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Risk Assessment of Glyphosate Exposures from Pilot Study
with Simulated Heavy Residential Consumer Application of
Roundup® using a Margin of Safety (MOS) Approach

Daniel G. Kougias ,∗ Eric Miller, Abigail McEwen, Heidi Reamer, Michael Kovochich,
and Jennifer Pierce

Due to the widespread application of glyphosate, a nonselective herbicide, to a variety of
resistant food crops, the general population is exposed to glyphosate through dietary in-
take. Despite this, dietary exposures to glyphosate are considered low in comparison to
application-related exposures. Although previous studies have evaluated exposure to hor-
ticultural and agricultural workers, to date only one study, which we recently conducted, has
characterized exposure to glyphosate in consumers following heavy residential application of
a glyphosate-containing herbicide in a residential yard and garden setting. In this previous
study, we demonstrated that urinary glyphosate concentrations in these applicators were sim-
ilar to or in some circumstances greater than those in occupational applicators, likely due to
the nature of the simulation study, which ensured a heavy application protocol. However, it
is unknown whether these urinary glyphosate concentrations in consumer applicators corre-
spond to internal doses that may be of concern. Therefore, the purpose of this study is to pro-
vide a comprehensive risk assessment of glyphosate exposure in consumer applicators using
a margin of safety approach. Here, we incorporated data collected from multiple spot urine
samples across time from our previous study that assessed consumer exposure to glyphosate
from Roundup® application. Estimated internal doses, even with the use of conservative as-
sumptions across unique approaches, were below internal doses estimated from established
health-based guidance values. Overall, this study demonstrates that glyphosate exposure from
even heavy consumer application of a commercially available glyphosate-containing herbi-
cide does not appear to be a health concern.
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1. INTRODUCTION

Glyphosate, a nonselective herbicide, was first
commercially available in 1974 and has since be-
come the most ubiquitously used active ingredient in
herbicides worldwide (Benbrook, 2016). Glyphosate-
based products are applied to over a hundred
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glyphosate-resistant food crops, including but not
limited to corn, soybean, cotton, canola, and sugar
beets (U.S. Environmental Protection Agency [U.S.
EPA], 2019a). Due to its widespread use in the en-
vironment, it has been presumed that the majority
of the global population is exposed to glyphosate on
a regular basis (Mills et al., 2017; Niemann, Sieke,
Pfeil, & Solecki, 2015). Consequently, there has been
a growing public, scientific, and regulatory interest
in the potential health risks related to glyphosate
exposure.
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Accordingly, several regulatory agencies and sci-
entific organizations have provided comprehensive
toxicological evaluations of glyphosate that assess
the potential health effects related to glyphosate ex-
posure. While the International Agency for Research
on Cancer (IARC) classified glyphosate as having
strong evidence of genotoxicity and as probably car-
cinogenic to humans in 2015 (International Agency
for Research on Cancer (IARC), 2015), many other
regulatory and expert scientific bodies, including the
European Food Safety Authority (EFSA), the Eu-
ropean Chemicals Agency (ECHA), the U.S. Envi-
ronmental Protection Agency (EPA), the Joint Food
and Agriculture Organization (FAO)/World Health
Organization (WHO) Meeting on Pesticide Residues
(JMPR), the Pest Management Regulatory Agency
of Health Canada (PMRA), the Australian Pesticides
and Veterinary Medicines Authority (APVMA), and
the Food Safety Commission of Japan (FSCJ) have
concluded that glyphosate is not mutagenic or geno-
toxic, at least at concentrations relevant to human
exposure, and is not carcinogenic (ATSDR, 2019;
APVMA, 2017; ECHA, 2017; EFSA, 2015; FSCJ,
2016; JMPR, 2016; PMRA, 2015; U.S. EPA, 2017).
The difference of conclusions between these agen-
cies and IARC is in part due to divergences in not
only studies used and the corresponding interpreta-
tion of the results but also the weight assigned to hu-
man epidemiological studies (see Portier et al., 2016;
Tarazona et al., 2017). Additionally, IARC opines on
hazard with respect to the potential genotoxicity and
carcinogenicity of glyphosate rather than on the ac-
count of a risk assessment (see IARC, 2019).

Based in part on these toxicological evaluations,
several health-based guidance values specific to
oral glyphosate exposure in the general popula-
tion have been established and updated over the
years. For instance, in 1987, the U.S. EPA Integrated
Risk Information System (IRIS) program estab-
lished a reference dose (RfD) of 0.1 mg/kg/day for
glyphosate based on renal tubular dilation effects
in a three-generation rat study (U.S. EPA, 1987).
However, in their 1993 assessment, the U.S. EPA
Office of Pesticide Programs (OPP) noted that the
previously reported renal tubular dilation effects
were not replicated at the highest dose tested in
a two-generation rat study, such that the effects
were considered “spurious rather than glyphosate-
related” (U.S. EPA, 1993). Consequently, the U.S.
EPA determined an oral RfD of 2 mg/kg/day for
glyphosate based on the maternal no-observed-
effect level of 175 mg/kg/day from a developmental

