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Abstract: Few data are available on the exposure of children to glyphosate (Gly) in Europe. Within
HBM4EU, new HBM exposure data were collected from aligned studies at five sampling sites
distributed over Europe (studies: SLO CRP (SI); ORGANIKO (CY); GerES V-sub (DE); 3XG (BE); ES-
TEBAN (FR)). Median Gly concentrations in urine were below or around the detection limit (0.1 µg/L).
The 95th percentiles ranged between 0.18 and 1.03 µg Gly/L. The ratio of AMPA (aminomethylphos-
phonic acid; main metabolite of Gly) to Gly at molar basis was on average 2.2 and the ratio decreased
with higher Gly concentrations, suggesting that other sources of AMPA, independent of metabolism
of Gly to AMPA in the monitored participants, may concurrently operate. Using reverse dosimetry
and HBM exposure data from five European countries (east, west and south Europe) combined
with the proposed ADI (acceptable daily intake) of EFSA for Gly of 0.1 mg/kg bw/day (based on
histopathological findings in the salivary gland of rats) indicated no human health risks for Gly in
the studied populations at the moment. However, the absence of a group ADI for Gly+AMPA and
ongoing discussions on e.g., endocrine disrupting effects cast some uncertainty in relation to the
current single substance ADI for Gly. The carcinogenic effects of Gly are still debated in the scientific
community. These outcomes would influence the risk conclusions presented here. Finally, regression
analyses did not find clear associations between urinary exposure biomarkers and analyzed potential
exposure determinants. More information from questionnaires targeting exposure-related behavior
just before the sampling is needed.

Keywords: HBM4EU; glyphosate; AMPA; exposure; HBM; children

1. Introduction

Glyphosate, (Gly; C3H8NO5P; CAS RN 1071-83-6) often used as its glyphosate
isopropylamine salt (C3H9N.C3H8NO5P; CAS RN 38641-94-0), is the active ingredi-
ent in broad-spectrum herbicide plant-protection products used worldwide, such as
Roundup. The main degradation product of Gly in the environment and in humans
is aminomethylphosphonic acid (AMPA; CAS RN 1066-51-9). It is considered that Gly and
AMPA have a similar toxicological profile [1,2]. Different aspects lead to uncertainty about

Toxics 2022, 10, 470. https://doi.org/10.3390/toxics10080470 https://www.mdpi.com/journal/toxics

https://doi.org/10.3390/toxics10080470
https://doi.org/10.3390/toxics10080470
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxics
https://www.mdpi.com
https://orcid.org/0000-0003-4669-8312
https://orcid.org/0000-0003-0322-9620
https://orcid.org/0000-0001-5718-0733
https://orcid.org/0000-0002-2894-5044
https://orcid.org/0000-0002-0357-2085
https://orcid.org/0000-0001-5897-5271
https://orcid.org/0000-0003-2038-0648
https://orcid.org/0000-0001-5251-8619
https://orcid.org/0000-0002-9287-6813
https://orcid.org/0000-0002-1097-8382
https://orcid.org/0000-0003-0295-9277
https://orcid.org/0000-0002-4527-350X
https://orcid.org/0000-0003-4152-7119
https://orcid.org/0000-0002-9184-3593
https://orcid.org/0000-0002-6556-4814
https://doi.org/10.3390/toxics10080470
https://www.mdpi.com/journal/toxics
https://www.mdpi.com/article/10.3390/toxics10080470?type=check_update&version=2


Toxics 2022, 10, 470 2 of 14

the safety assessment of Gly. On the exposure side, there is a lack of human biomonitoring
(HBM) data, especially among the vulnerable groups, such as children, and the groups
with potentially high exposure, such as those living in proximity to agricultural fields. For
AMPA, there is uncertainty on the fraction originating from Gly degradation in the environ-
ment and contaminating the food chain which may contribute to AMPA internal exposure
(direct exposure next to human internal metabolism of Gly to AMPA) [3]. Additionally,
there are concerns that Gly in the environment could chelate essential and non-essential
heavy metals, changing their bioavailability and, in consequence, human exposures to
such metals [4]. On the effect side, there is a controversial debate about Gly carcinogenic-
ity [5] and its endocrine disrupting properties [6], and concern on the recent findings on
exposure-effect associations in epidemiological studies, including associations between Gly
and preterm birth [7], gestational length [8,9] and anogenital distance [10]. Under REACH,
the Risk Assessment Committee of ECHA again concluded, in its most recent scientific
opinion (May 2022), that classifying glyphosate as a carcinogen is not justified [11], while
in 2015, IARC concluded that Gly is probably carcinogenic (Group 2A) [5]. In a recent
study of primary-school children in Cyprus, Makris et al. (2022) reported a significant
association between urinary 8-OHdG (8-hydroxy-2′-deoxyguanosine), a DNA oxidative
damage biomarker, and urinary AMPA [12]. What makes it more difficult is that some
studies focused on Gly-based products such as Roundup, while others focused on the active
ingredient itself [13]. The main sources of human exposure are assumed to be through the
dietary intake of the residues in food and water and from inhalation of dust, or exposure
in occupational settings or around crop fields. To assess the internal exposure, perform a
proper risk assessment and unravel exposure determinants, quality-controlled HBM data
are a prerequisite. This need was addressed by the HBM4EU project (www.hbm4eu.eu
(accessed on 4 July 2022)), which collected high-quality biomonitoring data on internal
human exposure in Europe to inform policy decisions [14].

