OPs, pyrethroids, and
some herbicides and fungicides among individuals living in agricul-
tural areas, few have examined glyphosate, which has different
physicochemical properties, application methods, and use patterns
than those of other pesticides. Glyphosate binds to soil particles and
accumulates in top-soil layers,® and it is possible that people liv-
ing in agricultural areas may be exposed to glyphosate through
windblown dust that accumulates in the home, where it may not
degrade as quickly as outdoors.®® We hypothesized that reduc-
tions in urinary glyphosate concentrations would be greater
among participants living far from agricultural fields, but we also
hypothesized that the intervention would reduce exposure among
participants living near agricultural fields. However, our data
indicate that nondietary sources dominate glyphosate exposure
among people living near agricultural fields during the pesticide-
spray season. Investigating the contribution of specific sources
and pathways of glyphosate exposure in agricultural commun-
ities is essential to understand the most effective exposure-
reduction measures.

Previous organic diet intervention trials have taken various
approaches to implementing and monitoring compliance with the
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intervention, from providing participants with organic produce
ordered through a website built by the study staff?® to providing
prepared organic meals from a licensed chef or caterer.?!-?? In
this trial, we delivered the intervention to maximize adherence
while maintaining feasibility because participants lived in an
approximately 4-h driving radius, with many living in rural areas
far from other participants. A secondary goal of ours was to pro-
vide participants with a “real-world” method to order food to
assess the scalability of such an intervention.

We instructed participants to order the food that they would
normally order, with the goal that this approach would lead to
similar diets between the two study weeks. We found that partici-
pants ordered similar proportions of grains and legumes during
the conventional and organic weeks of the study. However, we
are not able to quantitatively assess the type and amount of each
food item consumed because we did not collect a full 24-h dietary
recall. We expect that any changes in dietary habits between the
conventional and organic week would have negligible, if any,
impact on our overall findings.

We observed stronger decreases in urinary glyphosate levels
among all participants and far-field participants after excluding
those who did not meet various a priori criteria of compliance
with the intervention. Although evaluating compliance with the
dietary intervention is difficult without a detailed 24-h dietary
recall, our findings highlight that an organic diet may reduce uri-
nary glyphosate levels among those living far from agriculture,
even in populations who do not adhere to a full organic diet,
which likely more closely mirrors dietary habits in the general
population.

Our intervention delivery method had many advantages.
Participants had full autonomy over the items they ordered, and
participants ordered from a familiar grocery store chain with a
well-established food delivery system. However, we discovered
some logistical challenges that would limit the utility of such a
method in a larger intervention study. The website did not have a
Spanish-language translation, and although study staff were able
to assist Spanish-speaking participants, some may still have had
some challenges in finding the items they would normally order.
In addition, not all study participants lived within the delivery
range, and we had to pick up grocery orders and deliver them
directly to study participants who lived in rural areas. Although
study staff reviewed all the orders to ensure compliance during
the week of the intervention, some participants occasionally
received a few conventional items in the week they were sup-
posed to receive organic food because of errors by the grocery
shopping system; in these situations, study staff purchased or-
ganic versions of the incorrect items and delivered them directly
to participants and asked them to wait to eat the conventional
items until their organic week was completed. We found solu-
tions for each of these issues, but they were labor intensive. In
future studies, we would recommend working directly with gro-
cery stores in advance, rather than relying on the general public—
facing systems, and recommend preferentially working with
stores whose websites could easily be converted into the primary
languages spoken by all participants.

By employing an intervention that more closely mirrored a
real-world diet, our findings almost certainly underrepresent the
effect of a strict organic diet. This underrepresentation may con-
tribute to the smaller changes we observed in our study in com-
parison with previous dietary interventions. These findings have
broad implicants for the general population and suggest that diets
that incorporate some organic food can still reduce urinary glyph-
osate concentrations.

In this study, we observed that both near- and far-field partici-
pants had lower urinary glyphosate concentrations than participants
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in previous studies of pregnant individuals, as well as the general
U.S. population from NHANES in 2013-2014 and 2015-20166%7°
(see Table S1). We found slightly lower urinary concentrations
among our participants in comparison with two studies of pregnant
participants in the United States® and Puerto Rico'! and significantly
lower concentrations in our study in comparison with an investiga-
tion of 71 pregnant people in Indiana.'® The reasons for these differ-
ences are unknown. They may relate, at least in part, to the extent of
glyphosate use across the United States, with higher use in the
Midwest in comparison with other areas’; to differences in study
design and quantification methods used; and to dietary habits of par-
ticipants and year(s) of sample collection. Further, NHANES had a
much larger sample size (>2,000 samples); is nationally representa-
tive of the overall U.S. population; and includes children, who tend
to have higher concentrations of glyphosate and other environmental
chemicals in comparison with adults.”>”? It is notable that glypho-
sate urinary concentrations display high day-to-day intraindividual
variation because of the likely episodic nature of exposures and its
short half-life.>® Therefore, by compositing urine samples we did not
observe extreme outlier concentrations that are likely captured in
studies that collect single spot samples, such as NHANES.