toxicity study in rabbits (U.S. EPA, 1993). Currently,
the U.S. EPA OPP is reevaluating glyphosate under
the registration review program, and proposed a
chronic population adjusted reference dose (cPAD)
of 1 mg/kg/day, based on the maternal no-observed-
adverse-effect level (NOAEL) of 100 mg/kg/day
from a developmental toxicity study in rabbits (U.S.
EPA, 2017). The lowest present-day health-based
guidance value for glyphosate, separately estab-
lished by PMRA in 2015 and APVMA in 2017, is
an acceptable daily intake (ADI) of 0.3 mg/kg/day,
which is believed to be the amount of a particular
substance that can be ingested daily over a lifetime
with no appreciable health risk (APVMA, 2017;
PMRA, 2015). For the evaluation by PMRA, the
ADI was based on a NOAEL of 32 mg/kg/day and
34 mg/kg/day (males and females, respectively) from
a 26-month chronic toxicity and carcinogenicity
study in rats that demonstrated reduced body-
weights and increased incidences and severity of
cellular alterations in the parotid and submandibular
glands at a dose level of 100 mg/kg/day (i.e., the
lowest-observed-adverse-effect level [LOAEL]);
additionally, this selected point of departure was
supported by a NOAEL of 30 mg/kg/day and a
LOAEL of 100 mg/kg/day in three one-year stud-
ies in dogs (PMRA, 2015). For the evaluation
by APVMA, the ADI was based on the highest
tested dose of 30 mg/kg/day in a three-generation
reproduction dietary study in rats (APVMA,
2017).

Although these health-based guidance values are
specific to oral exposure, glyphosate can also be ab-
sorbed in humans via inhalation and dermal contact.
These latter routes of exposure are considered mi-
nor for glyphosate alone partly due to its low vapor
pressure and ionic nature; however, with the addi-
tion of surfactants in formulated products, glyphosate
uptake is increased across lipid membranes. In fact,
dermal absorption is considered the primary route
of exposure for those involved in the application of
glyphosate-containing herbicides while inhalation or
inadvertent ingestion account for only small amounts
of the total body burden (Connolly et al., 2019).
Despite the limited information regarding the tox-
icokinetics of glyphosate following inhalation, der-
mal, or oral exposures (ATSDR, 2019), it has been
reported that absorbed glyphosate undergoes little
metabolism (less than 1%) to aminomethylphospho-
nic acid (AMPA), is confined primarily to the blood
stream compartment and does not appear to accumu-
late within specific tissues, and is renally eliminated
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from the blood with a half-life of approximately three
to four hours (EFSA, 2015; JMPR, 2004; Roberts
et al., 2010).

While the general population may be exposed
to glyphosate in the air and in foods and drinking
water, these environmental and dietary exposures
are considered low in comparison to exposures
that may occur during application of glyphosate-
containing herbicides (ATSDR, 2019). To date only
one pilot study, which we recently conducted, has
characterized exposures to glyphosate following
simulated heavy residential consumer application
of a glyphosate-containing herbicide (see Pierce
et al., 2020). In this previous study, we demonstrated
that urinary glyphosate concentrations in these
applicators generally peaked within six hours fol-
lowing application and were similar to or in some
circumstances greater than those in occupational
applicators, likely due to the nature of the simulation
study, which ensured a heavy application proto-
col. However, it is unknown whether these urinary
glyphosate concentrations in consumer applicators
correspond to internal doses that may be of concern.
Therefore, the purpose of this study is to provide a
comprehensive risk assessment of glyphosate expo-
sure in consumer applicators using a margin of safety
(MOS) approach with unique methodologies to
estimate the internal dose using data collected from
multiple spot urine samples. In particular, risk is as-
sessed by benchmarking the estimated internal doses
in this study against the internal dose estimated from
the most conservatively established health-based
guidance value.

2. METHODS

2.1. Experimental Design

2.1.1. Study Protocol

An IRB-approved biomonitoring study involv-
ing the collection of individual urinary void spot sam-
ples was completed and previously reported (Pierce
et al., 2020). In brief, the study was conducted dur-
ing a single day in July of 2019 in a gravel and as-
phalt yard in Monee, IL. Participants were divided
into two exposure groups: one designed to only assess
dermal exposure and the other, inhalation exposure.
There were six study participants (i.e., “applicators”)
per exposure group with equal representation of each
gender, for a total of 12 applicators. For the dermal

exposure group, applicators wore shorts, t-shirts, ath-
letic shoes, and half-face respirators equipped with
OV/AG/P100 cartridges (3M 60921, St. Paul, MN),
whereas for the inhalation exposure group, applica-
tors wore Tyvek suits and chemical resistant gloves
but no respirator. Although farm workers as com-
pared to residential sprayers have the potential to
be exposed to larger amounts of glyphosate due to
the application of greater volumes across more land,
some farm workers can have reduced exposures with
the use of personal protection and application equip-
ment (e.g., respirators, Tyvek suits, chemical resistant
gloves and boots, enclosed tractor cabins, etc.) that
may not be the most accessible, or representative of,
residential sprayers.