2. Methods
2.1. Data

National or regional studies from five countries, which fulfilled predefined criteria,
were aligned in the frame of HBM4EU, with the goal of collecting harmonized data on
European children’s exposure to Gly and AMPA. The information about the involved
studies was described in Gilles et al. (2021). The urinary data on Gly and AMPA were
obtained from Germany (GerES V-sub; 2015–2017), Cyprus (ORGANIKO; 2017), Slovenia
(SLO CRP; 2018), France (ESTEBAN; 2014–2016) and Belgium (3XG; 2019–2020). The
sampling took place in different seasons. The participants were boys and girls of ages
6–11 years old, who provided urine samples in the period ranging from 2014–2020. The
characteristics of the study participants are summarized in Table 1 and are described in
more detail in Gilles et al. (2022), where additional information about the studies, including
ethics, is presented [15,16].

The quality of the analytical measurements was controlled and assured by analyzing
the urine samples in qualified laboratories, following a strict schedule [17]. All of the
data were included for the analysis of the exposure determinants and risk assessment.
The methodologies for handling data below the limits of detection (LOD) have been a
long-recognized issue. The biomarker data are typically left-censored data; the data below a
LOD for which the true value is unknown are often referred to as “left-censored”. The LOD
and limit of quantification (LOQ) values were reported by the laboratories and applied to
calculate detection frequencies. The values below the LOD/LOQ were not imputed for Gly
and AMPA because of the low detection rates (below 50% in most of the studies).

www.hbm4eu.eu
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Table 1. Urinary Gly concentrations in European children (6–11 yrs.) from HBM4EU-aligned studies.

Study Sampling
Year N

Age
Range
(yrs.)

Sex
(F/M) Urine Sample Method

LOD
Gly

(µg/L)

LOQ
Gly

(µg/L)

% <
LOQ f Gly (µg/L) Creatinine-Adjusted Gly

(µg/g crt) g

CreatinineMedian
(P5 and P95) in

mg/dL

P25 P50 P75 P95 P25 P50 P75 P95

SLO CRP children
(Slovenia) a 2018 149 7–10 (82/67) Morning (140)

and spot (9) GC/MS-MS 0.1 76 <LOQ <LOQ <LOQ 0.18 0.19 102 (42–175)

ORGANIKO
(Cyprus) b 2017 166 10–11 (80/86) Morning GC/MS-MS 0.03 0.1 55 <LOQ <LOQ 0.18 1.03 0.15 0.76 108 (53–205)

GerES V-sub d

(Germany) a 2015–2017 300 6–12 c (150/150) Morning (296)
and spot (4) GC/MS-MS 0.1 47 <LOQ 0.10 =

LOQ 0.17 0.43 0.07 0.15 0.37 110 (49–204)

3XG (Belgium) b 2019–2020 133 6–8 (67/66) Morning (110)
and spot (23) LC/MS-MS 0.1 40 <LOQ 0.12 0.22 0.41 0.11 0.21 0.58 97 (33–166)

ESTEBAN
(France) a 2014–2016 223 6–11 (115/108) Morning LC/MS-MS 0.02 0.05 83 <LOQ <LOQ <LOQ 0.65 0.84 87 (32–164)

Combined data e 748 6–12 (494/477) 0.15 0.48 0.13 0.51

a: Biomarker data generated before HBM4EU QA/QC program and comparability cannot be guaranteed (see Esteban López et al., 2021) [17]; b: Biomarker data quality assured by
HBM4EU QA/QC program; c: GerES V-sub included 19 children who have turned 12 between the first examination and urine collection date. d: GerES V-sub is an unweighted subset of
300 children of the nationally representative GerES V; e: Results of all datasets combined regardless of result QA/QC program; f: Each study was compared to its own LOQ. Data
represent the percentage of participants having a value lower than the LOQ; g: Values < LOQ set to LOQ/2.
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The variables for assessing exposure differences were obtained through questionnaires
from the specific studies. The questionnaires, collected within the new and ongoing
HBM campaigns under HBM4EU, were harmonized. As some of the HBM campaigns
were ongoing, research questions were harmonized post factum. Therefore, some of the
information may be available in some of the questionnaires, while not in others. For the
upcoming HBM studies, the base and substance-specific harmonized questionnaires are
described in González-Alzaga et al. (2022) [18].