This study has some limitations. First, the trial was small but
was comparable with other trials of organic diet, which ranged
from 2 to 40 participants, with most enrolling between 16 and 23
participants.20-2528-30 In addition, the data presented here are
based on the collection of 539 urine samples; previous organic
diet intervention studies have ranged from 16%° to 8547+ samples;
the majority collected fewer than 200 samples. Due to budget
constraints, we did not analyze individual urine samples, prevent-
ing us from examining changes in concentrations throughout the
intervention. Nevertheless, analyzing a composite of each partici-
pant’s weekly urine allowed us to maximize sample size while
minimizing laboratory costs. Moreover, pooling each week’s
urine samples allowed us to minimize the influence of intraindi-
vidual variability”> that is common in studies of environmental
chemicals with relatively short biological half-lives’® such as
glyphosate. If compositing the urine samples had any effect on
our findings, it likely decreased the influence of extreme outlier
variables. In addition, we measured concentrations in 14 daily
urine samples and found excellent agreement between the mean
concentrations in the daily and weekly pooled samples.

Another limitation is that we did not measure AMPA, the pri-
mary metabolite of glyphosate, formed by microbial degradation
in the soil.””-’® However, AMPA is a nonspecific metabolite of
glyphosate, and recent studies suggest that humans may be primar-
ily exposed to AMPA directly through food and water and only to a
lesser extent from metabolism of glyphosate.%® Thus, assessment
of changes in AMPA concentrations from a conventional to an or-
ganic diet may not directly reflect changes in glyphosate exposure.
Finally, we did not measure exposure to other coformulants used in
GBHs. Our findings suggest that nondietary, para-occupational
exposures contributed heavily to glyphosate concentrations among
those living in agricultural regions, suggesting that those living
near agricultural fields may also be exposed to high levels of cofor-
mulants, which may be highly toxic.””82 There has been an
increasing emphasis on investigating the toxicity of adjuvants and
inert ingredients in pesticides,?3~83 and future studies should exam-
ine exposure to coformulants present in GBHs.

Finally, this study was conducted with a relatively small sam-
ple of participants who had been recruited from WIC clinics and
whose dietary habits may not be generalizable to the broader pop-
ulation. For example, some research suggests that lower-income
households tend to purchase fewer fruits and vegetables and
larger quantities of processed foods,3¢ which likely have higher
glyphosate levels. However, other research has reported high
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intake of ultraprocessed food across income levels in the United
States.? It is difficult to ascertain how similar dietary habits were
among participants in our study to those of different socioeco-
nomic groups in the United States; however, it is likely that popu-
lations who consume greater proportions of processed foods and
grain products would likely have greater decreases in urinary
glyphosate levels following an organic intervention.

Our study also has notable strengths. It is the first to analyze the
impact of an organic diet intervention on glyphosate exposure dur-
ing pregnancy, a critical window of susceptibility for exposure to
glyphosate and other environmental chemicals. By conducting this
study in a heavily agricultural state like Idaho, we were able to
recruit approximately half the cohort who lived near agricultural
fields (<0.5 km) and the other half from urban/suburban locations.
In addition, we conducted this study in June, during the peak of the
agricultural pesticide spray season, allowing us to investigate non-
dietary sources of pesticide exposure (e.g., pesticide drift) while
minimizing the influence of dietary exposures during the organic
week. Finally, we were able to collect 97% of total daily samples
among 39 individuals living in an over 200-mile radius.

In summary, we observed that an organic diet intervention
led to decreased urinary glyphosate concentrations among preg-
nant individuals who lived far from agricultural fields in Idaho,
particularly among those who complied with the intervention.
These findings are in line with previous studies, which have pri-
marily focused on urban populations without exposure from ag-
ricultural sources. Combined with previous observations, our
results suggest that an organic diet is effective at reducing expo-
sure to pesticides for the majority of the U.S. population. In
contrast, the intervention had no effect on glyphosate exposure
for near-field participants. Prenatal glyphosate exposure has
recently been associated with adverse birth outcomes such as
shortened gestational age,”~!! and it is necessary to understand
sources of exposure in diverse populations to develop effective
exposure-reduction recommendations.
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