The applicators mixed and, using a backpack
sprayer (Roundup® Commercial backpack sprayer),
applied a commercially available glyphosate-
containing herbicide (Roundup® Weed & Grass
Killer Super Concentrate EPA Reg. No. 71995-25).
It is no unreasonable to assume that residential
consumers would use the same product and spray-
application equipment, as both are readily available
at home improvement and garden retailers and the
backpack sprayer used in this study was made by
the same manufacturer as the product. Ten fluid
ounces of roundup concentrate containing 50.2%
glyphosate was added to the backpack sprayer with
four gallons of water to create a 0.96% glyphosate-
containing solution. Each applicator sprayed the
677-foot perimeter of the yard at an approximate
pace of 1 foot per second. Product was continu-
ously sprayed until the backpack sprayer was empty,
after which it was refilled, and the process was
repeated for a total of four mixing and spraying
events per applicator. This corresponded to a to-
tal of 100 minutes, with roughly 3–5 minutes and
20–22 minutes for each mixing and spraying event,
respectively.

The study was conducted in three separate 100-
minute runs at 0930, 1215, and 1415, with two appli-
cators in the dermal exposure group and two applica-
tors in the inhalation exposure group participating in
a given run. Helpers were assigned to each applica-
tor to ensure that the four applicators during a given
run remained evenly spaced by walking and spray-
ing at approximately the same rate in order to min-
imize additional exposure to spray drift among the
four applicators during a run, as spray drift would
not be expected in a residential consumer application
setting.
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2.1.2. Urinary Sampling for Analysis of Glyphosate
Residues

Urine samples were collected from each applica-
tor at baseline (30 minutes preapplication) and three,
six, 12, and 24 hours postapplication. An additional
urine sample was collected 36 hours postapplication
only from applicators within the dermal exposure
group due to the possible delay in absorption via der-
mal exposure.

Using testing kits obtained from the Health
Research Institute (HRI) Laboratories (Fair-
field, IA), urine samples were analyzed for
glyphosate and AMPA with high-performance
liquid chromatography-triple quadrupole mass spec-
trometry (HPLC-MS/MS). The limits of detection
(LOD) and quantification (LOQ) for glyphosate
in urine were 0.02 ppb and 0.05 ppb, respectively,
whereas, for AMPA, they were 0.013 ppb and
0.05 ppb, respectively. Concentrations of glyphosate
and AMPA were adjusted for dilution effects using
urine specific gravity.

HRI Laboratories also calculated the “effective
glyphosate” concentrations according to the FAO
method to determine total glyphosate residues. This
is achieved by summing the weights of measured
urinary concentrations of glyphosate and 1.5 times
AMPA.

2.1.3. Applicator Fluid and Dietary Intake

Each applicator recorded their dietary intake, in-
cluding liquids, throughout the study period starting
in the morning on the day of application and contin-
uing to their last urinary void. This information was
logged for each period between urinary void samples
in order to potentially account for anomalies in the
urinalysis data. Additionally, detailed information on
fluid intake was documented to provide insight as a
predictor of urinary output for internal dose calcula-
tion purposes.

2.2. Internal Dose Calculation

Internal dose serves as a biomarker of expo-
sure that indicates the amount of glyphosate that
is systemically available. With some minor adjust-
ments, internal dose for glyphosate is generally cal-
culated for a given individual by dividing the prod-
uct of their daily glyphosate urinary concentration
(Curine; in mg/L) and daily urinary output (Vurine; in
L) by their bodyweight (BW; in kg) (see Equation

(1)) (see Acquavella et al., 2004; Niemann et al.,
2015).

Internal dose (mg/kg BW) = Curine × Vurine

BW
(1)

A rudimentary internal dose calculation: Internal
dose is generally calculated by dividing the product
of glyphosate urinary concentration (Curine; mg/L)
and daily urinary output (Vurine) by bodyweight (kg).

However, given that our data provide urinary
concentrations of several samples throughout a pe-
riod of more than 24 hours without a direct mea-
surement of total urinary output volume, additional
considerations and assumptions were made and are
discussed below. Bodyweights were self-reported val-
ues and were not complemented with direct measure-
ments.

2.2.1. Pharmacokinetic Recovery Adjustment

Based on a pharmacokinetic study in monkeys, a
recovery of approximately 94.9 ± 8.6 (mean ± SD)
and 98.8 ± 3.8% were obtained in the urine across
seven days following a single intravenous injection
of glyphosate at a relatively high and low dose, re-
spectively (Wester, Melendres, Sarason, McMaster,
& Maibach, 1991). Hence, Acquavella et al. (2004)
divided the amount of glyphosate excreted by 0.95
to estimate the amount of glyphosate that would
have been recovered in urine with complete phar-
macokinetic recovery. However, since the recovery
of glyphosate limited to the first 24-hour period in
the study by Wester et al. (1991) was approximately
82%, the present study used a value of 0.82 as an ad-
justment to account for pharmacokinetic recovery.

2.2.2. Daily Amount of Glyphosate Residues
Excreted

Urinary “effective glyphosate” concentrations
were used in calculations for internal dose estima-
tions to conservatively account for any potential
losses of glyphosate due to metabolism to AMPA.
Moreover, certain health-based guidance values for
glyphosate, like the ADI determined by the JMPR
(JMPR, 2004), also consider AMPA concentrations.