2.2. Statistics—Identifying Determinants of Exposure

The statistical analysis was performed in SPSS Statistics 28. Two types of analysis were
performed. In the first individual country, the studies were separately analyzed, while in
the second, the data from all of the countries were combined.

First analysis: The Gly and AMPA concentrations were dichotomized (0 for values
below LOQ and 1 for values above). First, a logistic regression model was applied to iden-
tify the exposure determinants significantly explaining variability in exposure. The single
variables (or determinants), which might explain the differences in Gly or AMPA concentra-
tions, were tested with matrix (spot urine, first-morning urine), BMI and creatinine forced
into the model. BMI was forced into the model because of the possible association with
creatinine. Determinants considered were individual characteristics, dietary preferences,
exposure-relevant behavior (e.g., use of pesticides by parents), sociodemographic infor-
mation and sampling season (see Supplementary Material Tables S1 and S2 for detailed
information). Second, a logistic multiple regression model was built including all of the
variables with a p value ≤ 0.2 in the former analysis. By backward selection, starting with
excluding the variable with the highest p value, only those variables with p ≤ 0.05 were
kept in the analysis, including those forced into the model (matrix (spot or first-morning
urine), BMI, creatinine). The reason why a larger p value was set as the threshold in the first
analysis (p≤ 0.2) compared to the second analysis (p≤ 0.05) is that some of the associations
became clearer when correcting for the co-variables. In order not to miss the co-variables, a
less strict threshold was initially applied.

Second analysis: All of the data from all of the studies were combined and analyzed
as a single dataset in a logistic regression model. Here, a value of 0.1 µg/L was uniformly
applied as the LOQ cutoff for all of the studies. The data from the Belgian 3XG study were
excluded from the analysis of AMPA, because the LOQ in this study was 0.2 µg/L and thus
above the 0.1 µg/L level. The country was included in the model as a covariate next to BMI,
matrix and creatinine. The determinants of variability were assessed one at a time (see
Tables S1 and S2). No logistic multiple regression with backward selection was completed
for all of the studies combined as not all of the determinants were available for all of the
studies (see Tables S1 and S2).

2.3. Risk Assessment

The IARC classified Gly as probably carcinogenic (group 2A) [5], while ECHA-RAC
again concluded that classifying Gly as carcinogen is not justified [11]. For the risk as-
sessment, no HBM guidance value for exposure to Gly or AMPA yet exists. Based on the
HBM data and information on kinetics, the external exposure values were estimated for
Gly using reverse dosimetry [19]. The predicted daily intake (PDI) was compared with the
proposed acceptable daily intake (ADI) of 0.1 mg/kg bw/day of EFSA [20].

A study of 12 human volunteers who ingested known levels of Gly and AMPA present
in food (the quantity of AMPA was about 100-fold less than Gly), [21] showed that the
urinary levels of Gly and AMPA differed approximately by only a factor of four. The
authors concluded that, on average, 1% of the Gly dose was excreted in the urine (urinary
excretion fraction = FUE = 1%). The lowest observed FUE, in the study of Zoller et al. [21],
was 0.57%.

The assessment of the risk from exposure to Gly was estimated using Equation (1).
The concentration of glyphosate in the urine was multiplied by a standardized volume
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of urine per day and divided by a standardized body weight, multiplied by the urinary
excretion fraction of glyphosate (assuming steady state) and multiplied by the proposed
ADI established by EFSA (Equation (1). See also [22]). This calculation results in a predicted
daily intake (PDI) of glyphosate versus the ADI (in percent):

%ADI =
Glyconc ×Volurine
bw× FUE × ADI

=
PDI
ADI

(1)

where Glyconc is the concentration of glyphosate measured in urine; Volurine is standard-
ized as 0.7 L/day [23]; bw is bodyweight which is standardized at 30 kg; the FUE is set at
0.57% [21]; and ADI is the acceptable daily intake allowance for Gly (proposed at 0.1 mg/kg
bw/day [20]; Point of Departure, PoD = NOAEL of 10 mg/kg/day based on histopatholog-
ical findings in the salivary gland in a 2-year long rat study to which a standard assessment
factor of 100 was applied [20]). At the moment, the ADI is equal to 0.5 mg/kg bw/day but
it is proposed by EFSA to be reduced to 0.1 mg/kg bw/day.

3. Results and Discussion
3.1. Exposure

An overview of the Gly and AMPA urinary biomarkers measured in the HBM4EU-
aligned studies is presented in Tables 1 and 2. The HBM4EU result are discussed and
compared with the published EU data (Table 3).
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Table 2. Summary of urinary AMPA concentrations in European children (6–11 yrs.) from the HBM4EU-aligned studies.

Study LOD
AMPA (µg/L)

LOQ
AMPA (µg/L) % < LOQ AMPA (µg/L) Creatinine-Adjusted AMPA (µg/g crt) c

P25 P50 P75 P95 P25 P50 P75 P95

SLO CRP children a 0.1 53 <LOQ <LOQ 0.14 0.29 0.13 0.26
ORGANIKO b 0.03 0.1 25 =LOQ 0.17 0.28 0.66 0.05 0.15 0.23 0.57
GerES V-sub a 0.1 53 <LOQ <LOQ 0.21 0.48 0.17 0.40

3XG b 0.2 74 <LOQ <LOQ 0.20 0.40 0.14 0.37
ESTEBAN a 0.02 0.05 4 0.11 0.18 0.24 0.43 0.12 0.19 0.30 0.59

Combined data 0.22 0.47 0.21 0.45
a: Biomarker data generated before HBM4EU QA/QC program but deemed comparable (see Esteban López et al., 2021) [17]; b: Biomarker data quality assured by HBM4EU QA/QC
program; c: Values <LOQ set to LOQ/2.

Table 3. Urinary Gly and AMPA concentrations in children reported in other European studies.

Study Country Sampling Year Population Urine Sample Method (Instru-
mentation) Gly, µg/L AMPA, µg/L

LOQ/LOQ Average P95 LOD/LOQ Average P95

Ferreira et al. 2021 [24] Portugal 2018–2019 41 children 2–13 y Spot ELISA LOD = 0.6 AM = 1.77
Knudsen et al. 2017 [25] Denmark 2011 14 children 6–11 y Spot ELISA LOD = 0.08 AM = 1.96

Lemke et al. 2021 [26] a Germany 2015–2017
2144 children and
adolescents 3–17 y First morning GC/MS-MS LOQ = 0.1 AM = 0.16

GM = 0.11 0.51 LOQ = 0.1 AM = 0.16
GM = 0.10 0.48

Stajnko et al. 2020 [27] b Slovenia 2018

246 children and
adolescents 7–10 y and

12–15 y

First morning
(January–March) GC/MS-MS LOQ = 0.1 GM < LOQ 0.19 LOQ = 0.1 GM < LOQ 0.29

225 children and
adolescents 7–10 y and

12–15 y

Fist morning
(May–June) GC/MS-MS LOQ = 0.1 GM < LOQ 0.19 LOQ = 0.1 GM = 0.1 0.33

LOD: limit of detection; LOQ: limit of quantification; AM: arithmetic mean; GM: geometric mean; P95: 95th percentile. a: results of publication Lemke et al. (2021) [26] include all
participants of GerES V (i.e., children + adolescents); b: results of publication Stajnko et al. (2020) [27] include children and adolescents.
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The HBM4EU data showed that children are internally exposed to Gly and AMPA
across the EU. The median exposures were close to or below the LOQs (Tables 1 and 2). The
highest exposures to Gly and AMPA among the HBM4EU-aligned studies, and assured by
the HBM4EU QA/QC program, were observed in Cyprus. A comparison of the HBM4EU-
aligned studies with the published data from other European countries (Table 3) shows
significantly higher median concentrations of Gly observed in Portugal (AM 1.77 µg/L)
and Denmark (AM 1.96 µg/L). It should be noted that in both the Portuguese and Danish
studies, the Gly was measured using ELISA [24,25], whereas in the HBM4EU-aligned
studies the Gly was measured by GC/MS-MS or LC/MS-MS. It has been shown for other
non-persistent chemicals with a short half-life, e.g., for bisphenol A, that ELISA lacks the
sensitivity and specificity to measure exposure [28,29]. Overall, in the HBM4EU-aligned
studies (Tables 1 and 2), the P95 values varied between 0.18 and 1.03 µg/L for Gly and
between 0.29 and 0.66 µg/L for AMPA, with the highest P95 values for both Gly (1.03)
µg/L and AMPA (0.66 µg/L) observed in Cyprus.