The total amount of glyphosate residues excreted
during a 24-hour period was calculated based on “ef-
fective glyphosate” concentrations in the three, six,
12, and 24 hours postapplication spot urine sam-
ples (samples collected 30 minutes preapplication
and 36 hours postapplication were excluded), given
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that these were consecutive samples that most closely
represented a 24-hour period and corresponded to
the highest average “effective glyphosate” concen-
trations. Due to the selection of these sampling times,
a more conservative estimation of the daily amount
of glyphosate residues excreted was calculated based
off urinary output volume across 26.167 hours. In par-
ticular, the time between the preapplication urine
sample and the subsequent urine sample totaled
310 min (i.e., 30 minutes prior to application,
100 minutes of application, and three hours postap-
plication) and no additional urinary voiding occurred
between these two time-point samples.

2.2.3. Urine Production Considerations

Urinary production volume is known to vary as a
function of fluid intake (Armstrong et al., 2012; Arm-
strong et al., 2010; Perrier et al., 2012). In particu-
lar, it has been demonstrated to rapidly respond to
changes in fluid intake and stabilize within 24 hours
following modified fluid intake (Perrier, Erica et al.,
2013). Furthermore, two recent studies have demon-
strated a strong relationship between daily fluid in-
take and 24-hour urine output volume (Athanasatou,
Kandyliari, Malisova, & Kapsokefalou, 2019; Zhang
et al., 2017).

In view of this, fluid intake data for each appli-
cator was used to inform estimations of urinary out-
put. According to the Centers for Disease Control
and Prevention (CDC), normal urinary output is be-
tween 0.5 mL/kg BW/h and 1.5 mL/kg BW/h (CDC,
n.d.). Consequently, each applicator was assigned a
bodyweight-specific urine production rate dependent
on their hydration status (i.e., fluid intake).

In conjunction with the selected bodyweight-
specific urine production rate, two separate ap-
proaches were used for estimating the total urine vol-
ume between urinary void samples: (Approach #1)
by assuming the time elapsed between each urine
collection time-point was directly related to urine
volume production and (Approach #2) by assum-
ing equal urine volume between each time-point. In
large part, both approaches are presented here to
demonstrate two reasonable methods to address the
uncertainty of this important variable.

2.2.4. Margin of Safety Calculation

The margin of safety (MOS) approach is a well-
established risk assessment approach where a se-
lected reference or benchmark dose is divided by

the measured or expected exposure to quantify how
many times lower the exposure is relative to the ref-
erence or benchmark dose (Equation (2)). Although
MOS is not a probabilistic statement of risk, as the
value increases, the concern regarding the exposure
evaluated decreases. By using a health-based guid-
ance value that already incorporates an uncertainty
or safety factor of 100 for the benchmark dose, MOS
values greater than 1 are interpreted to be accept-
able, while values lower than 1 suggest that the chem-
ical exposure risk is not likely to be acceptable.

MOS =Reference or Benchmark Dose
Calculated Internal Dose

(2)

Margin of safety (MOS) calculation. Margin of safety
(MOS) is calculated by dividing the reference or
benchmark dose by the calculated internal dose.

As outlined in Table I, several relevant health-
based guidance values from various agencies are
available to benchmark against internal doses calcu-
lated within this analysis. The ADI of 0.3 mg/kg/day
separately established by APVMA and PMRA was
chosen based on the fact that it was the lowest value,
thus providing for the most conservative benchmark
value. A correction factor of 20% to account for lim-
ited oral absorption was applied to convert the ADI
to an internal dose of 0.06 mg/kg/day or 60 µg/kg/day
(PMRA, 2015; APVMA, 2017).

3. RESULTS

3.1. Hydration Status

3.1.1. Fluid Intake

Individual fluid intake across the 26.167-hour
study period ranged from 3.48 L to 9.32 L, with an
average intake of 5.49 L (Table II). As expected,
with each separate run occurring later in time from
the previous run, preapplication fluid intake values,
which represented the time between awakening and
30 minutes preapplication, increased across the three
runs. Since a positive relationship is known to ex-
ist between fluid intake and urinary output volumes
(Armstrong et al., 2012; Armstrong et al., 2010), the
fluid intake values within the present study were
used to inform estimations of urinary output volume.
The approximate daily fluid intake values within this
study were on the higher end of, or considerably
above, daily fluid intake values from previous stud-
ies of comparable individuals based on age, gender,
and body mass (Armstrong et al., 2013; Armstrong
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Table I. Health-Based Guidance Values for Oral Exposure to Glyphosate

Organization Year
Animal
Model NOAEL(underlying study) Limit

Guidance Value
(mg/kg/day)

Internal Dose
(mg/kg/day)

U.S. EPA 1993 Rabbit 175 mg/kg/day for maternal
toxicity

a
RfD 2 0.4

JMPR 2004 Rat 100 mg/kg/day for salivary
gland alterations

ADI 0–1 0.2

EFSA 2015 Rabbit 50 mg/kg/day for maternal and
developmental toxicity

ADI 0.5 0.1
ARfD 0.5 0.1
AOEL 0.1 0.1

PMRA 2015 Rat NOAEL of 32/34 mg/kg/day in
a two-year study based on
decreased bodyweight and
increased incidences and
severity of cellular
alterations in the parotid
and submandibular glands

ADI 0.3 0.06

Dog NOAEL of 30 mg/kg/day and
LOAEL of 100 mg/kg/day
from three one-year studies

FSCJ 2016 Dog 100 mg/kg/day for reduced
bodyweight gain, diarrhea,
bloody feces, etc.

ADI 1 0.2

Rabbit 100 mg/kg/day for maternal
toxicity

APVMA 2017 Rat 30 mg/kg/day was the highest
tested dose in a
three-generation
reproduction dietary study

ADI 0.3 0.06

U.S. EPA 2017 Rabbit 100 mg/kg/day for maternal
toxicity

cPAD 1
b

0.2

ATSDR 2019 Rabbit 100 mg/kg/day for maternal
toxicity

MRL 1
b

0.2

Note: All oral health-based guidance values used an uncertainty or safety factor of 100 and were based on a no-observed-effect level (NOEL)
or no-observed-adverse-effect level (NOAEL) from a particular animal study. Health-based guidance values, which vary by agency and
review, included the reference dose (RfD), acceptable daily intake (ADI), acute reference dose (ARfD), acceptable operator exposure
level (AOEL), chronic population adjusted reference dose (cPAD), and minimal risk level (MRL). Internal dose (mg/kg/day) assumes 20%
oral absorption with respect to the health-based guidance value, except in the case of the AOEL, which is a health-based guidance value
that already corresponds to an internal dose.
aBased on a reported NOEL for diarrhea, nasal discharge, and death (EPA, 1993).
bDraft or provisional value.

et al., 2012; Perrier, E. et al., 2013; Perrier et al.,
2012); therefore, all applicators were considered to
be well-hydrated and were assigned a bodyweight-
specific urine production rate of 1.5 mL/kg BW/hr,
the upper end of the normal range (CDC, n.d.).

3.1.2. Urine Specific Gravity

Urine specific gravity (i.e., the ratio of the den-
sity of urine to that of water) is a common urinaly-
sis parameter used to evaluate kidney function with
normal values ranging from 1.000 to 1.040 (Ridley,
2018). In view of this, all specific gravity measure-

ments in this study were within the normal range,
with an average urine specific gravity from all sam-
ples of 1.011 and a range of 1.003–1.030 (Table II).
Urine specific gravity from three urinary void sam-
ples was not available due to a procedural error re-
sulting in the loss of the sample.

Urine specific gravity is indicative of the concen-
tration of excreted molecules and, therefore, is in-
fluenced by hydration status. However, first morn-
ing urine void samples provide the most uniform
quantitative assessment of solutes, as it minimizes in-
fluences of diet, activity, and environmental and psy-
chological stressors that affect urine specific gravity
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independent of dehydration (Cheuvront, Kenefick,
& Zambraski, 2015). Considering that this study did
not collect a first morning urine sample, the urine
specific gravity reported in the study was precluded
from informing hydration status.

3.2. Additional Urinary Measurements

3.2.1. Glyphosate, AMPA, and Effective
Glyphosate Concentrations

As had been previously reported, urinary
glyphosate, AMPA, and “effective glyphosate” con-
centrations across the applicators followed similar
temporal trajectories with concentrations generally
peaking at three hours or six hours postapplication
and returning to preapplication concentrations by
24 hours postapplication (see Pierce et al., 2020).

Urinary “effective glyphosate” concentrations
are presented in Table III and are used in calcula-
tions for internal dose estimations. Like urine spe-
cific gravity, the urinary “effective glyphosate” con-
centration from three urinary void samples was not
available due to a procedural error resulting in the
loss of the sample. One of these samples was a
36-hours postapplication sample, and thus did not
apply to internal dose calculations; however, two of
the samples were six hours postapplication samples.
To address this issue, the largest fold difference in
an individual between the three hours and six hours
postapplication samples (i.e., 4.577 from the male ap-
plicator in run 3 of the dermal group) was applied
to the six hours postapplication samples that were
lost.

3.2.2. Urine Volume

Urine production volume was estimated for all
applicators within this study using the upper end of
the normal urinary output range (1.5 mL/kg BW/hr).
Consequently, estimated urine volume of the appli-
cators averaged 3.039 L, with a range of 2.047 L to
4.184 L, during the 26.167-hour study period.

3.3. Dietary Intake

Individual dietary intake logs (not reported)
were unremarkable and did not noticeably af-
fect urinary glyphosate residue concentrations, at
least relative to application exposures, as the range
of urinary glyphosate residue concentrations at
baseline (30 minutes preapplication) was much

smaller than the range of concentrations at three, six,
and 12 hours postapplication. Additionally, urinary
glyphosate residue concentrations at baseline and at
24 hours and 36 hours postapplication were within
the range of background urinary glyphosate concen-
trations observed in other studies (Gillezeau et al.,
2019; Krüger et al., 2014; Niemann et al., 2015).

3.4. Bodyweights

Bodyweights are circuitously reported in
Tables III and IV. Since it has been shown that
both men and women overwhelmingly underesti-
mate their bodyweight when self-reporting (Olfert
et al., 2018), it is likely that the bodyweight values
in this study are underestimated. Though with the
use of a bodyweight-specific urine production rate,
bodyweight per se has no impact on the calculated
internal doses on a per kilogram bodyweight basis
and no impact on margins of safety.