These data create an overview of children’s exposure to Gly and AMPA within the EU.
Children have a higher ingestion of food and drink per kilogram bodyweight compared
to adults. They play outdoors and are more susceptible to pollutants, due to the fact that
their organs are still developing [30]. HBM4EU substantially contributed to the provision
of exposure data within the EU. Nevertheless, the exposure data on Gly and AMPA in
children, especially among those living close to agricultural fields, remain limited, even
though they are a vulnerable population.

3.2. AMPA to Glyphosate Ratio (AMPA/Gly)

For each participant, the ratio of the AMPA to Gly was calculated and presented in
Figure 1. Only the data from participants with quantifiable exposures (above the LOQ) for
both Gly and AMPA (n = 263 data points) were included. From the creatinine-corrected
concentrations (panel a), it could be derived that the AMPA/Gly ratio varied between
0.1 and 27.5 per study/participant with an average value of 2.2. In total, 194 of the
263 participants had an AMPA/Gly ratio higher than one. When regressing AMPA (in
µmol/g creatinine) on the Y-axis against Gly (in µmol/g creatinine) on the X-axis, the slope
of the linear fit is smaller than 1 (p < 0.001). The resulting trendline crossed the linear 1:1 line
at 0.002 µmol Gly/g creatinine. The samples below that point (further to the left on the
X-axis with the Gly concentrations) on average have higher AMPA than Gly concentrations.
For the samples beyond that point, the Gly concentrations on average exceed the AMPA
concentrations. In addition, based on the volumetric scale (panel b), the slope was <1.

Figure 1. Pooled HBM4EU-aligned study data from five European countries (Belgium, Cyprus, Ger-
many, Slovenia, France) for Gly and AMPA in children. Data are expressed on a natural logarithmic
scale: panel (a) Creatinine-corrected concentrations (µmol/g creatinine); panel (b) Volume-based
concentrations (µmol/L). The 1:1 line (full line) is indicated. Values below LOQ were excluded.

This seems to suggest the existence of ‘autonomous’ or pre-exposure origins of AMPA
(independent of the metabolism of Gly to AMPA in the monitored participants) i.e., external
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exposure to AMPA directly, as well as suggested earlier [3]. Gly-dependent AMPA is formed
by metabolism in Gly-sprayed crops, as well as by microorganisms in the environment.
AMPA has a long half-life in soil, which results in an accumulation in the environment [31].
In humans, AMPA is poorly metabolized [26,32]. In the human gut, a small fraction
of Gly is metabolized into AMPA by the microflora, as observed in animal studies [33].
AMPA in the environment not only originates from Gly, but also from the massive use
of amino-polyphosphonates [3]. These substances are used as detergents, fire retardants,
anticorrosives and anti-scaling agents, and as complexing agents in the textile industry [34].
In addition, they are used as a membrane anti-fouling agent in water treatment. A similar
moderate correlation between AMPA and Gly was also observed in published human
studies from Sweden [35], Slovenia [27] and Germany [26], supporting the evidence of an
additional intake of AMPA, next to the intake of Gly.

3.3. Risk Assessment (RA)

There is still a conflict of opinions between IARC and the EU bodies on the carcino-
genicity of Gly. Genotoxicity in combination with carcinogenicity would mean there are
no safe exposure levels. In 2015, IARC classified glyphosate as “probably carcinogenic to
humans”, and concluded that there was “strong” evidence for genotoxicity. In contrast to
IARC, the RAC committee confirmed their previous standpoint and concluded, in their
scientific opinion that was published in May 2022, that the available scientific evidence
did not meet the criteria to classify glyphosate for specific target organ toxicity, or as a
carcinogenic, mutagenic or reprotoxic substance. The assumption taken regarding haz-
ard identification might very well influence the hazard characterization, due to differing
sensitivities to different endpoints.

The current data indicate widespread but relatively low Gly exposure (large part
below LOD and LOQ) in children (Table 1). The quantified biomarkers allow an estimation
of the internal exposure levels. By reverse dosimetry calculations, the daily intake can be
predicted (PDI) and compared with the acceptable daily intake (ADI). Using urinary P95
values for Glyconc (reasonable worst case), the PDI values were calculated and compared
to the ADI (Table 4). The proposed ADI of 0.1 mg/kg bw/day is not exceeded for the
European children who participated in the HBM4EU-aligned studies. However, in the
general population living close to agricultural fields, the PDI could be closer to the ADI
(see Section 3.4).

Table 4. Risk assessment of glyphosate based on HBM data (detection of Gly and AMPA with
mass spectrometry).