3.5. Internal Doses and Margins of Safety

3.5.1. Approach #1: Time-dependent urine volume
between each time-point sample

In the first approach (see Table III), calculated
total internal doses across the 26.167-hour study pe-
riod for the applicators in the inhalation and dermal
exposure groups averaged 19.982 µg (8.030–33.491
µg) and 97.280 µg (12.325-397.828 µg), respectively.
Mean internal doses calculated on a per kilogram
bodyweight basis for the applicators in the inhalation
and dermal exposure groups were 0.290 µg/kg
(0.118–0.615 µg/kg) and 1.045 µg/kg (0.170
–3.732 µg/kg), respectively. Calculated MOS val-
ues for applicators within the inhalation and dermal
groups averaged 270 (98–508) and 140 (16–353),
respectively.

Since these MOS values were based on inter-
nal doses from isolated inhalation or dermal expo-
sures and it is likely that any real-world consumer
use would lead to both inhalation and dermal ex-
posures, a combined exposure MOS was calculated.
To aid in representing a “worst-case” scenario, the
highest bodyweight-adjusted internal dose (µg/kg)
from each exposure group were summed, resulting
in a maximum internal dose of 4.347 µg/kg. Ac-
cordingly, the lowest MOS calculated from the max-
imum internal dose for combined exposure routes
was 14.
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3.5.2. Approach #2: Assuming equal urine volume
production between each time-point sample

With the second approach (see Table IV), cal-
culated total internal doses across the 26.167-hour
study period averaged 29.217 µg (9.488–63.420 µg)
and 129.169 µg (15.532–504.878 µg) for the inhala-
tion and dermal exposure groups, respectively. Mean
internal doses calculated on a per kilogram body-
weight basis for the applicators in the inhalation and
dermal exposure groups were 0.437 µg/kg (0.139–
1.165 µg/kg) and 1.413 µg/kg (0.214–4.736 µg/kg), re-
spectively. MOS values for the inhalation and dermal
exposure groups averaged 209 (51–430) and 115 (13–
280), respectively.

For “worst-case” scenario purposes, using the
sum of the highest bodyweight-adjusted internal
doses from both the inhalation and dermal exposure
groups (i.e., 5.901 µg/kg) resulted in a combined ex-
posure MOS of 10.

4. DISCUSSION

This is the first study to perform a risk assess-
ment of glyphosate exposures following consumer
application. In this study, conservative assumptions
were used across two unique approaches to estimate
internal daily doses of glyphosate residues from mul-
tiple spot urine samples over time from 12 residen-
tial consumer applicators, with half of the applica-
tors protected from dermal exposures and the other
half from inhalation exposures. None of the individu-
ally calculated internal daily doses for an applicator,
nor the sum of the two highest internal daily doses
from each exposure group, approached the internal
dose of 100 µg/kg/day estimated from the most con-
servative health-based guidance value established for
glyphosate (i.e., an ADI of 0.3 mg/kg/day). There-
fore, in using a margin of safety approach, this study
demonstrates that daily glyphosate residue exposures
from heavy residential consumer application of a
commercially available glyphosate-containing herbi-
cide results in internal doses that do not pose a health
risk.

Considering that IARC is the only regulatory
agency or scientific organization that has provided an
opinion designating glyphosate as probably carcino-
genic to humans and given that IARC opines on haz-
ard rather than on risk (see IARC, 2019), their des-
ignation cannot be used to support a risk assessment.
Until additional data enable the proposal of biologi-
cal mechanisms at human-relevant exposures and/or

provide a biomarker of cumulative exposure that is
specific to glyphosate, no further considerations on
the matter of potential carcinogenicity of glyphosate
exposure in this context can be made.

4.1. A Comparison of the Simulated Heavy
Residential Consumer Application Exposure
Study and Occupational Exposure Studies

Given that the ADI used to calculate MOS
values in this analysis incorporates a safety factor
and is, by definition, an acceptable daily intake of
glyphosate, any MOS with a value of 1 or greater
can be interpreted as posing a negligible risk. Since
the lowest MOS calculated by using the sum of the
highest internal doses from each exposure group
was 10, representing the highest achievable inter-
nal dose, our study suggests there should be little
to no concern of any adverse health effects asso-
ciated with daily residential consumer application.
In fact, the sum of the highest internal dose from
each exposure group is a gross overestimation of ex-
pected exposures in a residential setting, as the in-
halation group likely also had incidental dermal ex-
posures through their permeable athletic shoes worn
that were not covered and because the dermal ex-
posure group did not wear chemical-resistant gloves,
chemical-resistant clothing, and impermeable shoe
covers as recommended per the Safety Data Sheet of
the product. Additionally, considering that four ap-
plicators sprayed simultaneously during each run in
this study, there was potential for additional exposure
to spray drift, though this was minimized by keeping
applicators equidistantly spaced along the perimeter
of the yard. Moreover, this risk assessment assumes
daily residential use of a glyphosate-containing her-
bicide, even though realistic consumer application in
a residential setting would occur on an infrequent
basis. Lastly, the conditions of our simulated study
likely overestimate use in any residential glyphosate
application, as each applicator continuously applied
the glyphosate-containing product totaling 16 gallons
(60.6 L) sprayed to approximately 5,040 linear feet
(i.e., approximately 0.955 miles) of land, which cor-
responds to 242.4 L being sprayed during each run of
the study.

Altogether, these statements on overestimated
exposures and exaggerated use indicate that this
study may represent a “worst-case” residential con-
sumer application scenario, which is supported
by comparisons to studies with occupational use
and exposure (see Table V). For example, in
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comparison to occupational use, workers in one study
used an average of 9.8 L of an 8% Roundup® (360
g/L glyphosate) solution across an approximate six-
hour workday (Jauhiainen, Rasanen, Sarantila, Nuu-
tinen, & Kangas, 1991) while, in another study, a
farmer handled 55 L of a glyphosate-based herbi-
cide at various concentrations for four hours, which
entailed the mixing and application of 0.75 L with
a hand sprayer and the remaining from his tractor
across three fields (Mesnage et al., 2012). It is im-
portant to mention that the personal protective gear
worn, and equipment used across and even within
the occupational application studies differs greatly.
It is likely due to these protective measures that,
in one study, some farmers did not have detectable
glyphosate in their urine samples (<1 µg/L [i.e., the
LOD]), even though applications exceeded 100 acres
(Acquavella et al., 2004).

In comparison to the 11 identified studies with
occupational application-related exposures, though
exposure duration and sampling time after applica-
tion varies across the studies, the current study in-
cludes urinary glyphosate data from applicators sim-
ulating heavy residential consumer application in
Pierce et al. (2020) that is similar to or in most cir-
cumstances greater than those in occupational appli-
cators. In particular, while this study has the highest
reported urinary glyphosate concentration of 310.9
µg/L following the application of a glyphosate-based
herbicide (Pierce et al., 2020), only one of the 11 stud-
ies on occupational application-related exposures has
relatively higher urinary glyphosate concentrations:
Acquavella et al. (2004) reported a 24-hour com-
posite urinary glyphosate concentration of 233 µg/L
that is nearly twofold greater than the current study’s
highest 26.167-hour composite of 120.67 µg/L (Ap-
proach #2). It is important to mention that, despite
the current study having comparable exposures to
those observed following occupational application,
the exposures endured during either occupational
or residential consumer application are magnitudes
lower than the occupational exposures obtained dur-
ing production of glyphosate, with a maximum uri-
nary glyphosate concentration of 17,202 µg/L re-
ported by Zhang et al. (2020).

4.2. Approach-Specific Considerations of the
Current Risk Assessment

In this study, three dermal applicators had a
36 hours postapplication sample with higher
glyphosate residue concentrations than the 24 hours

postapplication sample, and if these higher values
were used instead, only trivial differences would
have appeared in those respective individual MOS
values. Nonetheless, when using the higher of the
two urinary concentration values to calculate the
internal dose of each dermal applicator, the low-
est MOS value for that exposure group remained
the same. Therefore, regardless of whether the
glyphosate residue concentrations from the 24 hours
or 36 hours postapplication are used, the lowest
combined exposure MOS value would not have
changed.

The use of a pharmacokinetic recovery value of
0.82 was a uniquely conservative assumption in this
study. Previous studies either have used a less con-
servative value of 0.95 (Acquavella et al., 2004) or
have just not accounted for pharmacokinetic recov-
ery (Niemann et al., 2015), as it was assumed that
there was no metabolism, no accumulation, and com-
plete excretion via urine of the absorbed amount of
glyphosate. In view of this, the present study also dis-
tinctively accounted for metabolism with the use of
“effective glyphosate” concentrations, which is the
sum of glyphosate and 1.5 times AMPA, rather than
glyphosate concentrations alone. Additionally, in this
study, the “effective glyphosate” concentrations at
the 24 and 36 hour postapplication samples were
not statistically distinguishable from background lev-
els (see Pierce et al., 2020) such that the amount
of glyphosate that is theoretically recovered after 24
hours does not significantly increase glyphosate con-
centrations above background.

In our study, we chose to adopt a bodyweight-
specific urine production rate of 1.5 mL/kg BW/hr
to calculate the total urine output volume across the
26.167-hour study period for all applicators. Consid-
ering this was the upper end of the normal urinary
output range (CDC, n.d.), the selection of this rate,
as opposed to lower rates, resulted in the largest in-
dividual urine production volumes and internal dose
estimations. This selection was marginally warranted
seeing as the approximate daily fluid intake val-
ues within this study were on the higher end of, or
considerably above, daily fluid intake values from
previous studies of comparable individuals based
on age, gender, and body mass (Armstrong et al.,
2013; Armstrong et al., 2012; Perrier, E. et al., 2013;
Perrier et al., 2012). Furthermore, by selecting this
bodyweight-specific urine production rate, we calcu-
lated total urine output volumes that were also gen-
erally on the higher end of, or considerably above,
daily urine output volumes of similar subpopulations
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(Armstrong et al., 2013; Armstrong et al., 2012; Per-
rier, E. et al., 2013; Perrier et al., 2012).

Although other studies, notably Niemann et al.
(2015), have conservatively assumed individual daily
urine output volumes of 2 L based on the recog-
nized mean daily urine excretion of 1.5–2 L, our study
provided estimated daily urine output volumes for
applicators that were individualized and all above
2 L, with an average of 3.039 L and a range of
2.047–4.184 L. Though the estimated daily urine out-
put volumes within the current study provide for an
even more conservative estimate than the uniform
assumption of 2 L, we may be cautiously overesti-
mating these values, as we do not account for fluid
losses by other routes. In fact, sweating was appar-
ent in all applicators, especially those in Tyvek suits
(i.e., the inhalation exposure group), due to the la-
borious nature of our consumer application protocol
and the summer heat. Additionally, the daily fluid in-
take values reported in our study are actually within
the range for individuals in hot climates or with high
activity levels (U.S. EPA, 2019b).