Ref. Country P95 Concentration
Glyphosate PDI PDI PDI/ADI

µg/L µg/day µg/kg bw/day %

SLO CRP children
(HBM4EU) Slovenia 0.18 =0.18 × 0.7/0.57% = 22 =22/30 = 0.74 =0.00074/0.1 = 0.74%

ORGANIKO
(HBM4EU) Cyprus 1.03 126 4.22 4.22%

GerES V-sub
(HBM4EU) Germany 0.43 53 1.76 1.76%

3XG (HBM4EU) Belgium 0.41 50 1.68 1.68%
ESTEBAN (HBM4EU) France 0.65 80 2.66 2.66%
Lemke et al. 2021 [26] Germany 0.51 63 2.09 2.09%
Stajnko et al. 2020 [27] Slovenia 0.19 23 0.78 0.78%

PDI: predicted daily intake; ADI: acceptable daily intake; P95: 95th percentile. Assumed bodyweight set at 30 kg,
urinary volume at 0.7 L/day and FUE at 0.57%. ADI was set at 0.1 mg/kg bw/day.

Importantly, AMPA has a similar toxicological profile as Gly [1,2], and this should
be considered in the risk assessment. The combined exposure to both of the compounds
should be considered, as was also suggested by the JMPR (the Joint FAO/WHO Meeting
on Pesticide Residues), proposing a group-ADI for Gly+AMPA [36].
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3.4. Exposure Determinants

To assess the determinants of exposure, the associations between urinary Gly and
AMPA concentrations and data collected through questionnaires, were analyzed (See
Supplementary Material Tables S1 and S2, for the first analysis).

The results from the logistic “multiple” regression model showed that for the Slove-
nian study, parental use of pesticides outdoors (garden, agriculture) resulted in higher
concentrations of glyphosate in the children (Table 5). The use of herbicides containing
glyphosate and applied near the home could result in higher urinary Gly. For the Belgian
3xG cohort, pets in the home and older age (age range limited to 6–8 y in 3XG) were
associated with higher Gly concentrations, though the logistic regression did not show any
significant associations between the more specific variables “having a cat or dog” and Gly
urinary concentrations. It was speculated that more Gly was brought into the house by
pets in the form of dust sticking to hair and paws, as was shown for other pesticides [37].
For the other studies, no significant associations were observed in the logistic multiple
regression model at the 0.05 level.

Table 5. Logistic backward multiple regression for glyphosate and AMPA based on individual studies
from HBM4EU.

Study Variable OR = Exp(β) 95%CI p Value

Glyphosate
Slovenia

SLO_CRP children
(HBM4EU)

Intercept 0.15

Creatinine 1.01 (1.00;1.02) 0.041
Matrix 1.08 (0.19;5.96) 0.933

BMI 0.98 (0.87;1.10) 0.698
Use of pesticide outdoor (No: 76; Yes: 73) 2.37 (1.07;5.25) 0.034

Model 0.070
Belgium

3XG (HBM4EU) Intercept 0

Creatinine 1.02 (1.01;1.03) 0.001
Matrix 1.08 (0.38;3.07) 0.890

BMI 1.03 (0.84;1.26) 0.782
Age (6–8 y) 2.61 (1.12;6.06) 0.026

Pets in home (No: 80; Yes: 53) 2.73 (1.20;6.21) 0.017
Model <0.001

OR: odds ratio. BMI, creatinine (crt) and matrix (spot urine; first-morning urine) were forced into the model. Only
multiple regression models with p less than or close to 0.05 shown.

BMI was forced in the model because of the possible association with creatinine. With-
out BMI in the model, the multiple regression model for SLO CRP would be significant at the
0.05 level (p = 0.037), and the variable use of pesticides outdoors was significant (OR = 2.39
(95%CI 1.08 to 5.30)). For the 3xG cohort, the model was still significant (p < 0.001) with-
out BMI, and the variables of age (OR = 2.57 (95%CI 1.21 to 6.25)) and pets in the home
(OR = 2.75 (95%CI 1.21 to 6.25)) were also significant.