Urinary production volume is influenced by diur-
nal fluctuations as evidenced by one study’s demon-
stration of lower production overnight, throughout
the morning, and in the evening before sleep, with
a significant increase in the afternoon (Perrier, Er-
ica et al., 2013). In fact, based off the data in Perrier
et al. (2013), nearly 50% of the daily urine produc-
tion occurs between 12:00 and 20:00 hours. However,
this somewhat conflicts with a study by Athanasatou
et al. (2019), which demonstrated that the urinary
output within the morning’s first six-hour period en-
compasses 76% of the total urine excretion over a
day. Given the inconsistency across studies in diur-
nal fluctuations with respect to urine output, which is
heavily influenced by diurnal activities, diet, and en-
vironmental conditions (see Cheuvront et al., 2015),
there was no appropriate method to incorporate this
into our analysis. Nonetheless, even if the assump-
tion that 100% of the total estimated urine output
volume were voided during the period correspond-
ing to the sample with the highest peak concentration
of glyphosate residues, all calculated internal daily
doses, including the sum of the two highest from each
exposure group, would still be well below the internal
dose of 100 µg/kg/day.

4.3. Urinary Concentrations as a Biomarker of
Exposure

In rats, glyphosate in urine seems to be the
most accurate biomarker of exposure to glyphosate-

based herbicides because only a small portion of
glyphosate is metabolized to AMPA such that uri-
nary glyphosate concentrations are several times, and
even up to 100-fold, greater than urinary concen-
trations of AMPA, which can be below or near the
LOQ, ultimately affecting the reliability of the mea-
surement (Panzacchi et al., 2018). Similarly, this ap-
pears to be the case for humans, as evidenced by the
six studies in Table V that examine both glyphosate
and AMPA concentrations in urine.

Urinary concentrations of glyphosate are con-
sidered a good biomarker for exposure because
glyphosate not only is poorly and exclusively me-
tabolized to AMPA but also does not appear to
bioaccumulate. Based on physicochemical proper-
ties, glyphosate is highly hydrophilic (ionized) at
physiological pH and, therefore, is unlikely to bioac-
cumulate in fatty tissues or media, like breast milk
(Bus, 2015). In fact, glyphosate was not detected in
breast milk from lactating mothers with detectable
glyphosate in their urine (McGuire et al., 2016). Ad-
ditionally, as summarized by JMPR, there is no ev-
idence of bioaccumulation based on the recovered
amount of radioactivity after administration of ra-
diolabeled glyphosate in numerous studies that dif-
fer in their use of species, doses, routes of admin-
istration, and exposure durations. In all of these
toxicokinetic studies with radiolabeled glyphosate,
nearly complete elimination of glyphosate was ob-
served with less than 1% remaining in tissues after
seven days, and, importantly, repeated dosing did not
appear to alter absorption, distribution, or excretion
of glyphosate (JMPR, 2004).

Altogether, given that glyphosate is rapidly ex-
creted unchanged or as AMPA, glyphosate is not
expected to bioaccumulate; however, recent data,
with relatively lower doses and longer durations of
exposure than the radiolabeled studies, challenge
this conclusion. In particular, Panzacchi et al. (2018)
demonstrated that there were increased urinary con-
centrations of glyphosate at the end of a longer ex-
posure duration in rats administered glyphosate at a
dose of 1.75 mg/kg/day as pure glyphosate or as the
formulated Roundup Bioflow. It is important to men-
tion that these doses are significantly above the pro-
jected doses that the applicators were exposed to in
the current study, and the data used in the current
study from Pierce et al. (2020) demonstrate that the
urinary concentrations of glyphosate, AMPA, and
“effective glyphosate” returned to baseline (preap-
plication) concentrations by 24 hours postapplica-
tion. Nonetheless, in the study by Zhang et al. (2020),
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four workers that had urinary concentrations of
glyphosate and AMPA analyzed at different time
points had relatively high baseline levels, with one
of the workers having urinary glyphosate concen-
trations around 500 µg/L at baseline (pretask) and
over 1000 µg/L the following morning. Therefore, in
view of these more recent findings, a biomarker of
effect specific to glyphosate toxicity may be more
accurate at determining the impact of cumulative
exposure in scenarios with relatively high expo-
sures; however, at this time, no such biomarkers are
available.

4.4. Conclusions

In the present study, careful consideration was
given to the impact of each selected assumption on
the analysis, and in essentially all cases, modulating
these assumptions would have coincided with an in-
crease in the margins of safety. Thus, with the use of
the most conservative assumptions across unique ap-
proaches, all internal doses calculated from our sim-
ulation study on heavy consumer application of a
glyphosate-containing herbicide were below the in-
ternal doses estimated from established health-based
guidance values. Overall, this study suggests that
glyphosate exposure from consumer application of a
commercially available glyphosate-containing herbi-
cide does not appear to be a health concern; indeed,
it would be helpful if larger-scale studies were able to
corroborate these findings.
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