The logistic multiple regression model did not show any significant associations with
food items nor with the type of drinking water used. The number of participants using
ground water for cooking or drinking was limited. The main intake route for the general
population is probably oral (residues on food, contaminated drinking water). In Europe, at
the time of the implementation of the presented studies, the use of Gly is mainly limited
to pre-seeding applications and as a desiccant [26]. In some EU countries (e.g., Germany)
desiccation (= application of herbicide on crops directly before harvest for quicker and
more drying) is restricted. The residue levels of Gly in plants in the EU are the highest for
pulses and cereals. Only 2–3% of the checked food items contained quantifiably amounts
of Gly in 2015 to 2017 [26,38–40]. This information is not available for AMPA and it is
recommended to also measure AMPA in food items.
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If all of the studies are combined, (Supplementary Material Tables S1 and S2), the
results from the logistic regression analyses (p value set at < 0.2) showed lower urinary Gly
concentrations in summer (OR: 0.60 (95%CI 0.35 to 1.03) compared to spring), higher con-
centrations with pets in the home (OR 1.25 (95%CI 0.90 to 1.74)) and lower concentrations
with proximity to agricultural fields (OR 0.57 (95%CI 0.28 to 1.16) for <150 m compared to
150–1000 m) (see Table S1). The latter association was determined by the fact that all of the
data in one study (sampling site) were at a certain distance from agricultural fields, while in
another study (sampling site) they were all at another distance, although the country was
included in the analysis as a covariate. It is thus not trustworthy. The variable proximity to
agricultural fields is also a rough indicator as it only contained three distance categories
and the location of the house versus the field, taking into account the main wind direction
and number of fields in the neighborhood, was not accounted for. For AMPA, there was a
negative association with the degree of urbanization (DEGURBA) (OR 0.72 (95%CI 0.42
to 1.20) in rural areas compared to cities) and sampling season (OR 0.52 (95% CI 0.31 to
0.88) for fall compared to spring). In addition, for AMPA, differences in the AMPA concen-
trations were found regarding the distance to agricultural fields but, as explained above,
this is an artefact as the data from different studies were sampled at different distances
(categories) from agricultural fields. This was also the case for the DEGURBA. Overall,
when the data of the different studies were combined, logistic regression did not show
clear and significant associations with the exposure determinants. In addition, no multiple
regression with backward selection could be performed on all of the studies combined,
seeing that the studied determinants were not available in all of the considered studies.

Other recent studies also reported on the exposure determinants related to Gly ex-
posure in children. In general, Lemke et al. (2021) could not identify specific subgroups
with higher internal exposure to Gly or AMPA among the children and adolescents of
GerES V [26]. No sex differences were observed in this study. In the study of Stajnko et al.
(2020) in Slovenian children and adolescents, higher concentrations were observed in
adolescent boys than girls, while no sex difference was seen among children at a lower
age (<10 y) [27]. However, Ferreira et al. (2021) found an opposite pattern, with higher
concentrations in girls compared to boys in Portugal [24].

Regarding age, the average Gly concentration (µg/L) was reported to increase with age
between 2 and 13 yrs. in the study of Ferreira et al. (2021) [24]. Lemke et al. (2021) reported a
clear decreasing gradient with increasing age between 3 and 17 yrs. for creatinine-adjusted
Gly concentrations, related to higher creatinine concentrations in older children [26]. Sta-
jnko et al. (2020) observed that children rather than adolescents tended to have higher
exposure (concentrations adjusted by specific gravity) [27]. When BMI is considered, Sta-
jnko et al. (2020) did not observe higher Gly concentrations with higher BMI [27]. In
contrast, a positive association between Gly and BMI was observed by Conrad et al. (2017)
in German adults, and deserves attention when further investigating the exposure deter-
minants of Gly, such as food consumption [41]. In our study, BMI was forced into the
regression models because of the possible association with creatinine and the association of
Gly and AMPA concentrations with BMI in some studies. However, when analyzing the
exposure determinants related to food, adjusting for BMI might be a proxy for adjusting
for a specific food category (e.g., fast food) which, in this case, will increase the chance that
it will not be observed in the regression analysis studying the specific food category but, in
general, the associations with food were far from significant.

Higher Gly concentrations were observed in the urine of children living up to 1 km
from agricultural areas in Danish children [25] and Portuguese children [24]. However,
in the study from Stajnko et al. (2020), no significant associations between urinary Gly
or AMPA concentrations and the vicinity of agriculture, vineyards, orchards, gardens,
playground/courts, railways or cemeteries and the type of residence area (center/suburbs
of a settlement/countryside) were found [27]. Further, in this study of Stajnko, two
sampling periods (January–March 2018 and May–June 2018) were selected [27], but no
significant difference between the periods was observed.
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An increased concentration of Gly in children was noticed in children with higher
consumption of home-produced (local) foods in Portugal [24]. Stajnko et al. (2020) did
find a higher exposure among the individuals with a higher consumption of nuts and
wholegrain rice [27]. No clear association between Gly or AMPA and a vegetarian diet or
the consumption of cereals, pulses or vegetables was identified by Lemke et al., 2021 [26].

For educational level, it was found in Portuguese children that when the parents’
educational level increased, the Gly concentrations in the urine of children decreased [24].
Lemke et al. (2021) reported higher volume-based concentrations of Gly in children with
medium socioeconomic status (SES), compared to high or low SES [26].

Higher concentrations of Gly were detected in the study of Ferreira et al. (2021) in
children’s urine when the parents declared the use of pesticides in the garden versus parents
who declared not to use pesticides [24]. In addition, Stajnko et al. (2020) did observe, for
one participant, a clear increase in urinary Gly with information on the use near the child’s
home [27].

In the literature, no overwhelming evidence of specific exposure determinants was
found, as was the case in this study. The currently used questionnaires do not focus on
food consumption data 24 h before urinary sampling. The half-life of Gly in the human
body is approximately 5 to 10 h [42], and so Gly levels in urine are quite dependent on
recent exposures. Therefore, more substance-specific questionnaires are needed. Further,
information about vegetarians, organic food consumption and detailed information on the
proximity to different types of agricultural fields is needed.

Quality-assured aligned HBM data were collected within HBM4EU. This allowed for
the comparison of exposures across the participating countries. For Gly and AMPA, the
detection frequencies were relatively low. Dichotomization has the advantage that all of
the data were used, but in this way information on actual concentrations was lost.

The main limitations in this study are the relatively low detection frequencies of Gly
and AMPA in urine, influencing the exposure- and risk assessment and the analysis of
exposure determinants, as well as the low FUE (0.57%) which renders some uncertainty to
the reverse dosimetry. The uncertainties in the risk assessment are, e.g., the standardized
urinary volume excreted in 24 h and standardized bodyweight and not accounting for
similarities in toxicity for AMPA and Gly.

Due to the fact that Gly is ubiquitous, and the uncertainty about the health effects and
the (metal) chelating properties [4], further human biomonitoring remains necessary. New
biomarkers and matrices for Gly should be explored, as the urinary excretion factor is low
(set to 0.57% in this study for the risk assessment). The residue levels of AMPA in food
are currently not monitored in the EU monitoring program. The information about AMPA
levels in food is thus limited at the moment.

4. Conclusions

HBM4EU provided new data (harmonized within the HBM4EU according to chemical
and statistical analyses) on the exposure of children to glyphosate and its environmental
metabolite, AMPA. These data show that Gly exposure is low but widespread in several
EU countries. More HBM data are needed to obtain a full picture across the EU, such as
the exposure of specific subpopulations (e.g., living close to agricultural fields; vegetari-
ans) and more harmonized HBM data (with identical LOQ for chemicals with observed
concentrations near the LOQ) in other EU countries. By providing these data, the policies
protecting human health can be driven more by solid science. Glyphosate has a relatively
short half-life. By the measurement of Gly and AMPA in urine and blood, our understand-
ing of the absorption, distribution and elimination of Gly can improve. The comparison of
internal HBM data with external exposure, based on food intake information together with
Gly- and AMPA-food concentrations, will lead to better models predicting exposure. This
should go hand in hand with harmonized questionnaire data on food consumption shortly
before the sampling, to obtain a better insight into the exposure determinants. Current
analysis shows that, overall, there are limited associations between expected determinants
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influencing Gly and AMPA urinary levels. Logistic regression did find use of Gly at home
and the presence of pets as possible determinants in some of the individual studies. In
addition, an improvement in the sensitivity of the analytical methods leading to lower
LOQs would enable more detailed analyses of the potential exposure determinants. The
finding of sources of AMPA in the environment and the intake routes would help in the
risk assessment and management. Glyphosate and AMPA have similar properties and
the setting of a group ADI for Gly+AMPA should be considered. There is still a conflict
of opinions between IARC and the EU bodies on the genotoxicity as well as the carcino-
genicity of Gly, and the outcome of any risk assessment is very much dependent on this
categorization. It is not up to the authors in this paper to take a side, and we leave strong
conclusions up to the reader. Certainly, the newly proposed ADI of 0.1 mg/kg bw/day
makes the margin between real life exposure and safe exposure levels five times smaller
than with the previous ADI of 0.5 mg/kg bw/day. A recalculation of the currently found
urinary Gly to external exposure and comparison with the new ADI suggests no concern
for the children who were investigated in HBM4EU. Further work should focus on the
children living in close proximity to the agricultural uses of Gly and the workers involved
in the handling of Gly.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics10080470/s1, Table S1. Logistic regression for urinary
concentrations of glyphosate by some potential exposure determinants, subgroups of the partici-
pants stratified for individual characteristics, dietary preferences, exposure relevant behaviour and
sociodemographic information. Table S2. Logistic regression for urinary concentrations of AMPA
by some potential exposure determinants, subgroups of the participants stratified for individual
characteristics, dietary preferences, exposure relevant behaviour and sociodemographic information.
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